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This thesis is about a little molecule called guanosine tetraphosphate. ppGpp. Con-
sider it the bacterial brain, at the core of the coordination and regulation of bacterial
growth. For over half a century, it has haunted microbiologists as it appears involved
in every aspect of microbial physiology, yet incredibly difficult to study due to its
fast dynamics, chemical instability and pleiotropic effects. Like the human brain, it
cannot simply be removed to show its true nature.

In contrast to the pronunciation of its name, ppGpp is a rather simple molecule, and
built from two of the most abundant substrates in the bacterial cell (ATP and GTP).
The enzymes that make or break ppGpp are highly efficient, such that at any mo-
ment, the bacteria can decide to instantly 100-fold increase ppGpp concentrations,
or virtually remove all of it. Thanks to this intelligent system, E. coli can decide
to arrest growth, protecting itself against any threats, or to rapidly feast upon the
sparse nutrients it may be tossed, within the order of minutes.

What does this mysterious molecule exactly do in bacteria? In chapter 1, a thing
or two is explained about the regulatory network of ppGpp as it is currently un-
derstood. We know the exact nature of some of the environmental cues that are
input information for this network. Similarly, quite a bit has been discovered about
the exact intracellular targets of ppGpp: apparently it regulates synthesis of DNA,
RNA, protein (or not?) and fatty acids. Importantly, ppGpp also influences the
less appreciated functions of bacteria such as virulence, antibiotic resistance and
interaction with the (human) host.

Yet, very fundamental questions remain unresolved. Progress in the field is ham-
pered by the lack of (accurate) knowledge about the intracellular concentrations of
ppGpp. Therefore, a new, sensitive method to absolutely quantify ppGpp in bacteria
had to be developed. This is described in chapter 2.

This method was put into practice in chapter 3 to investigate one of the most
baffling observations regarding ppGpp: the concentration of ppGpp in the cell is
inversely proportional to how fast that cell is growing. This (and some further sub-
stantiation) led to the prevailing theory that ppGpp is determining the growth rate
of bacteria, by regulating the transcription of RNA. One might say ppGpp functions
like the brake of a car: a bit more ppGpp and the bacteria reduce their growth
rate, a bit less ppGpp and bacteria grow faster. Although a plausible theory in
many circumstances, we have discovered that growth rate regulation by ppGpp is
more complex than previously thought. Escherichia coli strains with subtle genetic
differences display varying ppGpp versus growth rate trends. In addition, several
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exceptions to this trend hint at the involvement of additional regulators of transcrip-
tion besides ppGpp. In conclusion, ppGpp might not be at the apex of all genetic
regulation in E. coli.

Chapter 4 focuses on one of the most debated functions of ppGpp: whether it
directly regulates protein synthesis or not. The interest in this debate is instigated
(for some) by the fact that proteins make up most of the actual mass of cells and
also are the most energy-consuming cellular compound. For E. coli, a tight control
on protein synthesis is simply smart economics. In this chapter, we have quantified
the effect of ppGpp on protein synthesis. We show that indeed ppGpp helps E.
coli to rapidly shut down protein synthesis in stressful conditions. Interestingly,
it appears that at various concentrations of ppGpp, it shuts off different targets
involved in protein synthesis.

Chapters 3 and 4 shed light on the functions of ppGpp, or the molecular changes it
brings about inside bacteria. This is however only one part of the ppGpp regulatory
network. The other part consists of what regulates the ppGpp level itself. There are
two enzymes, RelA and SpoT, that based on environmental cues decide how much
ppGpp will be made. SpoT is the only enzyme with the capacity to both synthesize
or degrade ppGpp. In addition, SpoT appears to integrate information about the
presence of sugars, iron, oxygen, and several other essential nutrients. Moreover,
it also perceives heat, cold and osmotic stress. How does SpoT monitor all these
parameters and change ppGpp concentrations accordingly?

It is currently believed SpoT interacts with multiple proteins to gain information
about the cell. In chapter 5, I investigate the (presumed) interaction between
SpoT and especially one of those, the acyl carrier protein or ACP. The experiments
presented here confirm the interaction between SpoT and ACP, yet refute the cur-
rent hypothesis that ACP activates SpoT to degrade ppGpp. On the contrary, it
appears ACP inhibits SpoT’s capacity to break down ppGpp. Unfortunately, this is
only one small piece of a complicated puzzle, as there are many possible modifi-
cations to ACP and as several other proteins interact with SpoT as well. Future
studies should finish this puzzle, hopefully with help of the methods developed in
this chapter.



Deze thesis gaat over een klein molecule genaamd guanosine tetrafosfaat, afgekort
ppGpp. Beschouw het als 'het brein’ van een bacterie, verantwoordelijk voor alle
coodrdinatie en regulatie van bacteriéle groei. Al ruim een halve eeuw achtervolgt
ppGpp microbiologen omdat het betrokken lijkt bij elk aspect van microbiéle fysi-
ologie. Tegelijkertijd is het een ongelooflijk moeilijk studieobject vanwege ppGpp’s
snelle dynamiek, chemische instabiliteit en talrijke effecten. Zoals het menselijk
brein kan het niet simpelweg verwijderd worden om te begrijpen hoe het werkt.

In tegenstelling tot de uitspraak van ppGpp, is het structureel gezien een relatief
eenvoudig molecule, dat wordt gemaakt van twee bouwstenen die zeer abundant
aanwezig zijn in de bacteriéle cel (ATP en GTP). De enzymen die ppGpp maken of
afbreken zijn zeer efficiént zodat op ieder moment de bacterie kan beslissen om
ineens de ppGpp concentratie 100 keer te verhogen of compleet te verwijderen.
Dankzij dit intelligente systeem kan de bacterie E. coli zijn groei acuut stoppen,
zichzelf beschermend tegen allerlei bedreigingen, of sneller groeien dankzij een
plotse weelde aan voedingsstoffen in de darm, binnen slechts enkele minuten.

Wat doet ppGpp nou juist in een bacterie? In hoofdstuk 1 wordt het een en an-
der uitgelegd over de heden ten daagse kennis omtrent het regulatienetwerk van
ppGpp. Van sommige omgevingssignalen begrijpen we tot in de puntjes hoe ze als
input-informatie dienen voor dit netwerk. Ook weten we aardig wat over de exacte
intracellulaire doelwitten van ppGpp: blijkbaar reguleert ppGpp de synthese van
DNA, RNA, eiwitten (of niet?) en vetzuren. Niet onbelangrijk, ppGpp heeft ook in-
vloed op minder gewaardeerde eigenschappen van bacterién, waaronder virulentie,
antibioticaresistentie en interactie met de (menselijke) gastheer.

Toch zijn de meest fundamentele vragen nog onbeantwoord. De voortgang in het
onderzoeksveld wordt belemmerd door een gebrek aan (accurate) kennis van de in-
tracellulaire concentraties van ppGpp. Om deze reden was er nood aan een nieuwe,
gevoelige methode om ppGpp absoluut te kwantificeren. Dit wordt beschreven in
hoofdstuk 2.

In hoofdstuk 3 wordt deze methode toegepast in een studie van een van de
meest verbijsterende observaties omtrent ppGpp: de ppGpp concentratie in de cel
is omgekeerd evenredig met hoe snel de cel groeit. Deze observatie (en bijkomend
bewijs) heeft geleid tot de gangbare theorie dat ppGpp de groeisnelheid van bac-
terién bepaalt, meer bepaald door de regulatie van RNA-transcriptie. ppGpp is als
het ware de rem van een auto: wat meer ppGpp en de bacterie groeit trager,
wat minder ppGpp en de bacterie groeit sneller. Hoewel deze theorie plausibel is
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in veel groeiomstandigheden, hebben we ontdekt dat de regulatie van groeisnel-
heid door ppGpp meer complex is dan oorspronkelijk gedacht. E. coli stammen
met subtiele genetische verschillen vertonen blijkbaar niet dezelfde trend in ppGpp
versus groeisnelheid. Bovendien bestaan er meerdere uitzonderingen op de oor-
spronkelijke observatie die erop wijzen dat naast ppGpp er nog andere regulators
van transcriptie moeten zijn. ppGpp staat vermoedelijk niet als enige aan de top
van alle genregulatie in E. coli.

Hoofdstuk 4 richt zich op een van de meest controversiéle functies van ppGpp: of
het een direct effect heeft op eiwitsynthese of niet. De interesse in dit debat (voor
sommigen) is gebaseerd op het feit dat eiwitten het grootste deel van de massa van
een cel uitmaken en ook de meest energie vergende cellulaire component zijn. Een
nauwgezette controle over eiwitsynthese is daarom economischer voor E. coli. In
dit hoofdstuk hebben we het effect van ppGpp op eiwitsynthese gekwantificeerd.
We tonen aan dat ppGpp wel degelijk eiwitsynthese een direct halt toeroept on-
der stress condities. Het blijkt echter dat afhankelijk van de ppGpp concentraties,
verschillende doelwitten hierbij betrokken zijn.

Hoofdstukken 3 en 4 brengen nieuwe functies van ppGpp aan het licht, oftewel de
moleculaire gevolgen van ppGpp binnen in de bacterie. Dit is slechts een deel van
het regulatienetwerk van ppGpp. Het andere deel bestaat uit wat invioed heeft
op ppGpp zelf. Er zijn twee enzymen, RelA en SpoT, die op basis van omgev-
ingssignalen bepalen hoeveel ppGpp er aanwezig is in de cel. SpoT is het enige
enzym dat zowel ppGpp kan aanmaken als afbreken. Bovendien integreert SpoT
informatie over de aanwezigheid van suikers, ijzer, zuurstof en meerdere andere
essentiéle nutriénten. Ook neemt het hitte, koude en osmotische stress waar. Hoe
kan SpoT al deze parameters monitoren en op basis van deze informatie de ppGpp
concentratie aanpassen?

Momenteel gelooft men dat door interacties met andere eiwitten SpoT informatie
inwint over de cel. In hoofdstuk 5 onderzoek ik de (veronderstelde) interactie
tussen SpoT en met name het eiwit Acyl Carrier Protein of ACP. De experimenten
in dit hoofdstuk bevestigen de interactie tussen SpoT en ACP, maar weerleggen de
huidige hypothese dat ACP de afbraak van ppGpp door SpoT activeert. Het blijkt
daarentegen dat ACP voorkomt dat SpoT ppGpp afbreekt. Helaas is dit slechts een
stukje van een gecompliceerde puzzel, aangezien er allerlei modificaties aan ACP
bestaan die de interactie beinvioeden en er ook andere eiwitten zijn die interageren
met SpoT. Verdere studies zullen deze puzzel afmaken, hopelijk met hulp van de
nieuwe methoden ontwikkeld in dit hoofdstuk.






1.1.

Bacteria represent about 15 % of all biomass on earth [1]. Together, they possess
the most diverse metabolic pathways and are capable of building cells from virtually
scratch [2]. They have the capability to grow on heavy metals, on light, under high
(osmotic) pressure and in extreme temperatures [3]. Although in plants and animals
the different metabolic functions are performed in specific organs, cells or cellular
organelles, bacteria are basically little bags containing their whole metabolism as
one big soup. How do bacteria perform an incomprehensible amount of reactions in
a controlled manner, allowing them to multiply in virtually every habitat on earth?

Simply put, a (bacterial) cell consists of four compounds: DNA, RNA, protein and
lipid. These compounds have to be synthesized in a coordinated way for the cell
to grow. Hereto the cell has a machinery of enzymes that use the resources in
the environment and perform reactions to assemble them into the four major com-
pounds. For example, the cell builds proteins out of amino acids. There are 20
types of amino acids, each of which having a specific synthesis pathway involving
several enzymes. The synthesis of each amino acid has to be balanced with the
demand of protein synthesis. Summing up all the reactions to assemble the four
major compounds creates a complex metabolic network of over 1000 reactions.
How does the cell balance the rate of protein, lipid, RNA and DNA synthesis with
each other and also with their precursors such as amino acids?

The cell is constrained by environmental conditions: most of the time there is
no luxury in making more of a compound than is strictly necessary to grow. In
addition, other (micro)organisms want to use the same resources, and the com-
petition pushes bacteria to use their resources as efficiently as possible. Hence,
the metabolic network needs to be well coordinated, which is done by ‘signaling
molecules’. These molecules have a communicative role and make sure that the
right metabolic pathways are activated or repressed, depending on the environ-
mental conditions.

1.2.

In the 1950’s, microbiologists discovered that when bacteria are starved for amino
acids, their RNA production arrests [4]. This was called the stringent response.
Soon after, mutant strains were created that lacked this response of ceased RNA
production, therefore called 'relaxed’ mutants. The region of the chromosome re-
sponsible for the stringent or relaxed phenotype was named 'RC’ (for RNA con-
trol) and the two alleles RCS™ and RC'™! respectively [5], which later conformed to
relA+ and relA- [6]. In 1969, Mike Cashel and Jonathan Gallant discovered the
actual products of the RC enzyme responsible for the inhibition of RNA synthesis
and called them 'Magic Spot I’ and ‘Magic Spot II’, after two unknown spots on
TLC chromatograms of E. coli lysate [7]. These molecules were identified to be



guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) re-
spectively, collectively called (p)ppGpp [8, 9] (Figure 1.1). Now over 50 years
later, it is known (p)ppGpp affects nearly every aspect of bacterial physiology (sec-
tion 1.4) and it is considered the major controller of bacterial growth rate [10].

In the 70's it became clear that the RC locus or RelA was not alone in synthesizing
(P)PpPGpp in E. coli and that a second system must be present for ppGpp synthe-
sis, called PSII [12, 13]. Around the same time the major ppGpp hydrolase was
discovered, SpoT [14, 15]. However, it took until 1991 to unveil SpoT is in fact a
bifunctional enzyme, being also the mysterious effector of PSII activity [16, 17].
Knocking-out both SpoT and RelA showed that these enzymes together carry out
all ppGpp synthesis in E. coli [16].

In many other organisms enzymes capable of synthesizing or degrading (p)ppGpp
have been encountered. All these belong to the group of RelA/SpoT Homologue or
RSH proteins, named after the two E. coli enzymes [18]. Rel, the ancestor of both
SpoT and RelA, is present in nearly all major bacterial groups. Interestingly, many
of the bacteria without any RSH are endosymbionts and pathogens.

Genomic and phylogenetic analysis has shown RSH genes are present across the
tree of life, including in plants, fungi and animals [18]. The functions of (p)ppGpp
in plants and algae are analogous to those of bacteria, managing the response
to stress or damage (reviewed by [19]). In phototrophic cyanobacteria (p)ppGpp
regulates the transition from light to dark, similar to the stringent response of het-
erotrophic bacteria [20]. In the algae Synechococcus elongatus it was demon-
strated that as in E. coli basal ppGpp is vital for growth of the cell even in the ab-
sence of stress [21] (chapter sec: basalppGppchapter for more information about
basal ppGpp in E. coli). Recently also in diatoms active RSH enzymes have been
discovered [22]. In archaea, annotated RSH genes have not been investigated, but
enzyme regulation by (p)ppGpp occurs in vitro [23]. Finally, deletion of the ppGpp
hydrolase Meshl from Drosophila melanogasterimpairs development and resistance
to starvation [24]. This however does not demonstrate a role for (p)ppGpp in D.
melanogaster as the exact catalytic function of MeshlI in vivo is not known yet.

In most organisms the physiological roles of (p)ppGpp are not well studied, with
exception of several bacterial species such as the model prokaryote E. coli. About
(P)pPpGpp regulation in E. coli currently most literature is available, with over 1700
hits when searching for ppGpp + E. coliin Web of Science!

1.3.

1.3.1.

RelA was the first enzyme discovered to be involved in synthesis of (p)ppGpp, even
before (p)ppGpp itself was discovered [5]. Later, SpoT was identified as a bifunc-
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Figure 1.1: Synthesis and degradation of guanosine tetraphosphate and guano-
sine pentaphosphate by RelA and SpoT. Synthesis reaction of pppGpp (or
ppGpp) from ATP and GTP (or GDP) is in purple. Degradation of pppGpp (or
ppGpp) to GTP (or GDP) is colored green. The y-phosphate moieties are high-
lighted in blue. These are only present in GTP and pppGpp, not in GDP and
ppGpp. PP;, pyrophosphate. Adapted from [11].

tional enzyme able to both synthesize and degrade (p)ppGpp in E. coli[25, 26]. RelA
and SpoT are present in y and B-proteobacteria and are believed to have arisen
from the duplication of a common ancestral Rel enzyme present in many bacteria
[27]. The RSH proteins RelA, SpoT and Rel belong to what are called ‘long RSH’
proteins [18]. The N-terminal half of these proteins contains both a sometimes-
inactive hydrolysis domain and a synthesis domain (Figure 1.2A). The hydrolysis
domain is responsible for the degradation of (p)ppGpp to GTP or GDP and PP; and
the synthesis domain for the transfer of pyrophosphate from ATP to GTP or GDP.
The C-terminal half of long RSH proteins consists out of a TGS, alpha-helical, CC and
ACT domain [18]. TGS stands for threonyl-tRNA synthetase, GTPase and SpoT, rep-
resenting the three protein groups in which the domain was discovered [28]. The
alpha-helical domain is entirely composed out of alpha-helices and the CC domain
contains three conserved cysteines [18]. The ACT domain is nhamed after aspar-
tokinase, chorismate mutase and prephenate dehydrogenase (TyrA), although it is
found in many other enzymes regulated by amino acids [29]. Although the structure
and function of these C-terminal domains have been determined for RelA [30, 31],
this is still unknown in other RSH proteins, including SpoT [18]. TGS is presumed
to be (nucleotide) ligand binding [28] and ACT to be amino acid binding, based on
homology to enzymes allosterically inhibited by amino acids [29]. Indeed, the ACT
domain of Rel of Rhodobacter capsulatus and other a-protobacteria binds to valine
and isoleucine, whereas Rel of some Gram-positive species binds leucine [32].

Structural studies of Rel from Mycobacterium tuberculosis, Mycobacterium smeg-
matis and Streptococcus dysgalactiae subsp. equisimilis have shown the N-terminal
half (NTH) with the hydrolysis and synthesis domains is regulated by the C-terminal
half (CTH) [33, 34]. The NTH of Rel exists as two conformations: hydrolase ON/
synthetase OFF or hydrolase OFF/ synthetase ON. The two catalytic domains are
coupled such that when one changes in conformation this is communicated to the



other domain. ppGpp binding in the hydrolysis site initiates a signaling cascade all
the way to and inactivating the synthesis domain [34, 35]. In addition, deacylated
tRNA binding to the CTH induces a more compact conformation of Rel, whereas free
Rel is more open. pppGpp binding to the CTH causes a more unstructured confor-
mation and reduces synthesis [34]. It is believed the binding of pppGpp to the CTH
creates a negative feedback arresting ppGpp synthesis to maintain a specific level

of ppGpp [36].

Most structural studies of RSH proteins have been performed on Rel enzymes from
other bacteria than E. coli, which due to their homology also provide insight about
RelA and SpoT. However, in these other bacteria Rel is the single long RSH enzyme,
whereas E. coli possesses two. Bacteria with a single RSH instead of two use
different signals to regulate the catalytic activities of Rel [18]. Therefore, it is
possible that SpoT and RelA have evolved to use different intramolecular signals
compared to Rel to integrate information about the environment.

1.3.2.

In vitro RelA can synthesize both pppGpp and ppGpp from GTP and GDP respec-
tively via a pyrophosphatase of ATP to 3’ of GTP and GDP [9, 37]. The affinity for
GTP is higher and the intracellular concentration of GTP is much higher than GDP,
hence pppGpp synthesis is probably the most important pathway [37]. pppGpp 5"-
phosphohydrolase rapidly degrades pppGpp to ppGpp in vivo [38]. ppGpp is about
10-fold more potent as an inhibitor than pppGpp, indicating it is the main regulator
of the two [39].

What activates or inhibits the hydrolysis activity of RelA in vivo? Early on it was
clear that RelA is ribosome associated [9], which was corroborated by the finding
that specific ribosomal mutations abolished the activation of RelA [40]. Eventually
deacylated tRNA (tRNA not carrying an amino acid) in the ribosomal acceptor-site
was identified as the trigger for (p)ppGpp synthesis by RelA [41]. Deacylated tRNA
is a good universal signal for an inability of metabolism to supply amino acids as
there is no need for 20 separate signals for the 20 amino acids. This illustrates how
simple signals can report the status of a complex metabolic network.

Studies of the RelA-ribosome diffusive behaviour to determine whether RelA is active
while attached to the ribosome and/or not were contradictive [42, 43]. Yet recently
a cryo-EM study determined the structure of RelA while attached to the ribosome
and its mechanism of activation [30] (Figure 1.2B and C). A penultimate C-terminal
domain interacts with the 70S ribosome (hence coined RIS or ribosome-intersubunit
domain), which adopts a CCHC-type zinc-finger fold therefore also called zinc-finger
domain (ZFD) [44]. The ACT domain contains an RNA recognition motif (RRM)
which binds to the rRNA. Together the RIS/ZFD and ACT/RRM domains anchor RelA
to the ribosome. The deacylated tRNA interacts with the TGS domain [45]. The
alpha-helical and TGS domains form a sort of flexible hinge between the anchoring
C-terminus and the N-terminal domains. These domains only become stable and
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Figure 1.2: Structure of long-RSH proteins and regulation of RelA activity in E.
coli. A) Domain overview of Rel, RelA and SpoT. See main text for explanation.
B) The cryo-EM structure of RelA and deacylated tRNA attached to the ribosome.
Picture taken from [30]. C) Cryo-EM structure showing the interaction between
the various domains of RelA, the ribosome and deacylated tRNA. RIS: ribosome-
intersubunit domain, AH: alpha-helical domain, PH: pseudohydrolase, Synth:
synthetase. Picture taken from [30]. D) Model for the activation of (p)ppGpp
synthesis by RelA. So far two routes for RelA binding to the ribosome have
been reported. The first holds that RelA and deacylated tRNA both individually
bind the ribosome (indicated by arrows numbered ‘1"). The second holds that
RelA forms a complex with deacylated tRNA, which then binds the ribosome
(indicated by arrows numbered 2).



the synthetase activated when cognate deacylated tRNA has bound. Thus, RelA
can bind the ribosome while it has an empty A-site but is only active while bound
to a ribosome carrying a cognate deacylated tRNA in its A-site [30] (Figure 1.2D,
route 1). Using an in vivo crosslinking approach it was demonstrated that RelA
can bind with deacylated tRNA as a prior formed complex before binding to the
ribosome [45]. Due to steric clashing with elongation factors, it seems unlikely that
the RelA-deacyl-tRNA complex binds during active translation. Combined with the
high abundance of ternary complexes and their higher affinity for the ribosome,
RelA-deacyl-tRNA would probably only bind during amino acid starvation, when the
ribosome is stalled. This would activate (p)ppGpp synthesis as long as it remains
stably bound to the ribosome (Figure 1.2D, route 2). The potential existence of
a RelA-deacyl-tRNA complex however does not mean that deacyl-tRNA can only
bind the ribosome as a complex with RelA, nor that this is the major route for RelA
binding to the ribosome.

As for Rel [33, 46], several studies observed RelA can form dimers via disulphide
bridges between C-termini [47, 48]. However, recently it was shown RelA does not
activate or inhibit itself, indicating it does not form dimers and if so it is not relevant
for its regulation [49].

1.3.3.

As RelA, SpoT was discovered in the ribosomal fraction of cellular extracts. In
vitro analyses of SpoT catalytic activity have used these to characterize SpoT [14,
15, 50-52], with exception of Mechold et al. [53], who were the first and only to
completely purify SpoT. Together these studies have shown that SpoT is responsible
for ppGpp (pppGpp) hydrolysis to GDP (GTP) and PP; in E. coli, without a strong
preference for ppGpp or pppGpp [53]. PP; inhibits the decay of ppGpp [52]. Just
as RelA, SpoT also catalyzes pppGpp synthesis from ATP and GTP, yet no synthesis
has been observed in vitro [53].

Although for RelA it is well known which exact intracellular events regulate its cat-
alytic activity, for SpoT this is mostly still a mystery (Figure 1.3). SpoT is ribosome-
associated but is not dependent on ribosomes for hydrolysis activity [15]. As Rel
and RelA, SpoT has been reported to be sensitive to deacylated tRNA (in vitro), yet
only its 3’-pyrophosphohydrolase activity is inhibited [54]. It is unknown what the
effect is on (p)ppGpp synthesis. Furthermore, in contrast with some species Rel, E.
coli SpoT is not responsive to valine, isoleucine or leucine [32].

Numerous studies have sought for proteins interacting with SpoT which lead to the
discovery of many potential interactions. Here an overview will be provided of the
reported interactions. These and the proposed models for SpoT regulation will be
discussed further in chapter 5.

One study used mass spectrometry to analyze all proteins pulled down with SpoT
[55], which included large and small ribosomal subunits, RNA helicases (deaD, csdA,
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Figure 1.3: Regulation of SpoT activity in E. coli. If a catalytic domain is activated by
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srmB), DNA binding proteins such as hupA and mukB, inner membrane protein TolR
which accumulates at constriction sites of dividing cells, 23S rRNA modification en-
zymes ycil, yceC and yfgB, putative transcription factor yihL, RNA pyrophospho-
hydrolase rppH involved in mRNA degradation, translation elongation factor EF-Tu
(tufA), NAD kinase yfjB, SpoU involved in methylation of rRNA and acyl carrier pro-
tein (ACP). Consistent with SpoT residing in the ribosomal fraction, many of these
are part of the ribosome assembly or translation machinery. The only protein of this
list that has been reported in other studies is ACP, a 9 kDa protein that functions
as cofactor in fatty acid, lipid A and lipoic aid synthesis [56]. It therefore can carry
various acyl-groups with various chemical properties. Several studies have demon-
strated the interaction [57, 58], which occurs via the TGS domain of SpoT [58, 59].
The current model proposes that SpoT binds ACP by default, which maintains SpoT
in a basal hydrolysis state. During carbon or fatty acid starvation, the abundance
of specific acyl-ACPs would change, which would cause a transition from hydrolysis
to synthesis state in SpoT [58].

Another protein that has been reported to interact with SpoT in several bacterial
species is ObgE or CgtA [60, 61]. ObgE is a mysterious GTP hydrolase, which sup-
posedly plays a role in DNA replication [62—-64], ribosome maturation [65], stress
response and ppGpp signaling [66]. Both ObgE and SpoT bind 30S and 50S ri-
bosomes, although ObgE has a higher affinity for 50S. However, the ribosomal
binding patterns of ObgE and SpoT do not completely overlap during starvation or
stationary phase, indicating ObgE and SpoT do not interact in all conditions [61,
67].

The last few years three new binding partners have been discovered and more
thoroughly studied. A first is YbeY, a conserved endoribonuclease [68]. YbeY pre-
sumably interacts with the 30S ribosomal subunit to process 16S rRNA. It also binds
proteins involved in ribosome maturation and stress regulation, including ribosomal
protein S11, Era, Der and ybeZ. Interestingly, Rel from S. aureus is believed to form
a complex with Era, YbeY and YbeZ, which is hypothesized to assure the matura-
tion of 16S rRNA [69]. Further studies will need to elucidate whether this complex
involving SpoT really occurs in vivo and how it affects the activity of SpoT.

Second, the anti-sigma’® factor Rsd can bind SpoT and the TGS domain is nec-
essary for the interaction [70]. Interaction between Rsd and SpoT leads to an
increased hydrolysis activity of SpoT. Rsd also binds to HPr, a protein of the phos-
phoenolpyruvate:sugar phosphotransferase system (PTS) that phosphorylates and
imports carbohydrates into the cell. When Rsd is bound to HPr, Rsd can no longer
stimulate SpoT. HPr can however be phosphorylated, which impedes its binding to
Rsd and thus promotes Rsd-SpoT interaction [70]. The phosphorylation state of HPr
is influenced by three factors [71]. First, the phosphoenolpyruvate (PEP)/pyruvate
ratio, which depends on the metabolic state of the cell. Under starvation, the
PEP/pyruvate ratio is high, so PTS proteins are phosphorylated. Growth on non-
PTS sugars can lower the PEP-pyruvate ratio and thus also the phosphorylation
state. Second, when PTS sugars (glucose) are abundant in the environment, the
PTS proteins are general unphosphorylated. Third, a-ketoglutarate inhibits PTS
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protein phosphorylation. During nitrogen limitation, a-ketoglutarate increases in
concentration which inhibits carbohydrate uptake. In short, during steady state
growth in glucose or unlimited growth, HPr binds Rsd and ppGpp hydrolysis by
SpoT is not stimulated. When glucose becomes limiting, phosphorylated HPr sets
free Rsd to stimulate hydrolysis in SpoT. This would function to suppress an over-
dose of ppGpp synthesis by RelA [70]. This regulatory mechanism promotes ppGpp
hydrolysis during a carbon source downshift, presumably to resume growth after
the growth arrest installed by elevated ppGpp levels [70].

A last protein discovered to bind SpoT is YtfK, an 8 kDa, not well characterized
protein present in specific orders of y-proteobacteria [72]. During phosphate and
fatty acid limitation, YtfK interacts with the N-terminus of SpoT, flipping the switch to
hydrolase OFF/ synthetase ON. Overexpression of YtfK causes an increased ppGpp
level, indicating that the absolute YtfK levels matter.

Further evidence about the external or internal clues that affect SpoT activity is
indirect and based on comparison of a wild-type strain with a RelA knock-out. An
interesting study was performed by Roghanian et al. [73], who show that sup-
pression of specific genes in E. coli is sensed by SpoT. These include LpxA, which
catalyzes the first reaction of lipid A synthesis, part of LPS, and LptA, which trans-
ports LPS monomers to the outer membrane. How SpoT senses these internal
imbalances is not clear.

1.3.4.

There also exist short RSHs which contain only one of the hydrolysis or synthesis
domains, such as MeshlI [18]. These have not been discovered in E. coli, with excep-
tion of one study. Zhang et al. [74] brought to light 4 novel (p)ppGpp hydrolyzing
proteins: MutT, NudG, TrmE, NadR. Probably MutT and NudG have cleavage ac-
tivities in vivo, yet could only reduce the stringent response or complement SpoT
deletion when overexpressed. This indicates their ppGpp degradation might not be
physiologically relevant at their normal expression levels. Finally, although it is not
clear how, ObgE affects the pppGpp/ppGpp ratio in the cell and could therefore be
involved in conversion of pppGpp to ppGpp [66].

1.4.

The extensive regulation of SpoT and RelA activities are understandable given the
widespread effects (p)ppGpp exerts on bacterial metabolism. Before diving into
the physiological roles appointed to (p)ppGpp, it must be noted that (p)ppGpp can
exist at a spectrum of intracellular concentrations ranging from the low UM regime
to a few mM (see Supplementary note 1). The upper end of the concentration
range is called 'stringent’, which is observed in conditions of starvation or stress,
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such as the stringent response (Figure 1.4). Most of the effects of (p)ppGpp have
been observed at stringent levels and serve to cope with the stress applied. The
role of (p)ppGpp at lower or ‘basal’ concentrations, which occur during steady-
state growth, is less clear. In this paragraph, all reported possible interactions
of (p)ppGpp with intracellular targets are discussed. At which concentration of
(p)ppGpp they take place (if at all) is often not known. What the role is of basal
ppGpp is one of the key questions of this thesis and will be expanded upon in
chapter 3.

Basal ? Stringent
(UM) (mM)
Steady-state growth Immediate arrest
RNA, protein and lipid
Physiological role? synthesis
(chapter 3) \
Shift to maintenance
ppGpp and protection
TARGETS TARGETS
RNA polymerase RNA polymerase
unknown Ribosomal GTPases (chapter 4)
Acetyl-CoA carboxylase
PurF

Figure 1.4: (p)ppGpp effects on cellular physiology are concentration dependent,
with 'basal’ and ‘stringent’ regimes as its extremes. The stringent tar-
gets mentioned are not exhaustive (see section 1.4.2).

1.4.1.

One major target regulated by (p)ppGpp - and historically the most known and
studied - is RNA polymerase. Combined with the so far elusive regulation of sigma
factors, nearly all promoters in the cell are affected by (p)ppGpp [75].

In E. coli ppGpp implements a spectrum of changes in the cell by binding RNA
polymerase (RNAP) on two sites [76]. Only mutations in both sites abolish any
effect of ppGpp on transcription initiation in vitro [76]. Site 1 is at the interface
of B and w peptides. A single-molecule analysis of holo-RNAP (with ¢7%) by Duchi
et al. [77] reported that by binding to site 1, ppGpp decreases the RNAP clamp
opening rates and promotes the partly closed state. Clamp opening is necessary
for the melting of the promoter region and hence for the formation of the RNAP
open complex. Therefore, this study provides a first mechanism by which ppGpp
can inhibit RNAP open complex formation on certain promoters.
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Site 2 is created by the regulatory protein DksA and RNAP [76]. ppGpp binding
initiates a conformational change in DksA which promotes its activity, indicating
ppGpp can be considered an allosteric regulator of DksA on RNAP [78]. In contrast
with Duchi et al. [77], site 2 is believed to be the site responsible for the inhibition
of ribosomal promoters during the stringent response. In a DksA knock-out mutant
the stringent response does not occur, indicating DksA is necessary to potentiate
ppGpp’s inhibition of promoters during the stringent response [79]. Mechanistically,
DksA reduces the half-life of the open complex of RNAP on DNA to the range where
ppGpp can affect transcription initiation [79].

Other transcription factors such as GreA, GreB, TraR and Rnk are also involved as
they can compete with or complement DksA for RNAP binding, depending on the
growth conditions [78, 80, 81]. What the physiological role is of these interactions
is not clear yet.

To initiate transcription, RNAP needs to interact with a sigma factor that guides
RNAP to specific promoters. Osterberg, del Peso-Santos, and Shingler [82] have
reviewed the different sigma factors and their regulation. There are 7 sigma factors
in E. coli. The housekeeping sigma factor ¢79 interacts with the majority of pro-
moters. Examples of other sigma factors are ¢° (RpoS) and o€, which are involved
during stress response and extracytoplasmatic signals respectively. Different sigma
factors compete for binding RNAP and transcription initiation of different gene sets.
Not only by direct binding to RNAP and DksA, but also by affecting sigma factor
amount and activity, ppGpp is believed to regulate transcription initiation. ppGpp
affects somehow which sigma factor interacts with RNAP, promoting the alternative
sigma factors over 70 [82].

There are two theories on the mechanism of sigma factor regulation by ppGpp. In
summary, one proposes that the interaction between ppGpp and RNAP (+DksA) in-
fluences also the activity of the bound sigma factor, and that this regulation is sigma
factor specific. Gopalkrishnan, Nicoloff, and Ades [83] showed that depending on
the condition (amino acid or phosphate starvation, entry into stationary phase),
ppGpp and DksA are not always both required to affect RNAP-oF. However, DksA
and ppGpp are both required to increase ¢° activity. Probably together with other
transcription factors and anti-sigma factors, ppGpp regulates the different sigma
factors in distinct ways depending on the external conditions. Structural studies of
sigma factors also support this theory [78], as it is specifically the structure of ¢/°
that enables the destabilization of RNAP on rRNA promoters by ppGpp and DksA
[84]. Mutations in ¢7° can change the stability of the open complex.

The other theory proposes that the upregulation of alternative sigma factors in
conditions with elevated ppGpp is a consequence of the inhibition of rRNA synthesis.
As ppGpp inhibits transcription from rrn promoters, it sets free RNAP available for
alternative sigma factors. Hence, the second theory assumes one passive role
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for ppGpp in sigma factor selection. This is supported by studies that showed that
overexpression [85] or underexpression [86] of o7 leads to a respectively increased
or decreased expression of the protein synthesizing system, as well as mathematical
modeling [87].

Likely a combination of the two describes the actual scenario in E. coli. According to
Girard et al. [88], DksA and ppGpp promote the amount and activity of ¢° in three
ways : 1) by directly promoting transcription of ¢° (by promoting transcription of the
small regulatory RNA DsrA), 2) by improving transcription of anti-adaptor protein
IraP, which prevents degradation of ¢° and 3) indirectly by reducing transcription
from rRNA promoters with 70, setting free more RNAP for other sigma factors.

Errors in the DNA can be detected and repaired during transcription coupled DNA
repair [89]. Pausing of RNA polymerase signals to specialized transcription-repair
coupling factors the presence of DNA lesions. Therefore, the transcription elonga-
tion rate of RNA polymerase affects the ability of these factors to repair the DNA.
Besides deciding which genes are transcribed, ppGpp binding to RNAP could also
affect the transcriptional elongation rate [90, 91] and play an important role in DNA
damage repair [92], which is reviewed in [93].

The best-known consequence of transcriptional regulation by (p)ppGpp is the arrest
of stable RNA synthesis during the stringent response [7, 94]. Specifically, tran-
scription of all ribosomal RNA and proteins is inhibited by ppGpp [95], although
ribosomal proteins are not transcriptionally regulated by ppGpp in stationary phase
[96]. However, also at basal levels ppGpp appears to limit RNA polymerase, as
there is an inverse correlation between ppGpp concentration and ribosomal RNA
levels during steady-state growth [12]. By determining the amount of ribosomes
the cell synthesizes, ppGpp determines the amount of translation the cell can per-
form, and hence has a vast influence on the potential growth rate of the cell (more
in chapter 3).

Over the last 20 years, it has become clear that the physiological effects of ppGpp
are beyond ribosomes. (p)ppGpp dramatically alters the whole transcriptome [75,
97-99]. Already 5 min after RelA induction, 757 genes have a different transcription
profile due to the binding of ppGpp to RNAP Sanchez-Vazquez et al. [75]. Two stud-
ies performed transcriptomics analysis of E. coli starved for an amino acid (Traxler
et al. [98]) or overexpressing RelA (Sanchez-Vazquez et al. [75]), both leading to a
dramatic increase in ppGpp concentration. The reported changes in transcriptome
induced by ppGpp are however similar:
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Amino acid biosynthesis genes are induced [98], already by the presence
of basal ppGpp [75]. Also when all amino acids are present in the media,
ppGpp does not induce all amino acid biosynthesis pathways to the same
degree, and not all genes within a pathway [75].

Genes involved in nucleotide biosynthesis and salvage pathways are
repressed, already at basal ppGpp levels [75], and genes involved in nu-
cleotide catabolism are activated [75, 98].

Genes involved in fatty acid or phospholipid biosynthesis are mainly re-
pressed and in fatty acid g-oxidation activated [75, 98]. According to Wahl
et al. [100], the transcriptional regulation of PlsB by ppGpp couples phospho-
lipid synthesis to the growth rate.

Many genes in central metabolism are induced, including in the pentose
phosphate pathway, glyoxylate shunt and TCA cycle [75, 98]. In [98] three
glycolysis genes were also induced, although [75] did not detect a change
in glycolysis genes expression. The increased tricarboxylic acid (TCA) cycle,
glycolysis, glyoxylate shunt and g-oxidation of fatty acids promotes an in-
creased flux to pyruvate and a-ketoglutarate [98]. Finally, [75] also observed
increased expression of genes involved in fermentation and aerobic respira-
tion.

Many genes involved in the breakdown of amino acids, alcohols, amines,
aromatics, carbohydrates and nucleotides are activated [75]. The transcrip-
tional changes indicate ppGpp is responsible for restructuring E. coli metabolism
not only at specific metabolic branches (e.g. synthesis of the limiting amino
acid), but recycling macromolecules and redirecting central metabolism to
produce the necessary precursors [98] .

Genes involved in DNA replication and repair are mainly repressed. Genes
involved in cell division are either repressed or activated [98]

Several genes in LPS and plasma membrane synthesis, peptidoglycan
biosynthesis [75, 98] and transport proteins are repressed [75].

Genes in glycogen metabolism are activated [98].

Genes to cope with all kinds of stress (DNA damage, osmotic stress, oxidants,
heat, pH stress) mostly increased in expression [75].

About a third of genes involved in translation are inhibited (ribosomal pro-
teins, rRNA processing, ribosome maturation, modification and assembly, ini-
tiation factors, elongation factors, termination factors, tRNA maturation en-
zymes) [75].

Together, these changes in gene expression allow the cell to restructure its metabolism
to replenish necessary metabolites and to protect cellular compounds threatened
by stressful conditions. The state of the cell switches from active growth to main-
tenance or dormancy. This massive adjustment of bacterial metabolism has been
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observed in conditions with stringent ppGpp, while comparing a wild type to a strain
that lacks ppGpp [98], lacks RelA [97] or regulation of RNAP by ppGpp [75]. What
happens at ppGpp concentrations between basal and stringent is still not clear.
One study by Traxler et al. [99] argues that different ppGpp levels activate different
regulons depending on the degree of the applied starvation of stress. Intermediate
ppGpp levels will activate the transcription factor Lrp to drive expression of amino
acid biosynthesis enzymes. The subsequent increase in amino acids causes a de-
crease in ppGpp and resumption of growth. However, a high ppGpp activates the
RpoS stress response. Thus, the concentration of ppGpp determines which genes
are activated or repressed, as a rheostat rather than an on/off stringent response.

1.4.2.

On top of transcriptional regulation, (p)ppGpp has been reported to be involved in
the post-translational regulation of multiple metabolic pathways or enzymes. The
effects of (p)ppGpp on various intracellular targets has been reviewed by Kanjee,
Ogata, and Houry [101] and Hauryliuk et al. [11], and are represented in Figure
1.5. The last few years, new techniques have allowed a high-throughput iden-
tification of (p)ppGpp targets [74, 102, 103], which identified over 50 potential
(p)ppGpp-protein interactions. Only detailed in vitro and in vivo analysis can how-
ever verify whether these are physiologically relevant. The difficulty of in vivo anal-
yses however is to disentangle the transcriptional from the post-translational effects

of (p)PPGPp.

There are many ribosome-associated GTPases, involved in the assembly of ribo-
somes and their translation activity. As they use hydrolysis of GTP to GDP for their
catalytic functions, they are possibly bound by (p)ppGpp based on the structural
similarity between GTP/GDP and (p)ppGpp. Hence, it is not surprising many of
these GTPases have been reported to interact with (p)ppGpp, which is summarized
below.

Ribosome assembly

The subclass of GTPases involved in the correct assembly of ribosomal proteins onto
the rRNA, which guarantees the correct folding and accuracy of 30S and 50S and
eventual 70S ribosomes, is called TRAFAC (translation factor association) GTPases
[109]. Basically, ribosomal assembly of subunits occurs while the rRNA is tran-
scribed which immediately serves as a guide for assembly. The TRAFAC GTPases
ascertain correct folding by binding the assembling rRNA as long as it is not folded
properly, thereby preventing premature binding of ribosomal proteins [109].

Recently, two studies used genome-wide nucleotide-protein interaction screens to
identify potential interactions between (p)ppGpp and proteins in E. coli[74] and S.
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Figure 1.5: The various effects of (p)ppGpp. The proteins to which (p)ppGpp binds
directly are named in red (inhibition) or green (activation). Inspiration for parts
of this figure was provided by [76, 104-108].

aureus [102]. Both identified a number of ribosome-associated GTPases as targets
for (p)ppGpp. In E. coli, these were RsgA, HfIX, Der (EngA), ObgE, Era and
LepA. GDP and ppGpp have similar affinities for these GTPases, and higher affini-
ties than GTP or pppGpp. The binding affinities imply that ppGpp can compete
with GTP (and GDP) in stressful conditions [74]. The individual effects of these
interactions are believed to depend on the specific GTPase and reviewed by Ben-
nison, Irving, and Corrigan [109]. RsgA, HflX, ObgE and Era belong to a group of
Era/Obg GTPases that are involved in the maturation of 50S and 30S ribosomal sub-
units. RsgA and LepA are involved in 30S assembly [110, 111]. Probably (p)ppGpp
binding to HfIX it will prevent the splitting of 70S. ObgE becomes more associated
with 50S during stringent response, consistent with the notion of being an anti-
association factor, preventing further ribosomal assembly. Overall, it appears that
the stringent response serves to reduce the pool of 70S ribosome to adjust growth
rate and increase degradation under stress conditions [109]. There is currently no
evidence that any inhibition would occur at (p)ppGpp concentrations in non-stress
conditions. A quantitative analysis of this is made in paragraph 1.4.3.

When prokaryotes undergo nutritional stress or are in stationary phase, translation
is halted by hibernation of ribosomes, which is the dimerization of 70S ribosomes to
100S ribosomes [112]. In this state, ribosomes are not mRNA-bound and not able
to perform translation. The formation of 100S ribosomes is concerted by ribosome
modulation factor (RMF) and hibernation promoting factor (HPF) [112]. The release
of 100S to individual 70S is presumably effected by HfIX [108]. Given that (p)ppGpp
promotes transcription of RMF, HPF and can bind to HflX, it is believed (p)ppGpp
also regulates ribosome hibernation, although the exact net effect is unknown. It
has been hypothesized that action of (p)ppGpp on inactivating ribosomes also plays
a role in governing persistence [108].

Overall translation activity

There is substantial evidence that (p)ppGpp suppresses translation at stringent con-
centrations, yet the exact target of (p)ppGpp is still not clear after decades of re-
search. In addition, it is not clear whether there is inhibition at basal (p)ppGpp
levels as well. Some studies have proposed that (p)ppGpp does not affect trans-
lation directly, but via its effect on transcription [90, 113, 114]. They argue that
by inhibiting mRNA synthesis, ppGpp prevents mistranslation [90] or adjusts the
number of active ribosomes to the availability of resources [113]. However, the
number of studies proposing targets of ppGpp amongst the ribosome associated
factors is still increasing.

Translation can be divided into three phases: initiation, elongation and termina-
tion (more in chapter 4). For each phase, potential (p)ppGpp targets have been
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identified. Several in vitro studies showed ppGpp could inhibit translation initiation
by binding initiation factor 2 (IF2) [115, 116]. The elongation factors EF-Tu and
EF-G could also be inhibited by ppGpp [116, 117], although not all studies agree
[118]. The slowing down of translation elongation coincided with a decrease in
translational errors, giving rise to the hypothesis that ppGpp’s arrest on translation
serves to improve translation fidelity [119-121]. However, the affinity of ppGpp
for IF2 is higher than that of GTP and GDP and the affinity of EF-G for ppGpp is
lower than that for GTP and similar to GDP [115, 116]. This indicates that in vivo
translation initiation is relatively more inhibited than elongation [116], which was
confirmed by a quantitative evaluation (paragraph 1.4.3).

Translation termination involves the action of several release factors (RF). RF3 is
potentially inhibited by stringent ppGpp levels, as RF3 is inhibited 3.3-fold by 1
mM ppGpp in vitro [122]. RF3 helps release RF1 and RF2 from the ribosome to
promote a next elongation round. Hence, RF3-ppGpp binding would reduce the
translation rate. In their genome-wide study Zhang et al. [74] have confirmed
(P)PpGpp interacting with IF2, EF-G and RF3.

It should be noted that some genes have an increased transcription and translation
during the stringent response, which seems paradoxical regarding the widespread
inhibition of translation by stringent (p)ppGpp. Vinogradova et al. [123] observed
that specific mRNA sequences form hairpin structures that impose a different sensi-
tivity for GTP and ppGpp on 30S-bound IF2. These mRNA sequences allow transla-
tion initiation even in the presence of ppGpp. Furthermore, pppGpp-bound IF2 still
initiates translation. This is consistent with the observation that pppGpp actually has
an activating effect on IF2 and EF-Tu in vitro [124]. Additionally, the stabilization
of mRNA could promote translation of some mRNAs during the stringent response
despite high (p)ppGpp concentrations. E. coli Nudix hydrolase RppH hydrolyzes
(pyro)phosphoryl groups from the 5’ end of RNA to initialize its degradation. It was
recently shown to bind ppGpp with an ICsy of 50-200 uM suggesting RppH could be
inhibited in vivo and limit the degradation of RNA [125].

Phosphoenolpyruvate (PEP) carboxylase (ppc) catalyzes the synthesis of oxaloac-
etate from PEP and vice versa and is an important bridge between glycolysis/ glu-
coneogenesis and the TCA cycle. ppGpp allosterically activates the synthesis of
oxaloacetate by PEP carboxylase, increasing the flux in the TCA cycle presumably
to provide more amino acid precursors [126—128]. However, given the many al-
losteric regulators of PEP carboxylase, it is not certain what the exact net effect is
in vivo. Also glucose-6"-phosphate isomerase (pgi) was shown to be inhibited by
(p)pPpGpp, causing the intracellular levels of several glycolysis intermediates to drop
during the stringent response [127].
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To cope with low pH stress, the cell uses decarboxylases to protect the intracellular
pH. Ornithine decarboxylase (SpeC) was reported to be inhibited by ppGpp during
the stringent response [129], although this could not be repeated in a K requir-
ing E. coli strain [130]. Recent publications settled the debate with the discovery
that ppGpp binds and inhibits several decarboxylases: both the constitutive and
inducible lysine decarboxylase (LdcC and LdcI) [131, 132] as well as ornithine
decarboxylase SpeC [103, 131]. Constitutive decarboxylases have various intra-
cellular roles such as DNA replication, transcription, protein synthesis, membrane
permeability and biofilm formation. The lysine decarboxylases are likely regulated
by ppGpp to prevent overconsumption of lysine in environments with both low pH
and nutrient limitation.

Also biosynthesis of histidine is prevented when amino acids — but not histidine —
are scarce. Although only studied in Salmonella typhimurium, ppGpp inhibits the
first reaction in the biosynthesis of histidine (ATP phosphoribosyltransferase, HisG)
in synergy with inhibition by histidine. Without histidine, ppGpp cannot inhibit the
enzyme [133].

Finally, E. coli has two systems to assimilate nitrogen from ammonia into amino
acids, glutamate dehydrogenase (GDH) and glutamine synthetase (GS). Although
GS has a higher affinity for NH5 [134], which is useful in nitrogen limiting conditions,
the degradation of GDH could be reduced by ppGpp binding to GDH [135].

Merlie and Pizer [136] reported based on in vitro and in vivo data that ppGpp inhibits
phospholipid synthesis at 2 steps: glycerol-3-phosphate acyltransferase (PIsB) and
phosphatidylglycerophosphate synthase (PgsA) at stringent levels. The in vitro
applied ppGpp concentrations however range from 1 to 5mM, which could explain
why others did not observe an inhibitory effect of ppGpp on PIsB [137]. Later, a
quantitative correlation between ppGpp levels and the rate of phospholipid synthesis
was found at basal and stringent levels [138]. However, the basal trend was based
on only two measurements in strains with different genetic background with several
pleiotropic mutations. Therefore, the concomitant difference between basal ppGpp
and phospholipid synthesis rate does not guarantee a causal relationship. Finally,
Heath, Jackowski, and Rock [139] confirmed PIsB is post-translationally inhibited
by ppGpp. Specifically, induction of RelA lead to a build-up of long chain acyl-ACPs
as well as an arrest of phospholipid synthesis, which indicated that the PIsB step
is inhibited by ppGpp, although not necessarily directly. The de novo fatty acid
synthesis (FAS) rate was also reduced, suggesting that ppGpp might mildly inhibit
FAS as well. Indeed, already in the ‘70s, it was brought to light that stringent ppGpp
inhibits the initial committed step catalyzed by acetyl-coA carboxylase (ACC) by 50-
60% in vitro and in vivo [140]. This is consistent with the observation that beta-
hydroxy, free hydroxy, saturated and unsaturated fatty acids are all inhibited to the
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same degree during amino acid starvation, insinuating inhibition of FAS happens
early in the pathway [141]. In addition, the synthesis of unsaturated fatty acids
is inhibited by about 40% during the stringent response by direct binding to 3-
hydroxydecanoyl dehydratase (FabA) [142]. Overall, there is very little known
about ppGpp and fatty acid or lipid biosynthesis. In these studies inhibition was at
above 1 mM ppGpp and not complete, suggesting that any inhibition in vivo would
occur only in stringent conditions. Further in vivo evidence did not decipher by
which exact interactions ppGpp would inhibit these pathways and cannot exclude
effects of other regulators.

Several studies have pointed at an inhibition of peptidoglycan synthesis by ppGpp
[143—-145]. However, the effect on peptidoglycan synthesis might be a conse-
qguence of reduced phospholipid synthesis, although the exact mechanism is un-
known [146].

ppGpp can compete with GTP for the binding to FtsZ, which forms filaments part
of the Z-ring necessary for cell division. It was hypothesized that high (stress)
ppGpp levels inhibit the formation of these filaments and prevent cell division [147].
However, the observation that RelA induction prevents Z-ring formation in vivo, is
no evidence for a direct inhibition of FtsZ by (p)ppGpp.

Active transcription of rRNA is believed to promote the initiation of DNA replica-
tion. The origin of replication is close to rrn operons on the chromosome and their
transcription introduces negative supercoiling, which unwinds the origin and hence
promotes binding of DnaA and other factors involved in replication. When RNA
polymerase activity is inhibited by ppGpp, the origin remains more supercoiled, so
ppGpp indirectly regulates DNA replication [148]. Also the subsequent replication
elongation phase is inhibited by ppGpp in a dose dependent manner in both E. coli
and B. subtilis [149], although another study did not confirm this for E. coli [150].
Based on in vitro experiments the target is likely DNA primase (DnaG) [151, 152].

Several steps in the uptake, salvage and de novo synthesis pathways of nucleotides
are inhibited by ppGpp. The first steps of GMP and AMP synthesis are catalyzed
by IMP dehydrogenase (GuaB) and adenylosuccinate synthetase (PurA) respec-
tively. For GuaB, the inhibition is competitive with IMP with a K; of 30-48 uM, which
actively inhibits GuaB during the stringent response [128, 153]. PurA is competi-
tively inhibited by GMP, GDP and by ppGpp, although for the latter it is not certain
whether the inhibition is GTP-competitive [153] or non-competitive [128, 154]. The
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inhibition should be relevant in vivo during the stringent response [128, 153] and
is estimated to be about 40% [154]. Recently, Wang et al. [103] measured that
the inhibition of 1 mM ppGpp on GuaB and PurA is less than 20% in vitro. Also
the screening of [74] did not detect GuaB or PurA as ppGpp binding proteins. The
majority of experiments however points at an inhibitory effect, which is very likely
influenced by various factors in vivo, such as the concentrations of IMP, GMP, GDP,
GTP and other potential regulators of these enzymes. Wang et al. [103] identified
other targets with <20% (pyrH, Ndk, PK-LDH), 50% (GpmA) and more than 75%
inhibition (Gsk and PurF) in vitro, and the latter was confirmed in vivo. After RelA
induction in medium without nucleotides or bases, ATP and GTP synthesis rates
drop by 65%, again confirming that ppGpp inhibits de novo purine synthesis.

Other steps of nucleotide metabolism include the salvage reactions of nucleobases
with phosphoribosyl pyrophosphate (PRPP) to form nucleoside monophosphates.
These include the purine phosphoribosyltransferases Gpt and Hpt, the adenine
phosphoribosyltransferase Apt and uracil phosphoribosyltransferase Upp. The de-
grees of inhibition by ppGpp however vary amongst studies. Gpt and Hpt are
inhibited by ppGpp [155] and bind ppGpp with a K, of 5 and 6 uM respectively. The
inhibition is competitive for PRPP [74]. According to Wang et al. [103] the inhibition
of 1 mM ppGpp on Gpt is however less than 20% and for Hpt more than 75% in
vitro. Only Hochstadt-Ozer and Cashel [155] observed Apt inhibition in vivo albeit
less than inhibition of Gpt and Hpt. However, Fast and Skold [156] do not observe
adenine uptake inhibition during stringent response in vivo and Wang et al. [103]
did not detect ppGpp binding to Apt. Both Fast and Skold [156] and Hochstadt-
Ozer and Cashel [155] observed an allosteric inhibition of Upp by ppGpp during
the stringent response. As for Gpt, Wang et al. [103] measured a mild inhibition of
Upp by 20% at 1 mM ppGpp in vitro. Paradoxically, Jensen and Mygind [157] re-
ported that ppGpp activates Upp. They suggested that there are other parameters
such as the amount of metal ions that might cloud the effect of ppGpp on Upp.

Not only in the synthesis but also in the degradation of nucleotides (p)ppGpp is
involved. PpnN, a nucleosidase that cleaves purine nucleoside monophosphates
to nucleobases and ribose-5-phosphate, was shown to be allosterically activated
by ppGpp [74, 158]. The combined activation and inhibition of enzymes in purine
metabolism causes a rapid decrease in biosynthesis and increase in degradation
and reuse, promoting a fast recovery from stress or starvation.

The presence of many potential targets in nucleotide metabolism is what makes
it difficult to elucidate the exact effect of ppGpp on each enzyme involved. Fu-
ture studies with metabolic flux analysis combined with ectopic overexpression and
comparison with mutant enzymes will show how exactly ppGpp directs nucleotide
metabolism.
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HypB is a GTPase responsible for the maturation of dehydrogenases by conferring
a nickel ion. It has similar affinity for GTP and (p)ppGpp [74], both binding in the
HypB active site. This interaction supposedly functions to prevent the activation of
unnecessary dehydrogenases during oxidative stress.

There have been mixed results about an inhibitory effect of (p)ppGpp on ADP-
glucose synthetase activity, the rate-limiting step in glycogen synthesis [159, 160].
It is not clear what the role is of (p)ppGpp in glycogen metabolism [161].

Finally, there are many effects of (p)ppGpp observed, where there is little known
about a possible mechanism, and the discovery is based on a comparison of a
specific trait between a wild-type strain and an isogenic RelA SpoT double knock-
out, which does not contain ppGpp (abbreviated as ppGpp?). For example, it was
shown that contrary to previous results, ppGpp is not necessary for polyphosphate
synthesis in E. coli, yet DksA is [162]. Smirnova et al. [163] show that stringent
ppGpp concentrations inhibit respiratory metabolism, presumably directly ATP syn-
thase, thereby preventing electron transport and proton transfer. This is supposed
to coordinate energy generation with other metabolic changes in the cell. Although
these studies might shed light on connections between certain metabolic pathways
or physiological properties, it must be kept in mind that (p)ppGpp not necessar-
ily directly influences these traits. Some phenotypic traits are the consequence of
a complex interplay between many factors regulated by (p)ppGpp, such as resis-
tance to bacteriophages [164] and antibiotics [165], gut colonization [166], viru-
lence [167] and persistence [108], making it difficult to decipher the exact role of
(p)ppGpp in these phenomena.

1.4.3.

Many of the reported interactions with ppGpp are based on observations in vitro.
Can this be translated to an in vivo function? What does a binding constant of e.g.
150 UM mean? Michaelis-Menten kinetics describe enzymatic activity as a func-
tion of substrate concentration and the Michaelis-Menten constant Ky. If inhibitors
affect the enzymatic rate, the degree of inhibition as a function of inhibitor concen-
tration can also be determined if the mode of inhibition and inhibition constant K;
are known. For competitive inhibition (inhibitor competes with substrate for binding
the catalytic site) this is described by equation 1.1 [168]:

Vo S
Viax S+ Ky(1+ KL)

(1.1)

V is the reaction rate, Vo the theoretical maximal reaction rate with saturating
substrate concentration and S and I the substrate and inhibitor concentrations re-
spectively. For many of the ppGpp targets, it is known (or assumed) ppGpp inhibits
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in competition with regard to GDP, GTP, IMP or PRPP. If the intracellular concen-
trations of these compounds, the Ky and K; are known, the concentration of I
necessary to reduce the reaction rate by 50% can be derived from equation 1.1:

S
Iy /v max=0.5 = (E —1)*K; (1.2)

Equation 1.2 translates an in vitro measured parameter (K;) to an in vivo ppGpp
concentration, which can be compared to ppGpp concentrations measured in a
range of conditions. The highest basal ppGpp levels occurring during steady-state
growth was measured to be about 200 uM ([90], Supplementary note 1). ppGpp
concentrations during stress and starvation responses reach up to several millimolar
depending on the type of stress of starvation (Supplementary note 1).

For all of the post-translational targets mentioned above an overview was made
of the currently presumed inhibition mechanism, the Ky, K; and S (Table S1.2).
This allowed for a number of targets to determine whether basal or stringent ppGpp
concentrations affect the target in vivo (Table 1.1). As a reference for basal ppGpp
a concentration of 40 uM was used, based on E. coli grown in glucose minimal
medium measured by Varik et al. [169].

Table 1.1 shows that some of the small GTPases involved in ribosome biogenesis
are unlikely to be significantly regulated by ppGpp in the basal regime. If only
considering competitive inhibition by ppGpp, Der might be inhibited for about 20%.
However, these GTPases generally have an equally high affinity for GDP as ppGpp,
and given that the intracellular concentration of GDP is 0.68 mM [170] the inhibition
by GDP will be much stronger than any inhibition exerted by ppGpp. During a
stringent response, however, ppGpp would significantly inhibit Der, ObgE and to a
lesser extent Era. Interestingly, due to a very low Ky, EF-G does not appear to be
inhibited by ppGpp in vivo, whereas IF-2 could already be mildly inhibited at basal
levels.

For enzymes in nucleotide metabolism, for which there have been several reports
of competitive inhibition by ppGpp, the calculated levels of in vivo inhibition vary.
For Gpt, three studies observed affinities for ppGpp that suggest 10 uM ppGpp can
inhibit Gpt by 70% and 40 uM by 80-90%. In other words, from 10puM to 40 uM
intracellular ppGpp, the activity of Gpt decreases by at least 50%. Similarly, Hpt is
inhibited by 22-49% at 40 uM ppGpp. Also PurF, although only studied once, would
be inhibited by 86% at 40 uM ppGpp. It seems at first impression counterintuitive
that at low basal ppGpp, which reflects good growth conditions, some enzymes
would be operating significantly below their maximal rate. Especially PurF seems
unlikely to be nearly completely inhibited during steady state growth as it catalyzes
the committed step for ATP and GTP de novo synthesis. However, enzymes oper-
ating below optimum efficiency creates the option of regulating the enzyme. For
many enzymes, the cost of inhibition is worth the cost of producing more of these
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enzymes, as it enables the adjustment of metabolic fluxes to environmental condi-
tions and prevents unneeded biosynthetic overproduction [171]. It might be ppGpp
creates the possibility for these enzymes to be activated by other regulators.

For some enzymes such as SpeC, LdcC, Ldcl, DnaG, Upp and PurA, various inhibition
mechanisms by ppGpp have been reported (Table S1.2). As illustrated for DnaG,
whether ppGpp inhibits competitively or as a mixed competitor dramatically affects
the inhibitory concentration. In addition, some of these enzymes have several
potential inhibitors and activators besides ppGpp and the information is lacking to
precisely decipher the in vivo inhibition mechanism.

In conclusion, many enzymes that were reported to be significantly inhibited by
ppGpp in vitro are not necessarily inhibited by basal levels in vivo. Here, ppGpp
serves as a 'hand brake’ during severe stress to adjust the whole cellular metabolism
from active growth to rescue mode. Few enzymes could be inhibited by ppGpp dur-
ing steady state growth. Ultimately, a statement such as “enzyme X is inhibited by
Y% at Z mM ppGpp” does not provide physiologically relevant information unless
there is a rough estimate available about the inhibitory mechanism, the Ky and the
concentration of enzyme substrate. The elongation factor EF-G illustrates that if an
enzyme operates at substrate concentrations far above its Ky, competitive inhibition
can become negligible. It must be kept in mind that other still unknown regula-
tors could be involved that have counteracting or synergistic effects. Naturally,
this interpretation depends on the availability of accurate biochemical parameters.
For most enzymes this analysis cannot even be made given there is insufficient
data regarding the inhibition mechanism and parameters, or accurate intracellular
concentration of substrates.

1.5.

As demonstrated in the previous paragraphs, the importance of (p)ppGpp for bac-
terial growth cannot be overestimated. This is why researchers are currently look-
ing into potential antibiotics that hijack or attack ppGpp regulatory networks [173,

Table 1.1: Biochemical data available in literature regarding inhibition of en-
zymes by ppGpp. K values were obtained from BRENDA or Uniprot databases.
*Ky value of EF-G was obtained from [172]. Intracellular concentrations were
obtained from [170]. For all V/V ., calculations and 50% inhibitory ppGpp con-
centrations equations 1.1 and 1.2 were used, with exception of the data by
Rymer et al. [152]. In this study DnaG was inhibited in a both GTP-competitive
and non-competitive manner. Under the assumption of simple mixed inhibition
IC5,=K; and equation 1.1 becomes s S [168]. It should be noted that

(s+KM)(1+Kii
for both DnaG and GuaB there were studies that did not observe an interaction
with ppGpp ([150] for DnaG and [74, 103] for GuaB).
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174]. However, there are many gaps in the knowledge about the ppGpp signaling
network. This thesis aimed at addressing one of the central questions related to
(P)PpGpp and metabolism: what is the physiological role of ppGpp during steady-
state growth? Transcriptional regulation is clearly vital for the cell in all conditions,
but how important is post-translational regulation by ppGpp during steady-state
growth? In order to answer this question, it is necessary to

1.
2.

3.
4.

accurately quantify ppGpp;

critically evaluate the literature for what is known about ppGpp during steady-
state growth;

determine the role of basal ppGpp on translation;

understand how basal ppGpp levels are set by SpoT.

These four topics are explained in chapters 2-5.

In chapter 2, an LC-MS method is described to accurately quantify
ppGpp and other compounds in E. coli. This method provided the basis
for much of the research in this thesis.

Chapter 3 is about one of the earliest, central, yet unexplained observations
about ppGpp: that low intracellular ppGpp concentrations correlate linearly
with growth rate. It is still not completely understood today why this happens
(what adjusts ppGpp levels to the growth rate) and what the effects are
of these very low (basal) ppGpp levels.

Protein synthesis is the costliest process of the cell. In chapter 4, the poten-
tial effect of (basal) ppGpp on translation is investigated. That ppGpp might
inhibit translation is heavily debated due to (amongst others) inconsisten-
cies between in vitro and in vivo data. Here both types of experiments were
performed ultimately showing that ppGpp inhibits translation, indepen-
dently of transcriptional regulation.

Another one of the central questions about (p)ppGpp, is how it is synthesized
and degraded according to environmental conditions. It is known that the
enzymes RelA and SpoT are responsible for this, and for RelA the molecular
mechanism is well understood. However, for SpoT, the enzyme that is respon-
sible for the correlation with growth rate, it is still a mystery what activates it
to synthesize or degrade (p)ppGpp. In chapter 5, it is investigated whether
SpoT activity might be regulated by acyl carrier protein (ACP).



27

1.6.
1.6.1.

Intracellular ppGpp concentrations have been measured in various units (see also
chapter 2). Most of the absolute data is given in units of pmoIOD_l, which has
to be translated to molarity to use equations 1.1 and 1.2. Units of mol oD ! can
be converted to molarity if the number of cells per OD (in OD'l) and the volume
of a single cell (in L) are known. Both Volkmer and Heinemann [175] and Varik
et al. [169] have characterized how these two parameters vary as a function of
growth media [175] and growth phase [169]. Results of both papers were used

to convert a list of in vivo ppGpp concentrations from molOD™* to molL-1. This
is represented in Table S1.1. It can be seen that the concentration based on
the Varik et al. [169] conversion reaches intracellular concentrations up to 1.5mM
whereas the concentrations based on the Volkmer and Heinemann [175] conversion
not even 300 uM. The few molarity concentrations available in literature report a
ppGpp concentration of 1 until 4 mM during stress response or RelA overexpression.
Given that the conversion based on [169] is more consistent with literature values,
this was used to calculate concentrations in molarity. The basal ppGpp levels in
literature, which range from 10 to 130 pmol OD_l, then correspond to a concentra-
tion of 15 to 200 uM (Table S1.1). It should be noted the list of data in this table
is not exhaustive, but rather to provide an estimate of intracellular concentrations
occurring during stress and steady state growth.
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Table S1.1: Intracellular ppGpp concentrations and unit conversions. A) Studies
used to calculate the conversion of mol OD™" to mol L. B) Literature data used
to estimate the concentration range of basal and stress conditions. Data was
taken from the original graphs, which could not always be estimated exactly.
Literature data was converted into molarity based on A. C) Studies that reported
ppGpp concentration in molarity to compare with the calculated concentrations

in B.

Single cell Number of Volume of cells of 1

Study volume (fL) cellsperOD  OD (uL/OD)
Bennett et al 2009 0.69
Varik et al 2017 1.22 1.4%10"8 0.63 (a)
Volkmer et al 2011 3.2 8-11*¥10"8 3.6 (b)
B Before Peak of Ratio Basal Peak of P:;:::s:f
Study stress stress stress/ Growth conditions based on stress based on
(pmol/ (pmol/ basal (a) (uM) based on (b)
oD) oD) (a) (uM) (uM)
Sorensen et al 1994 130 800 6 valine addition 206 1270 222
Cashel et al 1969 50 800 16 valine addition 79 1270 222
Ryals et al 1982 20 800 40 pseudomonic acid 32 1270 222
Harshman and Yamazaki 1969 10 600 60 phenylalanine starvation 16 952 167
Harshman and Yamazaki 1972 30 675 23 arginine starvation 48 1071 188
Lazzarini et al 1971 80 950 12 methionine starvation 127 1508 264
Winslow 1971 35 175 5 glucose-lactate downshift 56 278 49
Metzger et al 1989 7 glucose starvation
Gentry and Cashel 1996 12 glucose starvation
Lazzarini et al 1971 80 850 11 glucose starvation 127 1349 236
Lazzarini et al 1971 80 430 5 glucose-succinate diauxic shift 127 683 119
Harshman and Yamazaki 1969 10 225 23 glucose-succinate diauxic shift 16 357 63
Seyzfadeh et al 1993 3 cerulenin (FA starvation)
Harshman and Yamazaki 1972 10 225 23 NaCl stress 16 357 63
Lazzarini et al 1971 20 135 7 phosphate starvation 32 214 38
Schreiber et al 1991 50 1000 20 RelA overexpression 79 1587 278
Wang et al 2018 1000 RelA overexpression 1587 278
Harshman and Yamazaki 1971 50 250 5 Levallophan 79 397 69
C Before Peak of Ratio
Study stress  stress stress/ Growth conditions
(mM) (mM) basal
Cashel 1975 4 5-20 amino acid starvation
Varik et al 2017 0.04 0.91 stationary phase entry
Wang et al 2018 1.5 RelA overexpression
Ross et al 2016 0.01-0.1 1 stringent levels vs. basal

Kanjee et al 2011 1-2
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The signaling molecule guanosine tetraphosphate (ppGpp), present in nearly all
bacteria, is known to be key to the regulation of bacterial growth rate. ppGpp
likely balances the various metabolic fluxes in the cell, optimizing the growth rate
in a given environment. How the ppGpp signaling network achieves this is still
a mystery. To completely understand what ppGpp does in the cell, it is vital to
accurately quantify it, which is impeded by ppGpp’s fast dynamics and instability,
and still today a limiting factor in ppGpp research. Here, we developed a LC-MS
method to quantify ppGpp in E. coli, ranging from basal to stringent levels. Several
other important metabolites and signaling molecules such as ATP, GTP, acetyl-CoA
and cAMP were included to investigate the physiological state of the cell, or to
understand the link between ppGpp and its substrates or degradation products. The
LC-MS method was assessed in situations with well-known fluctuations in ppGpp
levels, namely amino acid starvation, diauxic shift and RelA induction, as well as
basal growth in various carbon sources.

Part of this chapter has been published as: N. C. E. Imholz, M. J. Noga, N. J. F. van den Broek, and
G. Bokinsky. “Calibrating the bacterial growth rate speedometer: a re-evaluation of the relationship
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(2020). doi: 10.3389/fmicb.2020.574872
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2.1.

The current literature suggests that the effect of ppGpp on cellular processes de-
pends on its intracellular concentration. Slight differences of a few pmol OD! ap-
pear to dramatically affect E. coli's growth rate [2, 3]. In addition, potential ppGpp
levels span a range of less than 10 to over 1000 pmol OD™. In order to understand
the role of ppGpp in E. coliin both stress conditions as well as steady state growth,
it needs to be accurately quantified. Moreover, absolute quantitation is vital as it
allows a better comparison of data between research groups as well as quantitative
modelling, which helps to understand biological systems.

The main challenges in measuring ppGpp levels in vivo are 1) its low abundance
during steady state growth compared to other nucleotides; 2) the chemical insta-
bility of the two diphosphate groups prone to hydrolysis and 3) the presence of
intracellular enzymes that rapidly hydrolyze and synthesize ppGpp depending on
environmental conditions. This means the analytical method to measure intracel-
lular ppGpp levels in a certain condition at a specific time needs to be sensitive,
maintain ppGpp stability and immediately denature enzymes that could bias the
actual ppGpp levels. Moreover, to study ppGpp dynamics, it is required to sample
frequently with a high time resolution (for example few seconds), which reduces
the possible sample volume that can be used.

Several methods have been used to measure (p)ppGpp, including radiolabeling
combined with thin layer chromatography (TLC) [3-5], high performance liquid
chromatography (HPLC) [6—10] and liquid chromatography mass spectrometry (LC-
MS) [11, 12]. These and their corresponding benefits and shortcomings are summa-
rized in Table 2.1. An excellent detailed overview of current nucleotide analytical
methods was made by Varik et al. [9].

In short, TLC is the oldest yet still used method because of its simplicity. It consists
of spotting cellular extracts on a membrane, which are separated chromatographi-
cally based on charge in one dimension and subsequently based on hydrophobicity
in a second perpendicular dimension [4]. Detection is based on autoradiography
and determining the activity in a given spot with scintillation counting. Hence, the
culture must be grown in 32P phosphate with a constant phosphate uptake rate.
This unfortunately creates a bias in measuring intracellular nucleotide concentra-
tions under conditions with varying ppGpp levels, as ppGpp affects the uptake of
phosphate [13].

HPLC consists of the separation of nucleotides by applying the sample on a column
existing of a solid phase. The column is continuously rinsed with a liquid mobile
phase, and depending on the preferred interaction with solid or mobile phase, the
different compounds (in this case nucleotides) will travel through the column with
different velocities. The separated nucleotides are detected by UV light absorption
at the end of the column. Standards of the compounds of interest are necessary
to determine the exact time it takes each compound to travel through the column
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(called the retention time) and also to make a calibration curve for absolute quan-
titation of the compound.

LC-MS uses HPLC to separate different compounds, followed by detection via MS
instead of UV light. This has several advantages. First, MS is more sensitive [14].
Secondly, MS allows to detect numerous different compounds at the same time
as it rapidly scans for specific masses, whereas with UV light any compound that
absorbs at the specified wavelength will give a signal. This means that with HPLC
baseline separation of different compounds is vital, as overlapping peaks do not
allow quantitation. For the same reason, MS provides more certainty of quantifying
a specific compound, while UV detection does not identify exactly the compounds
it detects. A disadvantage of MS compared to UV detection is that it is a more
expensive, complex and less robust system, more prone to technical issues.

Although current methods have successfully characterized (p)ppGpp levels in bac-
teria in multiple conditions, they have several limitations: 1) they require large
sample volumes (10 mL up to 30mL for exponentially growing cells) which limits
the sample number and time resolution; 2) in most cases they lack absolute quan-
titation enabling only relative quantitation and 3) they use UV light for detection
which is inherently less specific than MS. Ihara, Ohta, and Masuda [11] have de-
veloped an ion pairing reverse phase ESI QQQ MS/MS method for quantification of
ppGpp in plants and E. coli. However, the ppGpp concentration in E. coli growing
in M9 glucose with casamino acids was reported to be about 200 pmol OD1, which
is significantly higher than others have measured, possibly caused by insufficiently
fast quenching.

Recently Jin et al. [10] have developed the first UHPLC-HILIC method to separate
nucleotides including ppGpp with a limit of detection of 50 nM. This method was
tested on algae, which have lower ppGpp levels compared to bacteria (3 pmolg™!
algae). The method was however not tested on bacteria, which would be promising.
Interestingly, through the use of ion chromatography high resolution MS with double
isotopic labeling, Patacq, Chaudet, and Letisse [12] could measure ppGpp as well
as pppGpp with correction for degradation of pppGpp into ppGpp during sample
preparation. Unfortunately, this method was only used to test the response of E. coli
to serine hydroxamate. Other analytical methods rely on the interaction between
Cu?* ions and ppGpp in a colorimetric assay based on modified gold nanoparticles
[15] or fluorescent silver nanoclusters [16]. The ease, low price, lack of complex
equipment and speed make these assays very attractive. However, they lack the
sensitivity to detect basal ppGpp levels in B. subtilis [15] or have not been used in
a biological matrix [16].

Clearly analytical methods for (p)ppGpp are still being developed and are promis-
ing, yet have not been tested in various conditions and concentration ranges. Many
questions remain unanswered because of these technical limitations. What is the
behaviour of ppGpp in different exponential growth or non-stress conditions? What
are the dynamics of ppGpp and other nucleotides in changing environmental condi-
tions? Do discrepancies in ppGpp data have a technical or biological (strain-related)
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origin? As described in this chapter, the current challenges were overcome with a
LC-MS method that allows more sensitive, specific and absolute quantitation than
reported so far, with a time resolution of up to 30s.

2.2,

All chemicals for LC-MS purpose (glacial acetic acid, acetonitrile, methanol, formic
acid, ammonium acetate) were ULC/MS grade and obtained from Biosolve. Ammo-
nium hydroxide (28-30 %) was obtained from Honeywell and acetylacetone (AnalaR
Normapur) from VWR. 1*NH4Cl was obtained from CortecNet. UTP, UDP, UMP, CDP
and CMP were obtained from VWR. All other chemicals were obtained from Sigma.

An overview of strains, plasmids and their sources is given in Table S2.1. The
reader is referred to chapter 4 for construction of plasmid pJEx-RelA*.

The media used were MOPS-based minimal media [17] (Table S2.2) with 0.2%
w/Vv glucose, glycerol, succinate or acetate, and if mentioned all amino acids (Table
$2.3). The medium for diauxic shift was MOPS-based with 0.03 % glucose and 0.1 %
lactose, based on Zaslaver et al. [18]. LB was obtained from Sigma. All media
were filtered after preparation and before use (0.2 um pore size). The antibiotics
kanamycin (25 pgmL~1) and ampicillin (50 ugmL~1) were added when needed.

Overnight cultures of single colonies were prepared by inoculating a single colony
from a freshly streaked LB plate in 5 mL of the medium of choice. After overnight
incubation at 37 °C and 250 rpm, these were diluted to OD 0.05 in a total volume of
20 mL and grown in a 250 mL culture flask with a 12 mm magnetic stir bar (VWR).
The flasks were placed in a water bath (Grant Instruments Sub Aqua Pro) set at
37 °C on top of a magnetic stir plate (2 mag MIXdrive 1 Eco and MIXcontrol 20) set at
1200 rpm. This set-up allowed to pipette a volume out of the flask without disturbing
the conditions. Optical density was measured at 600 nm using an Ultrospec 10 Cell
Density Meter (GE Healthcare) to monitor growth.
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An overview of the sampling and sample preparation is presented in Figure 2.1
and is based on Bennett et al. [19]. Extra detailed recommendation for the rest of
the protocol are given in Supplementary section 2.6.1 for those interested.

At the time or OD of choice, 1 mL of the culture was pipetted on top of a prewetted
filter (0.2 um pores, 25 mm, Sartorius), placed on a filter manifold under vacuum.
The filter with cells was immediately transferred to a 6-well plate containing 1 mL
ice cold 2 M formic acid with the cells facing down to make sure the filter was im-
mediately wetted. Right before sampling, a known amount of N internal standard
was added to the 1 mL 2 M formic acid solution, as this is necessary for absolute
quantitation. The composition of the standard mix is shown in Table S2.4. For cells
growing in not isotopically labeled medium (1*N), a culture grown on >N medium
was used as an internal standard. This 1°N labeled culture was grown in parallel
with the experiment of interest, filtered and resuspended in ice cold 2 M formic acid
solution. This 2 M formic acid solution was subsequently used as quenching solu-
tion for the unlabeled 1N culture. Alternatively, the °N internal standard culture
could be neutralized with 27.8 uL 28 % NH4OH per ml culture, lyophilized and kept
at —80°C. On the day of use, the 1°N cell extract would be redissolved in 2 M ice
cold formic acid right before use.

After staying 30min to 1h on ice to extract metabolites from the cells, the filters
were washed by holding them with a tweezer and pipetting the quenching solution
repeatedly over them. The rest of the protocol was based on Ihara, Ohta, and
Masuda [11]. The samples were transferred to tubes and neutralized by adding
27.8 L of 28 % NH4OH and briefly vortexed. Neutralization is necessary because
ppGpp is extra labile in acid [20]. The samples were stored at —80 °C. The samples
were thawed in a water bath at 37°C for 2min and subsequently sonicated for
10 min on ice. Then, the samples were centrifuged at 15000 g and 4 °C for 10 min
to remove any cellular debris.

Hereafter, solid phase extraction (SPE) was performed to remove sample com-
pounds that might cause so called matrix effects [21]. Matrix effects include all
potential effects of sample molecules that change the chromatographic separation
or ionization of a specific analyte of interest [22]. The most important matrix ef-
fect (in our case) was ion suppression: specific matrix compounds suppressing the
ionization of the analyte of interest, which decreases sensitivity. Briefly, during
electrospray ionization (ESI), the sample is ‘sprayed’ into tiny charged droplets, in
which water and volatile compounds evaporate to leave ionized molecules in the gas
phase, which subsequently can be detected by the MS. In various ways, the matrix
compounds can deteriorate this process [22]. For example, due to semi-volatile
matrix compounds the analyte could precipitate and never reach the gas phase.
Matrix compounds can also compete with the analyte to gain charge, preventing
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Figure 2.1: Overview of the analytical method to measure ppGpp and nucleotides
in E. coli. The bacterial culture was growing on *>*NH,Cl as only nitrogen source.
The steps in green are the ones for which variability is corrected for by the
presence of *N labeled internal standard (IS). In case nitrogen source was
more complex (e.g. amino acids medium), the labeling was reversed, and the
internal standard was an extract of another culture grown on *NH,CI.

its detection. Matrix components that increase the surface tension of the droplets
might prevent the droplet break into smaller droplets necessary for reaching the gas
phase. Therefore, removal of matrix compounds can greatly improve sensitivity.

Hereto, SPE with a weak anion exchanging capacity was used given that all our
compounds of interest (nucleotides) possess acidic phosphate groups (pKa = 0.7-
1) [23]. The anion exchange occurred at pH 4.5, such that all nucleotides were
negatively charged and retained by the column, which is in this range positively
charged, whereas all compounds that are neutral or positively charged at this pH
(which is the majority of metabolites) would be separated out of the sample [24].
The retained nucleotides can be removed from the column by applying a basic
solution that renders the solid phase neutral and thereby breaks the electrostatic
interaction.

Using SPE presumably also removes metallic cations from the sample. These are of
particular interest because these may form a complex with ppGpp, such as Mg2*-
ppGpp, which are not detected by MS (unless included in the transitions). We
verified with MS that these adducts were in fact not present after SPE.

In practice, Oasis Wax SPE cartridges (Waters, product number 186002489) were
equilibrated with first 1 mL methanol and then 1 mL 50 mM ammonium acetate at pH
4.5. After applying the samples, the SPE cartridges were washed with 1 mL 50 mM
ammonium acetate pH 4.5, 1 mL methanol, and dried under vacuum for about 5 min.
The sample was eluted with 200 puL 5:3:1:1 of methanol:acetonitrile:water: 28 %
NH4OH. To this 10 L 5% trehalose was added. The trehalose was added under
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the assumption that it would form hydrogen bonds with ppGpp during the drying
[25], which should prevent losses from ppGpp sticking to the tube wall. However,
no significant improvement in sensitivity was observed due to trehalose, so this step
could be omitted, which was not done for comparability to other data sets acquired
within the lab.

After brief vortexing and centrifuging the samples were dried in a vacuum centrifuge
for 1 h without heating. No clear or a small transparent pellet was visible. The
dried sample was dissolved in 20 L 5:3:2 methanol:acetonitrile:water. This was
centrifuged for 10 min at 15000 g and 4°C after which 18 pL of supernatant was
transferred to a vial.

The LC/MS system (Agilent) consisted of a binary pump (G1312B), autosampler
(G7167A), temperature-controlled column compartment (G1316A) and triple quadrupole
mass spectrometer (G6460C) equipped with a standard ESI source, all operated us-
ing MassHunter data acquisition software (version 7.0). 2 pL of the sample was in-
jected onto a iHILIC-fusion column (Hilicon AB, 100 mm length and 2.1 mm internal
diameter, 3.5 ym particle size and 100 A pore diameter) or 3 uL onto a ZIC-cHILIC
column (Merck, 100 mm length and 2.1 mm internal diameter, 3 um particle size
and 100A pore diameter). For iHILIC the column compartment was set at 20 °C
and for cHILIC at 30°C. Both iHILIC and cHILIC columns were used, but although
initial iHILIC columns performed well, batches obtained later from the manufacturer
tended to clog easily. Whether this was due to changes to our LC-MS system or
due to the manufacturer was not known, but for this reason eventually cHILIC was
preferred over iHILIC. Mobile phase A consisted of 3.75mM ammonium acetate,
1.25mM acetic acid and 2 mM acetylacetone and mobile phase B of 11.25mM am-
monium acetate, 3.75mM acetic acid and 2 mM acetylacetone in 80 % acetonitrile.
The used gradients and flow rates can be found in Table S2.5. Mass spectrometer
operated in dynamic MRM mode (EMV+400) set to unit resolution with 1000 ms
cycle time and cell accelerator voltage 4, using transitions defined in Table S2.4.
An example chromatogram of separation of standards within a biological sample
can be found in Figure S2.1.

LC-MS peak areas were integrated using MassHunter (Agilent). Equation 2.1 was

used to calculate the concentration of compound X in the sample (in pmol OD_l),
with >Narea, the 1°N peak area of compound X, IS, the amount of compound X in
the internal standard in pmol and OD the OD of the sample.

15Narea, * IS,

Xl =g — (2.1)

14Narea, * OD
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Depending on the used analytical method, ppGpp amounts or concentrations have
been reported as counts per minute (cpm), peak areas and number of moles, which
can be divided by OD, dried cell mass or cell volume, or as ratios of other nucleotides
(e.g. ppGpp/ppGpp+GTP). Due to the various units, comparison is sometimes dif-
ficult. Volkmer and Heinemann [26] addressed this by quantifying both the cell
size and the number of cells per OD at various growth rates. They observed that
the total intracellular volume of all cells for 1 OD unit in 1 mL culture is more or
less constant amongst cells in different growth rates and about 3.6 pL. This way

mol OD ™! data can be calculated from molarity data and vice versa. Varik et al. [9]
however did not observe this and calculate molarity from OD data with a different
factor. See also section 1.6.1.

2.3.

To validate the developed method, it was tested on E. coli growing in various con-
ditions corresponding with a broad range of and dynamic ppGpp levels: 1) amino
acid starvation, 2) a glucose to lactose diauxic shift, 3) expression of a (p)ppGpp
synthetase RelA and 4) during exponential growth on different carbon sources. For
these conditions, it is known from previous studies what the expected range of
ppGpp concentrations is. However, amongst these studies there often exist con-
siderable variation in the used method, bacterial strain and measured ppGpp con-
centration, rendering a direct comparison not necessarily meaningful. This is why
multiple different biological conditions were used to validate the method.

2.3.1.

Excessive valine addition to E. coli MG1655 has been known for decades to cause
a starvation of isoleucine due to a shared biosynthesis pathway of isoleucine and
valine, combined with feedback inhibition of valine upstream of this pathway. The
isoleucine starvation ultimately triggers RelA to synthesize ppGpp, resulting in ppGpp
levels reported to peak at 800 pmol op™ [27, 28] (Figure 2.2A). We added valine
to an exponentially growing culture of E. coli MG1655, which leads to rapid growth
arrest (Figure 2.2B). As shown in Figure 2.2C, we observe a ppGpp response
that closely matches those reported previously: there is a rapid increase in ppGpp
concentration within the first minutes after valine addition, followed by a decrease
to a level much higher than the initial basal level. The different strain, media and
detection method (radiolabeling) might explain the small difference as here ppGpp
peaks at 500 pmol oD, Interestingly, the concentrations of all other nucleotides
decrease, although at different rates (Figure 2.2D). The adenine nucleotide levels
decrease linearly, whereas the guanine nucleotide levels decrease exponentially,
mirroring the initial decrease in ppGpp concentration.
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As a quality control for sampling, extraction and storage it is standard to determine
the adenylate energy charge (AEC) [9]:

JEC ATP + 0.54DP (2.2)
" ATP + ADP + AMP '

The AEC should be between 0.8-0.9 for bacteria [29, 30]. Due to the high intra-
cellular turnover rate of ATP and its unstable phosphoanhydride bond, this ratio is
a good measure to verify whether metabolism was quenched rapidly, and whether
there were no losses during the acid extraction. In this experiment the AEC was on
average 0.94 + 0.004, which demonstrates the quenching of metabolism was ade-
quate and there were no significant losses of ATP during extraction and storage.

2.3.2.

When bacteria grow in the presence of several carbon sources, their consumption
is sequential, as bacteria will first consume their preferred carbon source (e.g. glu-
cose), followed by the less preferred one (e.g. lactose). As soon as the level of the
preferred carbon source no longer supports growth, gene expression is adjusted to
metabolize the second source. The phase of arrested growth and adaptation to a
different carbon source is what Monod called ‘diauxic adaptation’ [31] (see growth
curves in Figure 2.3A-B). During this phase, the sigma factor RpoS initiates the
general stress response and the transcription factor CRP (CAMP-responsive protein)
orchestrates the increased transcription of enzymes and transporters to metabolize
the second carbon source [32]. A sudden rise in ppGpp concentration at the on-
set of the diauxic shift is necessary for the timely response of both RpoS and CRP
regulons [32] (observe ppGpp curve in Figure 2.3A).

The ppGpp dynamics of diauxic shifts have been quantified in several studies [5, 33—
36], with rather varying outcomes regarding absolute concentrations. The ppGpp

peak during glucose-succinate transitions has been reported to be 225 pmol op!

[34], 430 pmolOD ™" [35] and 650 pmol OD™* [36], and 175pmol OD™* during a
glucose-lactate transition [33] (Figure 2.3A). Interestingly, the lower reported
values of [34] and [33] are both derived from E. coli CP78, whereas the higher
reported values of [35] and [36] were both measured in E. coli NF161. E. coli
NF161 also displayed higher basal ppGpp levels before the diauxic shift, which has
also been confirmed in a study that directly compared basal ppGpp levels in both
strains [37]. Given that the basal level of our strain MG1655 - before the shift
37 pmoIOD_1 - corresponds more with strain CP78, the CP78 data offers a more
suited validation for our method. In our data (Figure 2.3C), ppGpp peaks at an

average of 177 pmol OD_l, which overlaps nicely with the CP78 data [33, 34].
The reported trends however are consistent amongst the reference studies [33-

36], with a sudden increase in ppGpp at the onset of growth arrest, followed by a
gradual decrease during the diauxic transition. The duration of the diauxic shift and
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Figure 2.2: Valine addition to E. coli causes an increase in ppGpp as reported in

literature, and concomitant decrease in other nucleotides. A) Data from
Cashel and Gallant [27]: in E. coli CP78 ppGpp increases to 3.2 nmol 32PO, OD ™"
or 0.8 nmol ppGpp oD ™" within 5min after valine addition. Data acquired with
TLC. B-D) Data collected to validate LC-MS analytical method. Valine was added
at Omin to an E. coli MG1655 culture growing on 0.2 % glucose minimal MOPS
medium. B) Growth arrests after valine addition at 0 min. C) Response of ppGpp
levels and D) the purine nucleotides to valine addition. Points indicate single
samples. Data collected with iHILIC column.



64

the growth rate afterwards vary, presumably due to the different strains and carbon
sources used. The moment cells resume growth on the second carbon source, the
ppGpp level is still on average about 2-fold the pre-shift basal level [33-35]. In
addition, our measured trend in ppGpp increase and decrease are perfectly in line
with previous studies (Figure 2.3C).

One exception to these studies is Fernandez-Coll and Cashel [5], the only to in-
vestigate a glucose-lactose transition. They however do not observe the peak of
ppGpp (reported as a ratio of ppGpp/((p)ppGpp+GTP), but rather a plateau that
only decreases after growth has resumed. Their diauxic transition phase is in fact
75 min whereas in our case only 35 min. The difference in diauxic lag might be due
to the difference between growth in batch culture (this chapter) and 96-well plates

[5].

Another important signaling molecule that is involved in the adaptation to different
carbon sources is CAMP, which regulates the activity of CRP [38]. There are few
studies available that have absolutely quantified the intracellular concentration of
CcAMP during a glucose-lactose diauxic shift [39]. According to Inada, Kimata, and
Aiba [40], the intracellular cAMP concentration increases from 2.5uM to 15uM,
a six-fold increase, which decreases again concomitantly with growth resumption
(Figure 2.3B). Figure 2.3C shows that our data are similar to their observation,
as there is an 8 to 9-fold increase in cAMP at the onset of the diauxic shift, which
decreases again as the cells recommence growth.

Finally, Figure 2.3C shows that ATP, GTP and GDP concentrations nearly instantly
decrease about 30 %, 60 % and 40 % respectively, trends also observed by Winslow
[33]. Interestingly the ADP concentration quickly doubles, presumably due to a sud-
den augmented hydrolysis rate of ATP to ADP. AMP and GMP were not quantifiable
in this experiment.

2.3.3.

In search of a way to control ppGpp levels in E. coli, Schreiber et al. [41] decided to
ectopically overexpress the ppGpp synthetase RelA. They observed that although
RelA overexpression causes an increase in ppGpp, overexpression of a truncated
RelA leads to even higher levels. Moreover, this truncated RelA, which contains only
the first 455 amino acids (henceforth called RelA*), does not require interaction with
a ribosome-deacyl-tRNA complex to be active. Overexpression of RelA* caused an
increase of ppGpp, regardless of medium conditions, yet dependent on the inducer
level. This discovery became a valuable tool to physiological studies of ppGpp, as
it allows the researcher to artificially increase the intracellular ppGpp level.

Several studies [41-43] used this strategy and observed that within 5min ppGpp
increases, followed by a plateau reached at 10-15 min (Figure 2.4A-B). The height
of the plateau varies, probably due to differences in analytical method, strain, in-
duction system or growth media used.
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Figure 2.3: Dynamics of ppGpp, cAMP and nucleotides during diauxic shift are
consistent with previous studies. A) Nucleotide concentrations and growth
during a glucose (0.025 %)-lactate (0.25 %) diauxic shift of E. coli CP78. Data
from Winslow [33]. B) Growth curve and cAMP concentration of E. coli W3110
during glucose (0.02 %) - lactose (0.04 %) diauxic shift. C) Data obtained in this
chapter. E. coliMG1655 was grown on 0.03 % glucose and 0.1 % lactose minimal
MOPS medium. During the diauxic shift between 4 and 5 h cells were sampled
every 5min for LC-MS analysis (iHILIC) (blue data) and ODgy,,,» (black data).
The individual data points are shown, and the curves go through the average.
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Figure 2.4: RelA* induction in E. coli causes rapid changes in nucleotide levels
that are induction level dependent. A) ppGpp response upon induction
of RelA* in E. coli IM109 (glucose minimal medium) using the tac promoter
system. Data from Schreiber et al. [41]. B) ppGpp response upon induction of
RelA* in E. coli NCM3722 (M9 + glucose + amino acids + vitamins medium),
using the same plasmid as A, but including a C-terminal octahistidine tag to
RelA*. Data from Wang et al. [42]. C) Data generated using the LC-MS method
described in this chapter (cHILIC). E. coli NCM3722 growing in 0.2% glucose
minimal medium was induced with 0.05uM (blue) or 1 uM (black) crystal violet
at 0 min (indicated with a dashed line) (at that corresponding to an OD of 0.3).

RelA* was expressed in E. coliNCM3722 using the Jungle Express system, in which
the promoter is induced with crystal violet [44]. RelA* rapidly produces ppGpp
in the cell, which augments its level to about 650 and 1000 pmol oD for 0.05
and 1puM crystal violet respectively (Figure 2.4C) in glucose minimal medium.
CcAMP concentration remains constant. ATP levels only significantly decrease at
1 uM induction. ADP levels remain more or less constant. Both GTP and GDP levels
decrease for nearly 50%. The GTP decrease at 0.05uM appears to lag behind
on the 1uM induction, similar to the difference in ppGpp increase between the
two induction levels. The correlation between the decrease in ATP, GTP and GDP
and RelA* induction level suggests that the decrease in these nucleotide levels is
due to their consumption for synthesis of ppGpp. Interestingly both UTP and CTP

start increase in concentration once a ppGpp threshold of about 200 pmoIOD'1 is
reached.

Wang et al. [42] measured ppGpp in the same strain before and after saturating
RelA induction, but in synthetic rich medium (containing glucose, amino acids and

vitamins). They report a ppGpp concentration of 1 nmol OD_l, which confirms our
result. They also measured the relative increase or decrease in purines after RelA
induction, all consistent with our results, apart from that we observe an increase
in GMP, whereas they observed a 50% decrease. The difference in GMP dynamics
might be a consequence of the different media used.

In this chapter and chapter 4 two different induction systems were used to express
RelA* to various degrees (Figure 2.4 and 2.6B).

2.3.4.

So far ppGpp was measured in situations where ppGpp levels increase. More diffi-
cult to detect is a decrease in low ppGpp levels. In our laboratory Ferhat Buke has
developed a light-activated enzyme for degradation of ppGpp by fusing a light-
sensitive domain (AsLov) to Meshl, a ppGpp hydrolase (Figure 2.5A). To test
whether Meshl would really be more active in the presence of light, ppGpp lev-
els were measured in E. coli expressing AsLov-Meshl before and after exposure to
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blue light (Figure 2.5B-E). After 3 min of blue light irradiation, ppGpp levels had

dropped from 65 pmol oD ! to 50 pmol OD_l, confirming AsLov-Meshl is responsive
to light.

2.3.5.

Finally, the LC-MS method was assessed (and used in chapter 3) to measure ppGpp
levels during steady state growth, as this requires the highest sensitivity compared
to other growth or stress conditions (Figure 2.6A). The reported levels correspond
with the range of previously measured basal ppGpp levels [35, 37, 45-47].

2.3.6.

The sample preparation and LC-MS measurement entail many steps that can cre-
ate sample and/or signal losses. These include for example the decomposition of
ppGpp during the extraction in 2 M formic acid, residues on the filter, incomplete re-
covery of the SPE, pipetting errors, incomplete redissolving after drying, and so on.
These losses can vary amongst different samples and hence increase the technical
error of the method. Most of these losses are corrected for by the use of an in-
ternal standard that undergoes the exact same treatment as the sample, such that
the ratio of analyte to standard remains constant throughout the protocol. Nev-
ertheless, with the internal standard the remaining sources of technical variation
are the internal standard mix itself (composition as well as the volume), variation
in sampling volume and speed of sampling (which might cause that cells already
sense oxygen or temperature stress and produce ppGpp) and the error of the OD
measurement (Figure 2.1).

A culture growing at steady-state should have a constant ppGpp value (no biological
variation), which is why repeated sampling of the same culture provides a measure
of the technical error. For the data in Figure 2.5 (iHILIC), the standard deviation
is on average 13 % of the average measured value for each point (e.g. a measured
value of 50 pmol oD™! would have a standard deviation of 6.5 pmol OD_l). For the
data presented in Figure 2.6A (cHILIC), this is on average 23 %. The difference
lies in the fact that the wild-type data actually also includes biological replicates (dif-
ferent cultures). Although the two data sets were analyzed with different columns,
the cHILIC data generally had higher signal and better peak shapes, hence this
cannot explain the higher variation.

As a comparison, the RelA induction data (Figure 2.6B, iHILIC - same as used in
Figure 4.3) exhibited on average a standard deviation of 32 % of the mean measured
value of 3 biological replicates. The higher variability likely comes from biological
variation, in particular due to small differences in RelA* expression and/or the exact
timing of ppGpp increase. Overall, the data show that the developed method can



69

0D, (a.u.)

B
_ é ~ ppGpp No light Blue light on in 2
AsLov /1IN
| a
0 \
GDP + PP, A A A
MeshlI inactive MeshI active
Light
= switched D 12 12 E
D ON ATP®@® GTP AA
03 T, < 2000f - 807
39 & 3 j 1
2 o —q N
02 N 2 _ 1500 c\.><{ g 60 |
. [ I U'T'Q ' { — I
1 | c : o 2
o O — 1< L]
! : ;E 1000 ; - <E 5 40 |
@~ 5001 ! Q 20
' B g | 87
0.0 L ‘ < 0 : - e 0_.‘__.__._
50 100 150 0 3 6 0 3 6
Time (min) Time after light ON (min) Time after light ON (min)

Figure 2.5: The LC-MS method allows to detect variation in basal ppGpp levels
caused by light-activated MeshlI. A) Mechanism of AsLov-Meshl activation
by light. B) Experimental set-up: 2 cultures expressing AsLov-MeshI are grow-
ing in the dark and at a certain time number 2 is exposed to blue light. C)
Growth curve of both cultures. MG1655 cells harboring the pSC101**-RelA*
and pAsLov-MeshI plasmids were growing in the dark in 0.2 % glucose minimal
medium, supplemented with 100 M MnCl, and 20 ugmL™! uracil. At 86 min
(OD 0.14), AsLov-MeshI was induced with 250 uM IPTG. At 100 min (OD about
0.17) RelA* was induced with 40 ngmL~! doxycycline. At 130 min cells were
sampled for LC-MS analysis (iHILIC). Right after, culture 2 was exposed to blue
light. D) ATP and GTP concentrations do not change significantly after blue
light exposure. E) ppGpp levels decrease only during exposure to blue light,
suggesting that the blue light activated MeshI. *P-value of a two-tailed t-test
after 3 min is 0.026 and after 6 min is 0.065. Errors bars represent the standard
deviation from three samples from 1 culture.
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reproducibly quantify low levels of ppGpp with an error that allows detection of
variation in basal levels.
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Figure 2.6: The sensitivity and variability of the method was assessed by measur-
ing basal ppGpp levels (cHILIC) and RelA induction (iHILIC). A) Basal
ppGpp levels of E. coliNCM3722, MG1655 and CF7869 grown in various carbon
sources were measured in triplicate (technical replicates) from either one or two
cultures (biological replicates) at OD 0.3. B) ppGpp was measured at various
timepoints after induction of RelA* at OD 0.3 with 4 or 40ng mL~! anhydrous
tetracycline, from a low-copy (LC) or high-copy (HC) number plasmid. Error
bars represent the standard deviation of three biological replicates (3 cultures).

2.4.

In order to understand the ppGpp signaling network, a LC-MS method was devel-
oped to quantify ppGpp, as well as various nucleotides, acetyl-coenzyme A and
cAMP. LC-MS detection enabled sensitive, absolute quantitation due to the use of
internal standards, and omitted the need for high phosphate concentrations in the
media as is the case for radiolabeling. The method allowed to sample a cell amount
of only 0.30DmL"! (or depending on growth conditions 1 ml culture), which en-

abled repeated sampling of small culture volumes, a great improvement over former
sampling volumes of up to 50 ml.

The experimental data in this chapter is consistent with trends reported in literature.
Often a quantitative comparison is not possible due to the different units, strains
or experimental conditions used, exemplifying the need for a universal, accurate
analytical method for ppGpp, such as the one developed in this chapter.
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2.5.

We would like to thank Michael Cashel for strain CF7968 and Nicole Scherer and
Flora Yang for technical support with the LC-MS.

2.6.
2.6.1.

What follows are a few more detailed recommendations to optimally execute the
method as described above.

1. The accuracy of internal standards determines the accuracy of the final
result. For each compound, make a dissolved stock from the whole vial of the
compound (no weighing using inaccurate or dirty scales), aliquot these and store in
the freezer. When making the final internal standard mix, prepare a large volume
(some mL) such that you can use it for at least 100 measurements (or according
to your scientific goals). Make the solution such that you use (close to) maximal
accuracy of your pipette. Pipette carefully, no rush. Aliquot the stock into single-
use aliquots. For each experiment, keep what is left of the used internal standard
aliquots, such that you can verify afterwards whether the internal standard was
fine.

2. Keep internal standards on ice. When using the internal standard aliquots,
thaw them right before (e.g. 15min) usage and leave them on ice. Add the IS
solution to the 2 M formic acid solution as placing a tiny droplet next to a big drop
of 1 mL. Make sure they do not mix yet! Only when the filter containing the cells is
placed into the well holding both IS and extraction solutions, these will mix. This
assures that the internal standard is not degraded by the formic acid solution before
the sample touches the formic acid.

3. Practice the sampling multiple times before sampling. The key to this
protocol is calm yet fast removal of 1 mL culture that is being vigorously stirred,
pipetting this on top of a small filter at adequate speed and quickly placing the filter
top-down into a 6-well plate holding 1 mL extraction solution. Ideally this step can
be done in 5s. Hereto, make sure

the pump is set to minimal pressure (or maximal vacuum) and is functioning.
Make sure all the tubing connections are air tight. Check with some water if
the filtration happens in 1-2s.

all tools (filters, pipette, pipette tips, tweezers, waste bag, 6-well plate, OD
meter) are arranged around you such that you can immediately and easily
reach them all. Put filters in a rack such that you can instantly grab them with
the tweezers. Put already a pipette tip on the pipette. Grab a second 1 mL
pipette to measure OD and sample right after one another.
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not to pipette too fast. Due to the aeration of the culture, it is easy to suck up
air. Therefore, pay close attention that there are no bubbles in the pipette tip.
You can tilt the flask a bit (without affecting the stirring bar) to reach deeper
into the culture medium. Regarding pipetting the 1 mL culture onto the filter,
this ideally happens at the same pace as the pull from the vacuum, such that
there is no build-up of liquid on top of the filter.

to not be afraid to tear the filter. You can tear the filter a bit, you will not
lose cells over it. The easiest way to remove the filter from the filter manifold
(while under vacuum) is to put the tweezers under roughly a 30° angle on top
of the filter and then firmly squeeze the ends of the tweezer together. You
should be instantly holding the filter.

4. In each step, try to recover as much sample as possible. There is an
internal standard to correct for losses, but for a nice peak, the LS-MS needs a nice
amount of sample. Therefore,

do not leave the sample in the extraction solution for longer than ideally 30 min
upto 1h.

when the extraction solution (with the precious sample) is removed from the
6-well plate, try to recover as much as possible. Squeeze out the filter with
tweezers.

try to work fast. Do not leave samples unnecessarily waiting on ice. Plan and
book all equipment ahead.

5. MAINTENANCE OF THE LC-MS IS VITAL! In my personal experience, the
most challenging part is stability of the column, LC-MS system and ionization ef-
ficiency. Although some of these are only possible in a perfect world, still aspire

to

have a personal chromatography column. Clean it after each use, and keep
track of the number of runs.

extensively rinse the whole LC-MS system before usage. Ideally use it right
after the source has been thoroughly cleaned. I sometimes observed a clear
drop in signal depending on the used method before my run.

use clean mobile phase flasks each run and prepare buffers fresh. Always use
the exact same order for buffer preparations.
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Figure S2.1: Chromatogram of internal standards (the quantifier ions) from a bi-
ological sample run on cHILIC. The amount of internal standard present
in the sample is as in Table S2.4, with 25 pmol ppGpp.

Table S2.1: Strains and plasmids used in this chapter.

Strain Description Source
E. coli DH5a Used for cloning and plasmid amplification Invitrogen
E. coliNCM3722  Wild type CGSC 12355
E. coli MG1655 Wild type DSMZ 18039
E. coli CF7968 MG1655 rph+ Michael Cashel
Plasmid

p15A-AsLov-Meshl  Expression of AsLov-Meshl from lacUV5 Ferhat Buke [Buke2020]
promoter, ampicillin resistant

pTR_SJExA1-RFP  Backbone containing SC101 origin and [44]
crystal violet inducible promoter.
pJEx-RelA* pTR_sJExA1-RFP with RFP replaced by This work

RelA; _455-Gly-Ser-mVenus
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Table S2.2: MOPS buffer components

Components Concentration
MOPS 40 mM
Tricine 4mM
FeSO, 10uM
NH4Cl 9.5mM

MgCl 523 uM
CaCl, 0.5uM
K;HPO4 1.32mM
K,S04 276 UM
NaCl 50 mM
micronutrients stock 20pLL?t
KOH until pH 7.2

Table S2.3: Amino acid concentrations for defined amino acids medium

Components Concentration [mM]
L-alanine 0.8
L-arginine 5.2

L-asparagine 04

L-aspartic acid, potassium salt 0.4
L-glutamic acid, potassium salt 0.66

L-glutamine 0.6
L-glycine 0.8
L-histidine 0.2

L-isoleucine 04
L-proline 0.4
L-serine 10

L-threonine 0.4

L-tryptophan 0.1

L-valine 0.6
L-leucine 0.8
L-lysine 0.4
L-methionine 0.2
L-phenylalanine 0.4
L-cysteine 0.1
L-tyrosine 0.2
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Table S2.4: Amount of internal standard used for the corresponding compounds added to
each E. coli sample for quantitation.

Compound  Amount (pmol) | Compound  Amount (pmol)

ATP
ADP
AMP
GTP
GDP
GMP

PPGPp

750
50
50
500
50
50
25 or 150

UTP
ubP
UMP
CTP
CDP
CMP
cAMP

500
50
50

500
50
50
50

Table S2.5: Used gradients of the LC-MS methods developed in this chapter for both iHILIC
and cHILIC columns.

iHILIC ‘ cHILIC

Time % Mobile Flow rate | Time % Mobile Flow rate
(min) phase B (mLmin~1) (min) phase B (mLmin™1)
0.0 100 0.3 0.0 100 0.4

0.5 100 0.3 1.0 90 0.4

1.5 85 0.3 15.0 80 0.4

10.0 85 0.3 16.0 80 0.4

10.5 85 0.25 18.0 100 0.4

13.0 30 0.25 19.0 100 0.5

15.0 30 0.25 22.0 100 0.5

17.5 100 0.25 22.5 100 0.4

20.5 100 0.25 26.5 100 0.4

21.5 100 0.3

25.5 100 0.3
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Table S2.6: Transitions and retention times of LC-MS method (cHILIC) for analy-
sis of nucleotides and signaling molecules in E. coli. In blue are quanti-
fier ions, in white the qualifier ions. The settings for pppGpp are not complete
as pppGpp was not included in the optimization of the final method.

Compound Pre:::;sor Product ion tl:;t:n:;:: Fragmentor C::'Ielson
ADP 428 136,1 4,8 90 40
ADP 428 348,1 4,8 90 10
AMP 348,1 136,1 4,3 100 20
AMP 348,1 119 4,3 100 40
ATP 508 136,1 5,3 100 20
ATP 508 410 5,3 100 10
C2-CoA 810,1 303 4,2 120 29
C2-CoA 810,1 136,1 4,2 120 29
cAMP 330,1 136,3 2,3 96 35
cAMP 330,1 119,1 2,3 96 35
CTP 484 112 6,1 100 10
CTP 484 97 6,1 100 30
GDP 444 152,1 5,5 96 17
GDP 444 135 5,5 96 69
GMP 364,1 152,1 51 96 5
GMP 364,1 135 51 96 40
GTP 524 152,1 6,3 122 25
GTP 524 135 6,3 122 77
ppGpp 604 152,1 6,9 142 40
ppGpp 604 506 6,9 142 20
pppGpp 638,9 152,1
pppGpp 638,9 506
UTP 485 97 5,7 100 30
UTP 485 227,1 5,7 100 10
U-15N-ADP 433 141 4,8 90 20
U-15N-ADP 433 353 4,8 90 10
U-15N-AMP 353,1 141 4,3 100 20
U-15N-AMP 353,1 123 4,3 100 40
U-15N-ATP 513 141 5,3 100 20
U-15N-ATP 513 415 5,3 100 10
U-15N-C2-CoA  817,1 305,1 4,2 120 29
U-15N-C2-CoA  817,1 141 4,2 120 29
U-15N-cAMP 335 141 2,3 96 35
U-15N-cAMP 335 124 2,3 96 35
U-15N-CTP 487 115 6,1 100 10
U-15N-CTP 487 97 6,1 100 30
U-15N-GDP 449 157 5,5 96 17
U-15N-GDP 449 139 5,5 96 69
U-15N-GMP 369,1 157 51 96 5
U-15N-GMP 369,1 139 51 96 40
U-15N-GTP 529 157 6,3 122 25

U-15N-GTP 529 139 6,3 122 77
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Table S2.4: Transitions and retention times of LC-MS method (cHILIC) for analy-

sis of nucleotides and signaling molecules in E. coli (continued).

Compound Precursorion Production

U-15N-ppGpp
U-15N-ppGpp
U-15N-UTP
U-15N-UTP
U-13C-ADP
U-13C-ADP
U-13C-ATP
U-13C-ATP
U-13C-GMP
U-13C-GMP
U-13C-GDP
U-13C-GDP
U-13C-GTP
U-13C-GTP
U-13C-ppGpp
U-13C-ppGpp
U-13C-pppGpp
U-13C-pppGpp

608,9
608,9
487
487
438,1
438,1
518
518
374,1
374,1
454,1
454,1
534
534
614
614
694
694

157
511
97
229,1
141,1
124,1
141,1
420,1
157,1
140
157,1
140
157,1
140
157,1
516
157,1
516

Retention
time (min)

6,9
6,9
5,7
5,7
4,8
4,8
5,3
5,3
5.1
5,1
5,5
5,5
6,3
6,3
6,9
6,9

Fragmentor

142
142
100
100
90
90
100
100
96
96
96
96
122
122
142
142

Collision
energy

40
20
30
10
20

20
10

40
17
69
25
77
40
20
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The molecule guanosine tetraphophosphate (ppGpp) is perhaps most commonly
understood as an alarmone produced during times of acute stress. However, con-
centrations of ppGpp also play a role during steady-state growth. For decades, it
has been demonstrated that ppGpp is present at levels inversely related with the
growth rate. Evidence suggests that these so-called basal ppGpp concentrations are
necessary to regulate transcription of ribosomal RNA in response to nutrient con-
ditions via interactions involving RNA polymerase and the protein DksA. Although
RNA polymerase is sensitive to small variations in basal ppGpp concentration, sev-
eral studies indicate conditions in which RNA polymerase apparently is less sensitive
to ppGpp. In addition, recent studies reveal potential roles for transcription factors
competing with DksA and ppGpp regarding control over RNA polymerase. Unfor-
tunately, studies to understand the role of basal ppGpp are limited by difficulties
in analytical methods able to consistently quantify basal ppGpp. Therefore, it is
unclear if RNA polymerase sensitivity to ppGpp varies in different biological condi-
tions, or whether discrepancies can be explained by different analytical methods
used. In this study we have carefully examined current literature of basal ppGpp
concentrations in E. coli, including strain genotype, growth conditions and analyt-
ical method. This was compared with new experimental data of several strains
obtained with a recently developed analytical method. In addition, we investigated
a commonly used mutation that effects ppGpp insensitivity to RNA polymerase. In
conclusion, our analysis suggests that steady-state rRNA synthesis and growth rate
are not completely regulated by the concerted action of DksA and ppGpp alone.

This chapter has been published as: N. C. E. Imholz, M. J. Noga, N. J. F. van den Broek, and G.
Bokinsky. “Calibrating the bacterial growth rate speedometer: a re-evaluation of the relationship
between basal ppGpp, growth, and RNA synthesis in Escherichia coli”. In: Frontiers in Microbiology
(2020). doi: 10.3389/fmicb.2020.574872
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3.1.

In bacteria ppGpp is the major signaling molecule to direct metabolism and growth,
responsible for the regulation of transcription [2-5], ribosome synthesis [6] and
translation [7—13]. It also post-translationally directs numerous enzymes involved
in nucleotide metabolism [14-20], amino acid and polyamine biosynthesis [21-23],
central metabolism [17, 24, 25], ribosome assembly [19], fatty acid [26—-28] and
phospholipid synthesis [29] and DNA replication [30—32]. ppGpp also plays a role
in responses to nutritional stress [33], osmotic stress [34] and temperature shifts
[35], and is involved in virulence [36], antibiotic resistance [37] and persistence
[38]. The currently known physiological effects of ppGpp are reviewed by Hauryliuk
et al. [39]. These functions are mainly ascribed to ppGpp based on conditions in
which intracellular ppGpp levels are very high (or stringent). It is clear that high
ppGpp levels help the cell to overcome stressful conditions.

In fact, ppGpp levels can span a range of less than 10 to over 1000 pmol OD,
In steady-state growth, ppGpp varies between 10 to 90 pmol OD™ and correlates
with the growth rate [40—42]. In this regime, slight differences of a few pmol OD!
appear to dramatically affect the growth rate [43—45]. The correlation between
ppGpp and growth rate suggests ppGpp is hecessary to establish a specific growth
rate in a specific environment. How does basal ppGpp regulate growth rate?

Several studies have shown a correlation between basal ppGpp levels and inhibition
of ribosomal RNA synthesis [40—42]. Combined with the discovery that ppGpp di-
rectly binds to RNA polymerase [46], these studies have led to the prevailing theory
that basal ppGpp controls growth rate by controlling the amount of ribosomal RNA
or ribosomes [47-50]. In other words, the function of basal ppGpp is to make sure
the cell does not waste resources on synthesizing ribosomes it cannot use. Many
studies have since shown that ppGpp regulates transcription of numerous genes be-
sides rRNA, including promoting transcription of biosynthesis operons [5, 51]. Zhu
et al. [45] were the first to demonstrate that E. coli actually produces an optimal
level in the cell, because both artificial higher and lower levels reduce the growth
rate. Mechanistically, higher ppGpp levels would impede ribosome synthesis, and
lower levels would hinder precursor biosynthesis.

However, other studies have observed that the number of ribosomes is not always
growth rate-limiting, as in many conditions more ribosomes could be active or they
could synthesize proteins faster [52-55]. Keeping a reserve potential for protein
production might allow cells to rapidly take advantage of nutrient spikes, typical
for environments such as the intestine. How ppGpp determines the growth rate is
clearly not completely explained by transcriptional control of rRNA.

The uncertainty about the exact physiological role of basal ppGpp levels is partially
because of a lack of consistent basal ppGpp data. Several methods have been used
to measure (p)ppGpp, including radiolabeling combined with thin layer chromatog-
raphy (TLC), high performance liquid chromatography (HPLC) [56, 57] and liquid
chromatography mass spectrometry (LC-MS) [58, 59]. An excellent overview of
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current nucleotide analytical methods was made by Varik et al. [56]. Although cur-
rent methods have successfully characterized (p)ppGpp levels in bacteria in several
conditions, they have several limitations: 1) 32P labeling requires a constant phos-
phate uptake rate, which makes it hard to compare conditions with different ppGpp
level as ppGpp affects the uptake of phosphate [60] and local regulations can make
radiolabeling experiments inconvenient; 2) they require large sample volumes up
to 50 mL which limits the sample number and time resolution; 3) in most cases
they lack absolute quantitation enabling only relative quantitation; 4) they use UV
light for detection which is inherently less specific than MS. Besides the detection
method, also the sampling method needs to be adapted to ppGpp. ppGpp is unsta-
ble, including in acidic solutions widely used to quench cell metabolism. In addition,
the enzymes that synthesize and degrade ppGpp are highly sensitive to changes
in the environment. It is hence necessary to rapidly quench cellular metabolism,
which excludes collecting cells by centrifugation prior to quenching.

Many questions remain unanswered because of these technical limitations. We
reexamined all published measurements of basal ppGpp, performed using many
different techniques and in many different E. coli strains, to evaluate the widely-
held notion that ppGpp is inversely proportional to growth rate. Do discrepancies in
ppGpp data have a technical or biological (strain-related) origin? We have focused
on studies that absolutely quantified basal ppGpp concentrations in E. coli strains
grown at 37 °C. The deduction of universal trends from this large data set is com-
plicated by the variety in growth conditions, strain genotypes and used analytical
methods. We introduce our own measurements of basal ppGpp with a new, sensi-
tive LC-MS method (chapter 2). The combination of former and new data suggests
that absolute ppGpp concentrations are not the same across different strains in
the same medium, indicating ppGpp calibration to growth conditions is strain spe-
cific. In addition, although the correlation between basal ppGpp and growth rate
is quite robust, multiple exceptions exist. These offer interesting new insights into
the physiological role of basal ppGpp.

3.2.

3.2.1.
The used strains and their sources are presented in Table S3.1. Construction of

the rpoC mutant is explained in chapter 4. Growth conditions are as explained in
chapter 2.

3.2.2.

The LC-MS method to measure basal ppGpp levels in E. coliis described in chapter
2.
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3.2.3.

Cells were sampled and lysed according to the protocol of Potrykus et al. [48].
Subsequent RNA quantitation of the lysates was performed using the Quant-iT™
RNA Assay Kit (Thermo Fisher Scientific) according to manufacturer’s instructions.

3.3.

First, an overview of steady-state ppGpp basal levels of wild-type strains was made.
All data presented in this paragraph are presented in Figure 3.1. All the data can
also be found in Table S2.2.

3.3.1.

The first who measured basal ppGpp levels in various growth media were Lazzarini,
Cashel, and Gallant [40]. In an E. coli K12 derivative, they observed a clear corre-
lation between ppGpp levels and growth rate (Figure 3.1A), as well as RNA/DNA
ratios, measured in minimal medium with alanine, succinate, glucose or glucose
and casamino acids. Other K12 derivates were studied by Sokawa, Sokawa, and

Kaziro [41], who measured basal levels ranging from 20 to 90 pmol oD 'in glucose
with amino acids, glucose and succinate media (Figure 3.1B), which also inversely
correlated with growth rate and RNA levels. Ryals, Little, and Bremer [42] stud-
ied the correlation between ppGpp levels and growth rate in an E. coli B derivative
(Figure 3.1C). A linear correlation between ppGpp and growth rate was found
based on growth in alanine, succinate, glycerol, glucose and glucose with casamino
acids medium. ppGpp levels varied from 15 to 80 pmol OD_l, corresponding nicely
with the Lazzarini data and Sokawa data.

In 1988, Baracchini, Glass, and Bremer [61] measured in yet another K12 derivative
a range of basal levels (Figure 3.1D). They also observe a correlation ppGpp with
growth rate, yet the ppGpp levels are lower. This could be related to the different
ppGpp analytical methods used: Baracchini, Glass, and Bremer [61] used formalde-
hyde quenching, lysis with KOH and HPLC quantification of ppGpp, whereas Laz-
zarini, Cashel, and Gallant [40] used the more common 32P radiolabeling, extraction
with formic acid and TLC quantification.

More recently, Buckstein, He, and Rubin [62] measured ppGpp of E. coli MG1655
in glycerol, glucose and glucose amino acids medium, with a concentration of re-
spectively 180, 100 and 48 pmol op™! (estimated from their figure, Figure 3.1E).
Their values are slightly higher than reported before, which could be due to the
large sample volume (50 mL) that cooled down in 30s. Given that stressed cells
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increase from basal to stringent ppGpp regime in a few minutes [63], cooling down
for 0.5 min could cause a significant increase in ppGpp level. Therefore, for optimal
ppGpp measurement, cells should be quenched within a few seconds.

Given the abundance of studies using E. coli MG1655, we measured basal levels
in this strain (Figure 3.1E), which should be comparable to [62]. We observe a
similar trend, but our values are lower, comparable to reports in other strains. This
is likely because our sample volume is only 1 mL, allowing quenching times of less
than 5s.

We also included basal level measurements of other common strains, E. coliNCM3722
and CF7968 (which is MG1655 rph+) (Figure 3.1G-H). To our knowledge no other
labs have performed prior studies about basal ppGpp in various media on these
strains. The basal levels of MG1655, NCM3722 and CF7968 measured here with the
same method and same conditions confirm that the correlation between ppGpp and
growth rate is quite robust, although quantitative differences might be present.

3.3.2.

All measurements described have been performed in laboratory-adapted strains.
Khan and Yamazaki [64] were the only ones to measure ppGpp levels, growth rate
and RNA/DNA ratios in an E. coli K12 isolated from a patient. In this particular wild-
type strain ppGpp levels were determined for an extensive set of carbon sources
(glucose with amino acids, glucose, succinate, lactate, pyruvate, acetate, alanine
and aspartate) (Figure 3.1I). Although a trend is visible between growth rate and
several carbon sources (glucose amino acids, glucose, acetate and alanine) others
do not align (succinate, pyruvate, lactate, aspartate). Yet RNA/DNA ratios formed
a perfect linear trend with growth rate. Unfortunately, the off-trend carbon sources
have to our knowledge not been used in any other study.

Itis interesting to speculate why certain carbon sources such as succinate, pyruvate,
lactate and aspartate do not follow the ppGpp-growth rate trend, yet still display
the correlation between RNA level and growth rate [64]. Given that they all have
less ppGpp than expected, it seems that RNA synthesis in these cases is limited
by something else, potentially NTP substrates (see below). Whatever exactly is
limiting growth rate, it appears to not trigger ppGpp synthesis (or decreased ppGpp
hydrolysis) by SpoT as much as other carbon sources allowing similar or higher
growth rates, such as glycerol and glucose.

3.3.3.

Of the studies mentioned above, three worked with isogenic relA+ and relA- strains
[40—42]. The data is shown in Figure 3.1J. All three observed no significant differ-
ence in ppGpp levels and growth rates in relA+ and relA-, suggesting that SpoT is



90

A Lazzarini B Sokawa C Ryalsetal, D Baracchini E Buckstein
etal.,, 1971 etal., 1975 1982 et al., 1988 et al., 2008
100 ¢ K12 NF161 _ K12 CP78 _ B/r RL331T i K12 AJ5002 200 ¢ K12 MG1655
r=-0.94 . r=-0.99 r=-0.96 r=-0.97 r=-0.95
2 | P=006 | P=0.09 | P<10° | P < 0.01 P<0.2
g 8 150 |
o
S 60
g . 100 f
- 40 .
50 *
Q 20 * "
0 . . PR MR, S 0 .
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
Growth rate (h?)
F G H I Khanetal, J relA-
This study This study This study 1974 ?122'%?7692
0 K12 MG1655 K12 NCM3722 K12 CF7968 K12 HY1 B/r RL332T
[ r=-0.64 | r=-0.67 | r=-038[  r=-026 r = -0.90
7 80t P <103 [ P<103 | P<0.1 [ P=0.3 P < 10*
8
s 60 B
£ 2 ] A
e A
o 40y 4‘ r I .
o r S .’
2 20}= ] ix L - +
a A é bl ! “ * e
0 " " " " " " " " " " " " " " "
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
Growth rate (h)
Alanine = Acetate 4 Succinate - Pyruvate Glucose  x LB
Aspartate ¢ Acetate + uracil + Lactate Glycerol & Glucose + amino acids

Figure 3.1: Basal ppGpp data from literature and new data showing the correla-
tion between ppGpp and growth rate is quite robust. Data taken from
[40-42, 63, 64] and data obtained with new LC-MS method developed in chap-
ter 3. For relA- strains, basal ppGpp versus growth rate data was obtained from
[40-42]. Data points represent individual replicates. The Pearson correlation
coefficient r and significance figure P (from a two-tailed significance test) are
shown. An overview of all growth conditions, strain genotypes and analytical
methods used is presented in Table S3.2.
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responsible for the ppGpp levels. It does not necessarily mean that RelA is normally
inactive during steady state growth, as it is possible that SpoT activity is not the
same in relA+ and relA- strains.

3.4.

In order to understand how basal ppGpp affects growth rate, scientists have found
ways to artificially increase or decrease basal ppGpp in E. coli. This allows to
titrate ppGpp, without changing any conditions such as the carbon source of the
medium.

3.4.1.

Some studies used chromosomal SpoT and RelA mutations to achieve different
growth rates [43, 44] (Figure 3.2A). With this approach, Sarubbi, Rudd, and
Cashel [43] varied basal ppGpp levels and observed a decreased activity of rrnA
promoters. The SpoT mutant strains (CF953-CF956) were derived from E. coli
NF952 which has a complex genotype with various auxotrophies and a mutation
in relA (Table S3.2). Hernandez and Bremer [44] also studied ppGpp basal levels
in various RelA SpoT mutants, also forming a linear correlation between growth

rate (0.55-0.95 h~1) and ppGpp levels (80-10 pmol OD_l) (growing in glucose min-
imal medium). These mutants were all derivatives of E. coli N99, a strain without
auxotrophies (Table S3.2).

Changing the activity of SpoT or RelA clearly affects the basal level, which then
appears to affect the growth rate. The trend in both studies however is steeper than
the correlation between basal levels and growth rate in various carbon sources.

3.4.2.

Three studies measured ppGpp levels and growth rates in response to overexpres-
sion of RelA. This artificially elevates the ppGpp concentration for a given medium.
The data of these studies are compared to basal ppGpp vs. growth rate trend
obtained by varying carbon sources in Figure 3.2B.

Schreiber et al. [65] were probably the first to overexpress RelA to titrate ppGpp
levels in vivo. RelA induction decreased rrn P1 activity, but mainly at high lev-
els, below 100 pmoIOD'1 there was no significant effect. The authors noted that
their strain JM109 with a plasmid overexpressing RelA (a growth rate of 0.6h~! at

200 pmol OD_l) is apparently 10 fold less sensitive to ppGpp than the strain used by
Sarubbi, Rudd, and Cashel [43], which has a growth rate of 0.6 h~! at 22 pmol/OD.
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Figure 3.2: ppGpp vs. growth rate trends obtained by varying the numbers or
catalytic activity of RelA and SpoT in a constant medium, as compared
to varying the carbon source. A) Trends obtained by several E. coli strains
bearing various mutations in ppGpp synthase/hydrolase enzyme SpoT grown
in glucose minimal medium. Each point represents values obtained from one
strain (genotypes available in Table S3.2). This is compared to compiled data
from Figure 3.1. Data from Sarubbi, Rudd, and Cashel [43] and Hernandez and
Bremer [44]. B) Overexpression of RelA in E. coliJM109 (in glucose amino acids
without GIn, Glu) from Schreiber et al. [65] and in E. coli NCM3722 in LB (Zhu
et al. [45]) and glucose minimal medium (Noga et al. [66]).

They explain the difference between the two studies as a difference between steady
state versus induced ppGpp dynamics. This means that a steady-state ppGpp con-
centrations has a different effect than the same ppGpp level that is changing over
time. It should be noted that the study of Schreiber used glucose medium with
most amino acids (all but glutamate and glutamine), whereas Sarubbi used glucose
minimal medium.

The RelA overexpression data of Zhu et al. [45] (in LB medium) overlap partially with
the basal level data of NCM3722 at high growth rates, consistent with the notion
that ppGpp controls growth rate in a concentration dependent manner (Figure
3.2B). However, at lower growth rates, the ppGpp values are higher than observed
in the ppGpp vs. growth rate trend based on different carbon sources. Our lab
(Noga et al. [66]) also measured the relation between ppGpp and growth rate in
NCM3722 with RelA induction (in glucose minimal medium), observing similarly that
at lower growth rates, basal ppGpp is higher than expected. The overlap between
the Zhu and Noga data suggests that in LB and glucose minimal medium NCM3722
is equally sensitive for ppGpp.

The difference between Schreiber et al. [65] and Noga et al. [66] or Zhu et al.
[45] could be due to the different strain used by Schreiber et al. [65], or analytical
method. Nevertheless, in all studies, overexpression of RelA leads to a ppGpp level
higher than expected for a given growth rate. For example, a level of 100 pmol/OD
in glucose medium does not reduce growth rate as much as a level of 80 pmol/OD
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in acetate medium.

The inhibition of stable RNA synthesis by basal ppGpp has been estimated to be
50 to over 70% at 75 pmol/OD [42, 67], and maximal at 100 pmol/OD [47, 63].
It seems odd that the increased ppGpp due to overexpression of RelA does not
reduce growth rate as much. The study of Zhu et al. [45] observed however a
perfect overlap between RNA/protein vs. growth rate of RelA overexpressed cells
and cells that grow in different carbon sources. This suggests that the inhibitory
concentration of ppGpp towards RNA polymerase or RNA polymerase ‘sensitivity’
for ppGpp varies according to the growth conditions.

Given that it is known DksA modulates the sensitivity of RNA polymerase for ppGpp
and this way adjusts rRNA synthesis and growth rate, we hypothesize that addi-
tional transcription factors or regulators must be present to either regulate DksA, to
compete with DksA or to act in parallel with DksA. This is in lign with recent studies
showing DksA activity itself is regulated according to pH [68] and oxidative stress
in Salmonella [69] and that several transcription factors such as GreA, GreB and
TraR compete with DksA [70-72].

3.5.

Interestingly, some studies of nucleotide metabolism discovered a positive instead
of inverse correlation between ppGpp and growth rate. Poulsen and Jensen [73]
varied growth rate of E. coli (carAB-, guaB(ts) — uncapable of de novo pyrimidine or
guanosine synthesis) by varying the pyrimidine and purine source, while monitoring
basal ppGpp levels (Figure 3.3). Strikingly they discovered that the lower the
growth rate is due to limitation of UTP and CTP, the lower the level is of basal

pPPGpp.

A similar study was performed by Vogel, Pedersen, and Jensen [3] with E. coli B
AS18 (leu-) pyrB5, a strain also uncapable of de novo pyrimidine synthesis. By
providing the cells with orotate, the step catalyzed by pyrBI is skipped and cells can
grow. The growth rate increases with increasing concentrations of orotate in the
medium indicating that orotate uptake and pyrimidine synthesis are the growth rate
limiting steps in these conditions in this strain. Also here, ppGpp levels increased

with increasing growth rate, from 15 to 44 pmol op™* (Figure 3.3A). Total RNA lev-
els increased with increasing growth rate as well, in contrast to the usual decrease of
RNA with ppGpp concentration. It appears under these circumstances that ppGpp
is not limiting RNA synthesis, but the availability of the substrate, NTP.

Why are ppGpp levels here positively correlated with growth rate? First, it has been
observed before that ppGpp does not increase in case of uracil limitation [74]. This
appears logical as very low levels of nucleotides will anyway lead to reduced RNA
synthesis, omitting the need for ppGpp-mediated arrest. Secondly, the low levels
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Figure 3.3: Pools of ribonucleotides in E. coli with varying degrees of pyrimidine
starvation. Data from Poulsen and Jensen [73] and Vogel, Pedersen, and
Jensen [3]. A) ppGpp levels overlaid with the ppGpp vs. growth rate trend of
Figure 3.1, and B) intracellular ATP, GTP, UTP and CTP levels as a function of
growth rate.

of UTP and CTP at slower growth likely represent that they are growth-rate limiting.
The fact that their concentrations increase at higher growth rates could mean that
they become less and less limiting, and other compounds become more limiting for
growth (Figure 3.3B). The increased ppGpp levels with growth rate would then be
a consequence of another coupled limitation, such as amino acids.

3.6.

There have been reports of conditions in which (wild-type) RNA polymerase has vir-
tually become insensitive to basal ppGpp. In 1988, Baracchi and Bremer adjusted
basal ppGpp levels by addition of varying levels of chloramphenicol or pseudomonic
acid to cells growing in glucose medium [63]. Interestingly, very low levels of an-

tibiotics could change ppGpp levels dramatically, with peaks of 20 to 60 pmol OD_l,
without a significant effect on the growth rate.

In another study, cells growing in acetate medium were shifted to or glucose
medium or a mix of 5 amino acids, both media supporting the same final growth
rate, and same RNA/protein ratio [75]. Although the starting and final growth rate
are the same, in both situation the ppGpp dynamics and final levels are radically
different.

Finally, Hansen et al. [76] studied the relief of glucose starvation in relA- cells. When
glucose was added, ppGpp would increase from 50 pmol to 100 pmol/OD, but RNA
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synthesis resumed. When glucose and amino acids mix were added, ppGpp would
decrease, yet RNA synthesis resumed in a similar manner as when only glucose was
added. Here, the ppGpp level, either virtually 0 or 100 pmol/OD, does not appear
to affect RNA synthesis.

Apparently temporal fluctuations of basal ppGpp levels do not affect the cell’s re-
sponse much. However, we know that consistent adjustment of basal ppGpp does
affect growth rate and stable RNA levels. Therefore it seems that limited exposure
to decreases or increases of ppGpp within the basal regime are not sufficient to
elicit a response from RNA polymerase to ppGpp.

3.7.

To determine whether RNA polymerase (RNAP) retains regulation by basal ppGpp if
its two ppGpp binding sites are disrupted, we measured basal ppGpp levels, growth
rates and cellular RNA in E. coli strains expressing RNAP mutants [46, 77]. Al-
though we did not test a strain bearing both mutations together, we reasoned that
mutations in either individual binding site might nevertheless strongly affect RNA
synthesis control by basal ppGpp and exhibit a weaker relationship between RNA
and growth rate, as observed in a ppGppP strain by Potrykus et al. [48].

We transferred mutations that disrupt ppGpp binding site 1 (rpoZ(wt) rpoC R362A
R417A K615A [77]) or that disrupt ppGpp binding site 2 (rpoC N680A K681A [46])
from E. coliMG1655 to E. coliNCM3722. We confirmed that the stringent response
does not arrest RNA synthesis in our mutant strains as strongly as in wild-type
(Figure S3.1), qualitatively consistent with results previously observed [46]). We
sampled cultures that had been grown directly from fresh colonies (i.e. without
dilution from overnight cultures) to reduce the outgrowth of cells bearing additional
RNAP mutations [78].

ppGpp concentrations remain inversely correlated with growth rate in both mutants.
However, both mutants grow more slowly and have correspondingly higher ppGpp
concentrations in most growth media than wild-type NCM3722 (Figure 3.4A,B).
Furthermore, the RNA content of both mutants correlates positively with growth
rate, as it does for the wild-type strain (Figure 3.4C), with exception of the lower
RNA concentration for the rpoC2- mutant in LB medium. At first glance, this is
consistent with the notion that the RNAP mutants are less sensitive to ppGpp, as
apparent from the slopes of cellular RNA content versus ppGpp (Figure 3.4D). A
chi-squared goodness-of-fit test verified that the mutants do not fit the wild-type
pattern (P<10). In other words, higher ppGpp concentrations may be required
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Figure 3.4: RNA polymerase mutants without ppGpp binding site 1 or 2 still ex-

hibit the typical ppGpp and RNA vs. growth rate trends. A) Basal ppGpp
in NCM3722 rpoZ(wt) and in NCM3722 rpoC2- (showing technical replicates, 3
per culture). B) Averaged data of A and B overlapped with average NCM3722
wild-type data from Figure 3.1G. C-E) The total RNA concentration of NCM3722
wild type and rpoC mutants in various growth media. Error bars represent stan-
dard deviations. C) Total RNA concentration plotted as a function of growth rate.
D) Data of C plotted as a function of ppGpp concentrations with a linear fit. The
average or each condition is shown. E) Data of C plotted to compare RNA con-
tent between strains grown in identical media. Bars represent the average of
three technical replicates of one culture, with exception of rpoC2- in glycerol (2
cultures, 6 replicates) and succinate (3 cultures, 9 replicates). *P<0.05 for a
two-tailed student’s t-test. For A, C and D, the Pearson correlation coefficient r
and significance figure P (from a two-tailed significance test) is shown.
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to inhibit RNA synthesis in these strains. While it might be expected that the cul-
tures expressing ppGpp-insensitive RNAP thus contain a higher RNA abundance
than wild-type, we found that for every medium aside from MOPS/acetate, both
mutant strains exhibit equivalent or even less RNA per OD unit than does the wild-
type (Figure 3.4E). This is inconsistent with the abolition of growth rate control of
RNA content observed in ppGpp? strains [48]. While our results indicate that nei-
ther ppGpp binding site on RNAP is individually sufficient to mediating ppGpp control
over RNA content, we cannot exclude the possibility that the simultaneous removal
of both ppGpp binding sites is required to fully eliminate the ppGpp-RNA content
relationship. Other factors may also be implicated in the NCM3722 strain, such
as TraR, a transcription factor expressed on the F plasmid (carried by NCM3722)
known to mimic the action of DksA and ppGpp [71].

3.8.

There is no doubt that basal ppGpp functions as a vital transcriptional regulator,
limiting the overproduction of ribosomal RNA and stimulating expression of biosyn-
thetic operons. Our analysis shows however, that the exact concentrations at which
ppGpp operates are strain dependent. Given that both the proteins that (potentially)
interact with RelA and SpoT, as well as the targets of ppGpp can show extensive
genetic variation amongst different strains, it seems plausible the ppGpp signaling
network is slightly different amongst different strains. For example the transcription
factor TraR is encoded by the F plasmid, which is present in E. coli NCM3722, but
not MG1655. Compared to MG1655, NCM3722 also carries mutations in rpoS, rpoD
and rpsG [79, 80]. In addition, strains can vary in their metabolic capacities. For
example, auxotrophies have been reported to confound with the ppGpp signaling
network as it forces the use of specific metabolic pathways. This highlights the
need of reference strains to be able to compare data from different studies. Also
apparent from our analysis, is the importance of keeping in mind the used analytical
methods to measure ppGpp, as these can create a bias.

We have presented several conditions in which it appears basal ppGpp has no tight
grip on growth rate or RNA levels. Basal ppGpp can easily double in the basal
regime below 100 pmol/OD without a decrease in growth rate as expected based
on the typical ppGpp vs. growth rate trend in different carbon sources. In addition,
brief ups or downs within the basal regime do not appear to have dramatic effects
on RNA levels or growth rate.

In line with recent analyses [72], we believe that other factors could be involved in
the regulation of RNA polymerase and particular adjusting its sensitivity to ppGpp
in various conditions. Although speculative, we hypothesize two in particular. First,
we believe additional (unknown) transcription factors such as TraR might play a role
[71]. We have observed that even without the DksA-ppGpp binding site on RNA
polymerase, RNA levels still correlate with growth rate, suggesting additional factors
besides DksA are also involved. Also the activities of these transcription factors
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themselves might be regulated according to envionmental conditions, which was
recently shown for DksA [68, 69]. Second, when growth rate and RNA synthesis
are limited by impaired nucleotide biosynthesis, ppGpp is probably not involved.
Possibly NTP shortage is a blind spot for RelA and SpoT.

3.9.

We thank Michael Cashel and Richard L. Gourse for providing strains.



99

3.10.
PA or CAM B
r 1000 c
rpoC1- + PA
T ~
—~ 80 _ [N rpoC2- + PA
2 2 T_k_ 19
o B +¢’ 3 \\g [e)
=) 7 7] £ 500 —e— WT + PA
=1 L + =%
<60} ‘} =
s —; 4 &
50} T 8
e - - WT+CAM
40 L 1 1 ) 0

Time (h)

Figure S3.1: Reduced stringent response in the rpoC mutants. A) After induction
of stringent response by addition of pseudomonic acid (PA) at 100 ugmL™,
the total RNA levels stay more or less constant in the wild-type, whereas they
mildly increase in the rpoC2- mutant. As a control, chloramphenicol (CAM)
was added at 200ugmL-! to wild type as this shows the increase in RNA
when growth is arrested witout an increase with ppGpp. Error bars represent
standard deviation of 2 biological replicates. B) ppGpp levels increase in both
the wild-type and mutant.

Table S3.1: Strains and plasmids used in this chapter.

Strain Description Source

E. coliNCM3722 Wild type CGSC 12355
E. coliNCM3722 rpoCl- NCM3722 rpoCR362A R417A K615A tetAR ~ This work
E. coliNCM3722 rpoC2- NCM3722 rpoCN680A K681A tetAR (1+2-)  This work

E. coliMG1655 Wild type DSMZ 18039

E. coli CF7968 MG1655 rph+ Mike Cashel
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ppGpp is known as an alarmone, as upon various stresses, its concentration dra-
matically spikes, rearranging transcription of most genes due to its action on RNA
polymerase in concert with DksA. Besides coordinating transcription, ppGpp has
been reported to bind enzymes in several major metabolic pathways, including the
synthesis of proteins. However, the precise regulatory role of ppGpp regarding
translation has yet to be deciphered, as there is evidence both supporting and re-
futing an inhibition of translation by ppGpp. Both the lack of quantitative data about
ppGpp, as well as the confounding effect of ppGpp on transcription currently ham-
per to settle this debate. Here, we have developed in vitro and in vivo approaches to
titrate ppGpp in cellular systems where translation is uncoupled from transcription.
Using a newly developed LC-MS method, we identify three concentration regions
with different roles for ppGpp. At the so-called basal regime (up to 200 pmol op™! ),
ppGpp does not affect translation directly. At stringent response levels (above
700 pmol op™! ), ppGpp dramatically inhibits translation initiation and/or elonga-
tion. Interestingly, at intermediate concentrations, another mechanism is active as
ppGpp limits the fraction of active ribosomes.

This chapter has been submitted for publication as: N. C. E. Imholz, D. Foschepoth, C. Danelon, and
G. Bokinsky. “Suprabasal guanosine tetraphosphate (ppGpp) levels reduce translation rates in E. coli
by inhibiting various targets”. In: (2020)
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4.1.

The signaling molecule ppGpp is the major regulator of growth rate in E. coli [2].
It is best known for its direct interaction with RNA polymerase, which inhibits the
synthesis of ribosomes and changes transcription of over 750 genes during response
to stress [3]. During regular growth, low ppGpp concentrations inversely correlate
with growth rate [4-6]. Albeit discovered nearly 50 years ago, it is still not clear
what the exact effects are of these so-called basal ppGpp levels.

Besides RNA polymerase, 50 other targets of ppGpp have been reported that could
play a role in the growth rate control of ppGpp, of which most are involved in
protein synthesis [7, 8]. Protein synthesis consumes up to 40% of the total energy
budget of the cell [9] and its output comprises 42-60% of the dry weight [10]. As
translation is a costly process, it is reasonable that it is regulated at many points
by a major signal such as ppGpp. Especially given the structural similarity between
the energy carrier used to drive reactions (GTP) and ppGpp, it seems plausible
that ppGpp could act as a competitive inhibitor of ribosome associated GTPases, as
supported by several in vitro studies [7, 8, 11-13], though not all [14, 15].

However, previous studies have not been able to unambiguously demonstrate an
effect of ppGpp towards protein synthesis. On one hand, in vitro studies showing
interactions between ppGpp and IF2, EF-G and RF3, lack a direct in vivo confirma-
tion. On the other hand, in vivo studies have had contradicting outcomes, conclud-
ing ppGpp only affects transcription and not translation [16—18], or inhibits both
[19-23]. This is due to the difficulty of disentangling a possible effect of ppGpp
on protein synthesis from other targets in the cell, such as RNA polymerase. In
addition, quantification of ppGpp is tricky, and most studies infer effects of ppGpp
by comparison of wild type, relA- and/or ppGpp-defective strains, which does not
lead to a quantitative understanding of the physiological roles of ppGpp.

To settle this debate, we designed a series of in vitro and in vivo experiments
in which the effects of ppGpp on transcription and translation were uncoupled
and monitored independently. Combined with absolute quantitation of intracellular

ppGpp concentrations, we show that at stringent concentrations above 700 pmol op™!
ppGpp inhibits translation directly and post-translationally. At intermediate ppGpp
levels, ranging from 300 to 700 pmol OD_l, there is an inhibition of translation which
however does not appear to affect translation initiation or elongation. Rather the ac-
tive fraction of ribosomes has reduced. At even lower, basal ppGpp concentrations,
ppGpp does not directly affect translation whatsoever, apart from its transcriptional
control of RNA polymerase.
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4.2,
4.2.1.

The PURE system consists of E. coli translation initiation factors, elongation factors
and termination factors, ribosomes, aminoacyl tRNA synthetases and T7 phage
RNA polymerase as well as all NTPs, amino acids and necessary cofactors [24, 25].
Addition of DNA will result in synthesis of the protein of interest. The exact amounts
of all compounds are known, guaranteeing complete control over the system. The
system was commercialized by GeneFrontier as PUREfrex.

The PUREfrex in vitro reactions were performed according to manufacturer’s pro-
tocol and were kindly provided by Christophe Danelon. The plasmid carrying the
YFP-Spinach sequence was also kindly provided by Christophe Danelon. The PCR of
the YFP-Spinach construct (Figure 4.1A) including the T7 promoter and ribosomal
binding site was performed according to van Nies et al. [26]. The compounds were
pipetted in a mastermix in a specific order because deviations appeared to affect
the results (Table S4.2). Peptidyl-tRNA hydrolase (PTH) was kindly provided by
Anne Doerr and added at 2 uM. 19 pL of mastermix was transferred to a new tube
to which 1 L ppGpp (0, 2, 10 or 20 mM) was added. Subsequently 19 pL of these
solutions were transferred to cuvettes (Hellma), closed with lid, and placed in a fluo-
rescence spectrophotometer (Cary Eclipse from Varian) in a temperature-controlled
holder set at 37 °C. The fluorescence signal for Spinach and YFP was recorded at
respectively 460/502 and 515/528 nm, every 30 seconds for 500 minutes. The
cuvettes were cleaned immediately after each experiment with successively 0.2 %
Hellmanex, 1M KOH, nuclease-free water, 100 % EtOH, each incubating for 1 min in
a bath sonicator with three nuclease-free water washes in between each solvent.

For data analysis, a linear curve was fitted to the initial part of the fluorescence
traces. In the initial part of the curve no substrates are limiting yet, and the expo-
nential increase of YFP can be approximated with a linear curve. Hereto, a Matlab
script determined for each window of 10 min (20 data points) whether the trend was
linear using a Durbin-Watson test. The slope of the earliest linear 10 min window
was used as Spinach or YFP synthesis rate.

4.2.2.

The protocol for cell free lysate preparation was based on Hansen et al. [27]. E.
coli Rosetta2 was grown in 2YTPG broth at 37°C. At OD 1.5 cells were centrifuged
(3000g 10 min, 4°C) and the cell pellet suspended in ice-cold 20 % sucrose. After
10 min incubation on ice, cells were again centrifuged (same conditions), resus-
pended in ice-cold MQ (4 times pellet weight). Centrifugation, resuspension in MQ
and 10 min incubation on ice was repeated once more, before two more washes
with ice-cold MQ (1.5 x volume). The spheroplast pellet was then stored at —80°C,
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thawed and resuspend in ice-cold MQ (0.8 x volume). Cell lysis was performed
using sonication (10 cycles of 10s at 10 um amplitude and 30s on ice). The lysate
was centrifuged at 300009 for 30 min at 4°C, dialyzed 1 x against 50 % dialysis
buffer (5 mM Tris, 30 mM potassium glutamate, 7 mM magnesium glutamate and
0.5mM DTT) and 3 x against 100 % dialysis buffer (10 mM Tris, 60 mM potassium
glutamate, 14 mM magnesium glutamate and 1 mM DTT).

The lysate in vitro transcription and translation reaction had a volume of 10uL
and contained 33% v/v of the cell lysate and 66 % v/v reaction buffer, with a
final concentration of 50 mM Hepes (pH 8.0), 1mM UTP, 1mM CTP, 3mM ATP,
3mM GTP, 0.66 mM spermidine, 0.5mM cyclic adenosine monophosphate (cAMP),
0.22 mM nicotinamide adenine dinucleotide (NAD), 0.17 mM coenzyme A, 20 mM 3-
phosphoglyceric acid (3-PGA), 0.045 mM folinic acid, 10 mM magnesium glutamate,
66 mM potassium glutamate and 20 uM DFHBI. The same DNA was used as in the
PURE system, at a concentration of 2nM. ppGpp was added last at a final concen-
tration of 0 to 1 mM and right after the plates were sealed with transparent stickers.
The reaction was monitored in black 384-well plates in a Tecan spectrophotome-
ter at 37°C, measuring fluorescence every 5min at 460/503 nm (gain 120) and
506/540 nm (gain 100) for excitation/emission of respectively Spinach and YFP.

The same Matlab script was used as for the PURE data to find and fit the initial
linear part of the fluorescence traces. For the kinetic model, the Michaelis-Menten
model for mixed inhibition was used, which can be written as [28]:

L IsIEEE 4 ke
i 1es e (4.1)
Vo Vmax[S]

with S the substrate (GTP), I the inhibitor (ppGpp), vo the initial reaction rate,
Vmax the theoretical upper limit for the reaction rate, K. and Kies the inhibition
constants of the inhibitor by binding to free enzyme and enzyme-substrate complex
respectively, Ky the Michaelis-Menten constant of the substrate. With [S]»Ky, this
can be rewritten as either equation 4.2 or 4.3 for respectively the Lineweaver-Burk
and Dixon plot:

11 1] 1 Ky
V_O B Vmax (1 + @) + Vmax Kie [S] (42)
1 1 1 K
— = M) (4.3)

= + _
Vo Vmax  Vmax (Kies Kie[S]

The y-intercept of the Dixon plot (1/vq vs. [I]) allows to estimate v,ax, Which can
be used in equation 4.2 to determine E—M from the slope of the Lineweaver-Burk plot
e
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(1/vg vs. 1/[S]). Substituting E—M in the slope of the Dixon plot ultimately yields an
1

e
estimate of Kies. The values obtained for these parameters are given in Table 4.1.

A Ky value of 0.05 mM~! was used for translation based on Km values of translation
factors (see Table 1.1 and Chapter 1). The Ky of T7 RNA polymerase for GTP is

about 0.2mM™* [29, 30].

Table 4.1: Estimated parameters for mixed inhibition model of transcription and translation

Slope Dixon plot y-intercept Slope Lineweaver- y-intercept
(min (a.u. mM)1) Dixon plot Burk plot Lineweaver-Burk
(min a.u.™) (min (a.u. mM)?!)  plot (min a.u.™)
GTP ppGpp

YFP Spinach YFP Spinach YFP spinach YFP spinach

(mM) (mM)
1.5  0.2677 0.1174 02971 0.2033 0.0  0.0016 0.0037 0.3047 0.1965
3.0 02863 0.1083 0.2821 0.2038 0.5  0.2357 0.0747 0.3126 0.2208
45 03205 0.0332 0.2373 0.2018

Average 0.2915 0.0863 0.2722 0.2030 slope Dixon plot
according to

model

parameters

. GTP .
Model parameter YFP Spinach YFP spinach

(mM)
Ve (@.U. Min't) 3.67 493 1.5  0.3899 0.0155
Kies (MM1) 3.60 17.86 3.0  0.2328 0.0134
K./K, (a.u.) 1.73 0.030 4.5 0.1804 0.0127
K, (mM1) 0.050 0.2 Average 0.2677 0.0139
4I2l3l

An overview of strains used is given in Table S4.3. To construct E. coliMG1655DE3,
the ADE3 prophage was integrated in the chromosome of E. coli MG1655 using a
ADE3 lysogenization kit (Novagen) according to manufacturer’s protocol. P1 trans-
duction was used to integrate the chromosomal RNA polymerase mutations of E.
coli RLG14536 and RLG14537 (carrying rpoCl- and rpoC2- respectively) [31] into
the chromosome of E. coli NCM3722. Hereto a protocol from the Bob Sauer lab
[32] was used and mutations were confirmed by sequencing (Macrogen).

Cells were grown from single colonies in MOPS minimal medium (Table S$2.2) with
0.2% glucose ([33]) and if mentioned all amino acids (Table $2.3), in 250 mL
culture flasks placed in a water bath (Grant Instruments Sub Aqua Pro) set at 37°C
on top of a magnetic stir plate (2 mag MIXdrive 1 Eco and MIXcontrol 20) with a
12mm magnetic stir bar (VWR) set at 1200rpm. Optical density was measured
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at 600 nm using an Ultrospec 10 Cell Density Meter (GE Healthcare) to monitor
growth.

4.2.4.

All primers used can be found in Table S4.4. pET28c-2xBroccoli was obtained
from Filonov et al. [34]. To construct pET28c-GFP, sfGFP was PCR amplified from
pSB1C3 with inclusion of a strong RBS and SLIiCEd [35] into the pET28c backbone
using primers NI27 and NI24 for pSB1C3 and primers NI23 and NI20 for pET28c-
2xBroccoli.

Plasmid pS101**-RelA*, received from Ferhat Buke, was constructed by replacing
RFP on pBbS2k-RFP with a DNA sequence encoding the first 455 amino acids of
the native MG1655 RelA gene. YFP fluorophore mVenus was fused to RelA* via a
glycine-serine linker using restriction cloning.

In pSC101**-RelA*, kan was replaced by amp to generate pSC101**-RelA*-Amp by
SLiCE using primers NI289/NI290 to amplify amp from pBbA5a-RFP and NI288/NI293
to amplify the backbone of pSC101**-RelA*. This was in order to combine pET28c-
GFP or pET28c-2xBroccoli (both kan) with pSC101**-RelA*-Amp.

Subsequently the SC101** origin of pSC101**-RelA*-Amp was replaced by the 15A
origin by SLIiCE of the PCR of pSC101**-RelA*-Amp with primers NI294/NI1295 and
the PCR of the 15A origin of pBbA5a-RFP with primers NI291/NI292.

Finally, pJEx-RelA* was made by SLIiCE of RelA*, which was amplified by PCR using
primers NI332/NI335 and pSC101-RelA* as template, into the backbone of pTR-
JExA1-RFP, which was PCR amplified using primers NI333/NI334.

4.2.5.

Overnight cultures of E. coliMG1655DE3 pSC101**-RelA*-Amp and pET28c-GFP or
pET28c-2xBroccoli in MOPS 0.2 % glucose and 0.2 % casamino acids were diluted
to OD 0.05 and grown in Nunc 96-well plates with lid (200 pL per well) in a Synergy
HTX plate reader (BioTek) at 37 °C under continuous shaking (282 cpm, 3 mm am-
plitude). Absorbance at 600 nm and Broccoli or GFP fluorescence (excitation filter
485/20 and emission filter 516/20, gain 70) were measured every 5min.

4.2.6.

LacZ assays were performed according to Griffith and Wolf [36] and Dai et al.
[37]. Cells were grown as described in section 4.2.3 and at OD 0.3 the /ac operon
was induced with 5mM isopropyl-B-D-thiogalactoside (IPTG) (Sigma). Right after
induction 200 pL cell culture was added to 5 pL chloramphenicol (35 mgmL~!) and
immediately frozen in liquid nitrogen, every 15s for 4 min. Samples were stored in
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—20°C. For the B-galactosidase assay, 75 pL thawed cells were added to 75 L Z-
buffer (60 mM Na,HPO,4, 40 mM NaH,PO,4, 10 mM KCI, 1 mM MgSQy,4, pH 7.0, 50 mM
B-mercaptoethanol) in a 96-well plate and incubated at room temperature for 5 min.
Then 15 L of freshly prepared 4-methylumbelliferyl-p-D-galactopyranoside (MUG)
(2mgmL~! in dimethylsulfoxide, Sigma) was added and incubated for 1 h at room
temperature. The reaction was stopped by adding 75 uL 1 M Na,COs. Fluorescence
was measured using a Synergy H1 plate reader (BioTek) at ex/em 365/450 nm.

The amount of LacZ initially increases exponentially with time, given that mRNA
increases linearly (equations 4.4 and 4.5)[38]. Hence, a linear curve was fit to the
square root of the signal corrected for signal at t,: /EMaso(t) — Emyso(ty). To
determine Emyso(t,) the average of the first 4 samples was used. The intercept
of the linear fit with the x-axis is the time needed to produce the first molecule of
LacZ, Tsrt. The translation elongation rate in amino acids per second [aa s~!] can
then be calculated by dividing the length of LacZ (1024 amino acids) by Tgst-

d[LacZ]
de

~ [mRNA] -t 4.4)

[LacZ] - t? (4.5)

4.2.7.

As in Chapter 2.

4.3.
4.3.1.

Cellular extracts contain the whole cytoplasmic fraction of E. coli, including all pos-
sible translational targets of ppGpp, and pose therefore an interesting model to
study transcription as well as translation. We programmed these cellular extracts
with DNA encoding YFP as well as the fluorophore-activating RNA Spinach in order
to distinguish effects on transcription from effects on translation (Figure 4.1A)
[26]. To remove any effect of ppGpp on transcription, transcription is driven by the
T7 phage RNA polymerase, present in the extract, which is known to be less sen-
sitive to ppGpp [39]. Figure 4.1B-C show typical fluorescence traces of YFP and
Spinach respectively. It can be observed that increasing concentrations of ppGpp
reduce the synthesis of Spinach and YFP, yet the decrease in YFP synthesis is much
larger.
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To quantify the effect of ppGpp, linear slopes were fit to the initial, linear part of
both curves as in this phase the composition of the reaction stays approximately
constant. This was normalized to the slope of the condition with 0 mM ppGpp to
compare the relative decrease of YFP and Spinach synthesis rate. Average inhi-
bition for the YFP synthesis rates were 59 %9 % whereas those of Spinach were
23 %+18% at 4.5mM GTP and 1.5 mM ppGpp (Figure 4.1D-E).

4.3.2.

As many proposed translational targets of ppGpp are GTPases, we hypothesized
that the inhibition by ppGpp on translation would be competitive with regard to
GTP. To test this hypothesis, we first verified the range of GTP concentration for
GTP saturated YFP and Spinach synthesis in the cellular extracts, which was from
1.5 to 4.5 mM (Supplementary information and Figure S4.1). Within this range of
GTP, we also varied ppGpp concentrations.

Assuming a single Michaelis-Menten dependence of ribosome associated GTPases
on GTP, the inhibition by ppGpp can be quantified and a mode of inhibition can be
inferred using a Dixon and Lineweaver-Burk plot, standard in biochemical analysis
of modes of enzyme inhibition (explained in supplementary methods). The slopes
and y-intercept of both plots allow to estimate the necessary parameters for a
Michaelis-Menten (MM) model with mixed inhibition. We used a subset of data (26
traces, shown in Figure S4.2A) to derive these parameters for a mixed inhibition
model (shown in Figure S4.2B-C).

Assuming a Ky for translation of 0.05 mM~! (Table 1.1), the inhibitory constants
for free enzyme and enzyme-substrate complex (K. and K;es) were 0.029 mM ™! and
3.6mM™L. This indicates that the inhibitory mechanism is mainly competitive at
ppGpp concentrations below 1 mM. Only at higher ppGpp concentrations the non-
competitive term plays a significant role. In Figure 4.1D the MM model based on
the calculated inhibition constants for ppGpp is overlaid on top of averaged data of
in total 76 individual YFP traces. Using the same approach for Spinach transcription
data, no MM model could be fitted nicely to the data as there is overall no significant
inhibition by ppGpp (Figure 4.1E).

4.3.3.

Given the observed reduction of transcription and particularly translation by ppGpp
in vitro, our next step was to verify if this occurred in vivo. Hereto, we con-
structed a strain to monitor transcription and translation in a manner analogous
to the cellular extract system (Figure 4.2A). The genetic constructs used were
fluorophore-activating RNA Broccoli and GFP expressed with the T7 promoter in E.
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Figure 4.1: Kinetic analysis of transcription and translation in E. coli cellular ex-
tracts. A) The YFP-Spinach DNA template used in extract reactions. The
Spinach aptamer forms a fluorescent complex with DFHBI. Adapted from van
Nies et al. [26]. B) Exemplary YFP and C) Spinach fluorescence traces at var-
ious ppGpp concentrations. Slopes of the initial linear increase of the curves
were used to determine synthesis rates (materials and methods). D,E) Based
on a subset of YFP and Spinach traces, a mixed inhibition model was developed
(materials and methods), here overlaid with the average and standard devia-
tion of all acquired YFP and Spinach traces (Table S4.1 for number of traces for
each condition). vygp: synthesis rate of YFP, vg,n: synthesis rate of Spinach,
ppGpp0: at 0 mM ppGpp.
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coli MG1655DE3, a strain which expresses the T7 RNA polymerase. Due to over-
lapping excitation/emission spectra, Broccoli and GFP were expressed in separate
strains. Constitutively active RelA (RelA*) was expressed with varying induction
levels to set a range of intracellular ppGpp concentrations, with a corresponding
reduction in growth rate (Figure 4.2A).

A difficulty however, with actively growing E. coli, is that induction of RelA will
eventually adjust the number of ribosomes, which might confound an observation of
direct inhibition of translation by ppGpp. To uncouple the potential direct effects of
ppGpp on translation from the indirect transcriptional effects on ribosome number,
ribosomal inhibitors or hibernation factors, rifampicin was added immediately after
induction of GFP. Rifampicin specifically inhibits E. coli and not T7 RNA polymerase
[401].

Both transcription and translation were monitored by expressing fluorescent RNA
and protein respectively. The increase in fluorescence signal is a direct measure of
the transcription or translation rate. Example fluorescence traces are presented in
Figure 4.2B. As shown in Figure 4.2C the Broccoli synthesis rate remains within
a narrow band of about 20% for all conditions, independent of the degree of RelA*
induction. However, the rate of GFP synthesis decreases with RelA* induction by
39% + 7% at 8ngmL~! aTc. This indicates that not ribosome number or active
transcription by RNA polymerase is limiting translation, but another ppGpp related
mechanism. However, this effect was only significantly observed when induced
RelA* caused a growth rate reduction of about 37 % + 11 %.

4.3.4.

Having established that growth limiting concentrations of ppGpp directly inhibit
translation in vitro and in vivo, we aimed at elucidating at which exact concen-
trations and to which degrees ppGpp affects translation. Does the inhibition also
occur below ppGpp levels observed during stress response? Hereto, we titrated
ppGpp in vivo using both low and high copy number RelA* plasmids, and quanti-
fied the ppGpp concentration using LC-MS. In this range of ppGpp concentrations,
we determined the translation rate using well-known LacZ assays (Figure 4.3A).
LacZ assays are used to measure translation elongation rates (Kgjong) and to esti-
mate which fraction of the total ribosome number are actively translating.

The moment the LacZ signal starts to increase after induction corresponds to the
time needed to synthesize the first molecule of LacZ of 1024 amino acids, Tt
(indicated in Figure 4.3A). More specifically, this lag phase before detection of
the first LacZ includes the time needed for transcription (Ttry), translation initiation
(Tinit) and translation elongation (the length of the protein divided by the actual
elongation rate keiong) as in equation 4.6 [37]. Given that transcription of LacZ
is not affected by the stringent response in vivo [3], we expect only the rate of
translation initiation and elongation to potentially be affected by ppGpp. The time
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Figure 4.2: The GFP synthesis rate decreases in vivo due to RelA expression. A)

Set-up of the experiment. E. coli MG1655DE3 expresses 2 plasmids: one car-
rying IPTG-inducible GFP or Broccoli and the other anhydrous tetracycline (aTc)
inducible RelA*. Cells growing in MOPS medium with 0.2 % glucose and 0.2 %
casamino acids were induced with 1 mM IPTG at 1h25 (1) to induce GFP or
Broccoli expression. At 1h55 (2) they were induced with various aTc concentra-
tions to establish a range of intracellular ppGpp levels. At 2h00 half the wells
received 200 yg mL~! rifampicin. B) Fluorescence traces of GFP or Broccoli. C)
From the fluorescence traces the GFP and Broccoli synthesis rates were deter-
mined by fitting linear slopes to the region between 3.5-4 h for GFP and 3-5h
for Broccoli. The slopes of the fits were then normalized the slope of the wells
not expressing RelA (no aTc added). Bars represent the average of 2 replicates
(shown as dots) per condition.
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required to translate the protein including transcription and translation initiation can
be calculated as the length of the protein divided by the TIER (Translation Initiation
and Elongation Rate, in aa s~!) (equation 4.7).

1024aa
Tirst = T1rx + Tinit + T (4.6)
long
1024aa
Tirst = TIER (4.7)

LacZ assays were performed with E. coli NCM3722 grown in glucose medium while
RelA* was induced to various degrees to get a range of ppGpp levels, covering both
basal as well as stringent levels. LacZ assays were performed right before (0 min),
5min and 10 min after RelA* induction. The TIER was determined at these ppGpp
concentrations (Figure 4.3B). In glucose medium, the elongation and initiation
rates do not vary significantly at basal levels. Only at a ppGpp level of 689 +
66 pmol OD™! the TIER decreases to about 8 aa s~1, similar to that of stationary
phase [37].

4.3.5.

We noticed that the slope of the LacZ assays showed a different behaviour than the
TIER: they were inhibited relatively more. The slopes of the LacZ assays are with

exception of one tested condition (a 23 + 6 % reduction at 87 + 46 pmol OD_l) not
inhibited by ppGpp below 200 pmol 0D, Above that however there is a consistent
reduction in slope up to 57 + 6 % at 689 + 66 pmol op™! (Figure 4.3C).

As shown by Dai et al. [37], addition of antibiotics that inhibit the active fraction
of ribosomes decreases the slope of the LacZ assay without adjusting the trans-
lation initiation or elongation rate. Whereas the T+ represents the time needed
to synthesize a single lacZ, the slope of the LacZ assay represent the rate of total
accumulation of LacZ. The total synthesis of LacZ can be written as equation 4.8,

d[LacZ]
dt

~ N.f,.TIER, (4.8)

in which f, is the fraction of ribosomes that is actively translating LacZ and N the
total number of ribosomes. The fraction of active ribosomes is affected by release
factors, RMF, HPF and any other protein involved in the recycling or hibernation
of ribosomes. Transcription of some of these factors is controlled by ppGpp. N is
determined by synthesis rate of ribosomal RNA and proteins by RNA polymerase,
which is known to be directly controlled by ppGpp.
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Given that the LacZ slope is inhibited relatively more by ppGpp than the TIER
(Figure 4.3D), this means that the active fraction and/or total number of ribo-
somes has decreased. A decrease in total ribosome number would not be surpris-
ing given the well-known transcriptional inhibition of rRNA by ppGpp. A decrease
in active fraction is also very plausible given that ppGpp controls transcription of
certain proteins involved in this term, such as RMF and HPF. However, it is also
possible that ppGpp via post-translational regulation directly affects proteins such
as RF3.

To decipher whether transcriptional regulation by ppGpp affects LacZ synthesis
rates, we repeated the LacZ assays with E. coli strains carrying mutations in RNA
polymerase rendering it insensitive to ppGpp. Hereto, the mutations discovered by
Ross et al. [31] were transferred to E. coli NCM3722 using P1 phage transduction,
resulting in strains with either a mutation in ppGpp binding site 1 (rpoC1-) or ppGpp
binding site 2 (rpoC2-). Unfortunately, we could not transfer both mutations rpoCl-
and 2- mutations to our model strain NCM3722. Due to the presence of a chromo-
somal tetracycline resistance marker, the aTc-inducible RelA* plasmid was replaced
by the Jungle Express system, which is induced with crystal violet. In addition,
glucose amino acids medium or LB was used instead of glucose minimal medium in
order to avoid therpoC2- would show reduced translation because of an impaired
capacity to synthesize amino acids without ppGpp.

Switching from medium without to medium with amino acids resulted for the wild
type in a different response to RelA* induction. Although in glucose medium there
was still active translation at maximal induction, in medium with amino acids this
resulted in a complete arrest of translation as no LacZ was detectable (TER below
4 aa s1) (Figure 4.3E,F). This was the case with both aTc and crystal violet
induced RelA* expression. It appears that stringent ppGpp levels completely shut
off translation of LacZ. The same response was obtained in the rpoCl- and 2-
mutants, indicating that the arrest on translation by ppGpp is not due to a direct
effect of ppGpp on RNA polymerase (Figure 4.3E,F and Figure S4.3).

With this new induction system, we sought for an inducer concentration that would
cause a relatively higher decrease in LacZ slope than TIER in the wild type. This
point was found at 75nM crystal violet (Figure 4.3F,G). However, for unknown
reasons, the TIER was lower in the WT than the mutant, which we believe shows
the mutant has some aberrant transcription or translation of LacZ. This was con-
firmed by the observation that even without induction of RelA, the absolute slopes
of the LacZ (sampled at the same OD) was significantly less than the wild type
(Figure S4.3), indicating the mutant has a lower total number of ribosomes, or
lower fraction of active ribosomes.
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Figure 4.3: Stringent ppGpp levels reduce translation initiation and elongation
rates as well as total LacZ translation rates. A) Overview of the experi-
mental approach: RelA* was induced with 4 or 40 ng mL~! anhydrous tetracy-
cline from low copy (LC) or high copy (HC) plasmids, at which LacZ assays were
performed as indicated by the colored arrows. B, C) Translation initiation and
elongation rates (TIER) (B) and LacZ slopes (C) of NCM3722 wild type grown in
glucose medium with induction of RelA*. D) TIER and LacZ slope were normal-
ized to 0 ng mL~! induction of RelA* and this was plotted as a function of ppGpp.
Data points represent biological replicates. E, F) TIER (E) and LacZ slopes (F)
of NCM3722 wild type (WT) and rpoC2- and 1- mutants grown in glucose amino
acids or LB medium in response to various inducer (crystal violet, CV) concen-
trations. Data points represent biological replicates. G) Decrease in growth
rate of NCM3722 WT and rpoC2- mutant after RelA* induction, growing in LB
medium. Errors bars represent the standard deviation of three biological repli-
cates. *P-value < 0.05 for two-tailed t-test comparing to 0 ngmL~! induction
of the same condition.

4.3.6.

To finally understand if purely a post-translational regulation of IF2, EF-G and RF3
by ppGpp could explain the reduced translation rates, without a potential effect
of any proteins regulating ribosome activity that are transcriptionally regulated by
ppGpp, we used the highly controllable PURE system. The PURE system consists
of all the minimal components required to allow in vitro transcription and transla-
tion. Transcription is again driven by the T7 phage RNA polymerase, known to be
less sensitive to ppGpp [39]. The only proteins related to translation consist out
of initiation factors IF1, IF2 and IF3, elongation factors EF-G, EF-Tu and EF-Ts, re-
lease factors RF1, RF2 and RF3, ribosome recycling factor [25] and peptidyl-tRNA
hydrolase (PTH).

We programmed PURE systems with the same DNA used in the cellular extracts,
encoding YFP as well as the fluorophore-activating RNA Spinach, and varied the
ppGpp concentration. Figure 4.4A,B shows model traces of both the YFP and
Spinach signals as the PURE reaction proceeds. Atincreasing ppGpp concentrations,
the accumulation of YFP is reduced by 50% + 10 %, although there might also be
an inhibitory effect on Spinach synthesis (19% + 13 % inhibition at 1 mM ppGpp,
Figure 4.4C). At the ppGpp/GTP ratios observed during steady-state growth ( 1/25
[41], here 0.1 mM ppGpp), translation is inhibited no more than by 12% + 12 %.

The results of this assay are quantitatively consistent with the in vitro transcription
and translation rates in cellular extracts (Figure 4.1D), as well as the in vivo reduc-
tion of LacZ synthesis rates (Figure 4.3C). Although this does not guarantee that
IF2, EF-G and RF3 are the only in vivo post-translational targets of ppGpp regard-
ing translation, they appear sufficient to implement a system in the cell to adjust
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protein synthesis rates to the various ppGpp levels that occur under stress.
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Figure 4.4: ppGpp inhibits translation in the PURE system, containing only IF2,
EF-G and RF3 as known ppGpp targets. A) and B) Exemplary kinetic traces
of YFP (A) and Spinach (B) fluorescence of a PURE system inhibited with ppGpp.
C) YFP and Spinach synthesis rates were determined by the slope of a linear
curve fitted to the fluorescence traces (see materials and methods), which were
subsequently normalized to the slope of the 0 mM ppGpp trace. Error bars
represent standard deviation of normalized slopes of 3 experiments. *P-value
< 0.05 of two-tailed t-test compared to 0 mM ppGpp.

4.4.

The various intracellular targets of the signaling molecule ppGpp have been exten-
sively studied. For both transcription and translation, it is unclear at exactly which
concentrations ppGpp affects either and under which conditions. Mechanistically
it has been shown that ppGpp binds to RNA polymerase and that stringent lev-
els orchestrate transcription of virtually all genes in E. coli [3, 31]. The effect on
translation however remains elusive. Various studies have determined or suggested
interactions between ppGpp and EF-Tu, EF-G, IF-2, RMF and several other proteins
involved in translation [7, 8, 11-13, 21, 22, 37, 42]. However, these either lack in
vivo relevance or accurate quantification of ppGpp, which is essential given that the
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activity of ppGpp is concentration dependent and can vary between three orders of
magnitude. Here, we have quantified the effect of ppGpp on translation in several
in vitro and in vivo systems, in which a potential inhibition of ppGpp on translation
was uncoupled from its transcriptional regulation.

In both PURE and cell extract systems translation rates were inhibited for about
50% at 1 mM ppGpp, which in vivo corresponds to stringent levels [7, 41]. The
slightly reduced transcription in these systems indicates that T7 RNA polymerase
is much less sensitive to ppGpp than E. coli RNA polymerase, which aligns with
earlier studies [39]. These in vitro data suggest that stringent ppGpp levels not only
inhibit translation by inhibiting ribosome synthesis, but also by directly affecting the
translation reaction itself or the recycling of ribosomes.

We confirmed these results in vivo using fluorescent reporters for transcription and
translation, as well as LacZ assays, at various ppGpp levels set by RelA induction.
The usage of T7 RNA polymerase allowed to detect direct effects of ppGpp on the
translation system without the well-known inhibition of ribosome synthesis. The
fluorescent reporters confirmed the in vitro results that low induction of RelA has
no significant effect on translation.

In the LacZ assays, the effects of ppGpp show a keen dependence on concentration,
both regarding translation initiation and elongation rate and total LacZ translation
rate (LacZ slope). Specifically, at concentrations below 200 pmol OD_l, we do not
detect any direct effects of ppGpp on translation. We observe that artificially setting
ppGpp to higher but still basal levels (0-130 pmol OD_l, see section 1.6.1) does not
significantly decrease the TIER.

Dai et al. [37] showed that during steady growth in various media (and thus in basal
ppGpp regime) the transcription of LacZ mRNA and translation initiation times do
not vary, but that the translation elongation rate decreases at lower growth rates as
well as the fraction of active ribosomes. The apparent discrepancy can be explained
as follows: in Dai et al. [37], the basal ppGpp concentration was varied by adjusting
the composition of the medium. We only varied ppGpp levels by titrating expression
of RelA*. This means that the variation in translation elongation rate and active
ribosome fraction in [37] is probably only due to a transcriptional effect of ppGpp
on proteins involved in ribosome hibernation or rescuing of stalled ribosomes, and
not a post-translational effect of IF-2.

At concentrations above 700 pmol OD_l, we observe an immediate drop in TIER,
consistent with in vitro experiments. This demonstrates stringent ppGpp inhibits
translation initiation and/or elongation factors post-translationally. Between 300
pmol oD and 700 pmol OD_l, we observe more complex effects: the TIER is not
significantly affected, but the total LacZ translation rate is, with a 25% reduction at
300 pmol OD™. The fact that total LacZ translation rate is inhibited at lower ppGpp
concentrations than the TIER, suggests that either the number of ribosomes or their
activity is affected. Potential post-translational targets could be RF3 [13] or one of
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the many enzymes involved in releasing stalled ribosomes or ribosome recycling

[9].

In order to untangle post-translational from transcriptional effects of ppGpp in the

300-700 pmol op! regime, LacZ assays with RNA polymerase mutants insensitive
to ppGpp were performed [31]. Unfortunately, it appeared removal of ppGpp bind-
ing site 2 on RNA polymerase leads to a decreased capacity for translation. It can
however be assumed for the wild-type strain that the total number of ribosomes
or proteins that affect the active fraction did not significantly alter within the 5 or
10 min after RelA induction, when the LacZ assays were performed. Then indeed
a post-translational target for ppGpp must be present in this concentration regime.
Yet, this requires verification.

A kinetic model of transcription and translation in cellular extracts suggests com-
petitive inhibition with regard to GTP dominates, although the inhibition mechanism
could be mixed with allosteric regulation. This is consistent with the observed in-
hibition in the PURE system. Here, the only translation related factors are the
initiation, elongation and release factors, as well as ribosome recycling factor (RRF)
[25] and peptidyl-tRNA hydrolase (PTH). IF2, EF-G and RF3 have been reported to
be inhibited by ppGpp and all competitive with regard to GTP [12, 13]. The overlap
between in vivo and in vitro data suggests inhibition of these three factors could be
sufficient to explain the inhibition of translation by ppGpp.

On the other hand, Zhang et al. [8] discovered multiple additional proteins involved
in ribosome biogenesis and translation in E. coli that are binding ppGpp: RsgA,
HIfX, Der, ObgE, Era and LepA. The binding was always competitive with GTP and
GDP with affinity constants in the low micromolar range for ppGpp and GDP, and
about 10-fold higher for GTP (10-30 uM). Even though the affinity constants for
ppGpp suggest that ppGpp could inhibit these GTPases at basal levels during steady
state growth, the much higher intracellular concentrations of both GTP (estimates
between 1.1 and 4.9 mM [41, 43]) could overcome this, depending on the Michaelis-
Menten constant (Kyv) of the target. For example, the Ky of EF-G for GTP was
estimated to be 0.22 uM [44]. Applying Michaelis-Menten kinetics then indicates
that it is practically unlikely for ppGpp to significantly inhibit EF-G (e.g. GTP would
have to decrease 10-fold and ppGpp 1000-fold). IF2 on the contrary has a Ky of
30 uM, which combined with a 2.8 uM K4 [12] results in an ICsy of 100 uM ppGpp
at 1.1 mM GTP or 455 puM ppGpp at 49mM GTP. A kinetic analysis of IF2 hence
confirms that it could be inhibited in vivo by ppGpp. Unfortunately, biochemical
data are missing for RF3.

In conclusion, in this study we have shown ppGpp has multiple roles in regulat-
ing translation. Besides the more characterized effects on transcription and the
well-known effect on ribosome synthesis, our data suggest ppGpp inhibits transla-
tion initiation and/or elongation factors, as well as factors involved in recycling of
ribosomes. In particular IF2 and RF3 are very likely directly targeted by ppGpp.
The relative importance of the various roles of ppGpp is concentration dependent
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and dependent on the conditions the cell is in. At in vivo concentrations up to
200 pmol OD_l, ppGpp appears to have no post-translational effect on translation.

4.5.
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and technical assistance with the PURE system. We would like to thank Christophe
Danelon for providing the PURE system and useful discussions. Finally, we would
like to thank Misha Klein for very useful discussions.
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4.6.

4.6.1.

More DNA increases RNA synthesis, which is one substrate of the translation ma-
chinery, yet simultaneously more transcription decreases the NTP pool needed for
aminoacyl-tRNA and translation itself. In Figure S4.4 the absolute Spinach and
YFP synthesis rates for various DNA concentrations are shown as a function of
added ppGpp concentration. The experiment was performed twice. At 0.5nM DNA
there was no detectable signal of Spinach, indicating the DNA concentration was
too low. Given that there was still detection of YFP this indicates that YFP detec-
tion is more efficient than Spinach and/or that one mRNA molecule is translated
several times. The difference of the values between the two experiments is likely
due to maintenance of the spectrophotometer. The trends are however the same:
1) at high DNA concentration (10nM) the Spinach signal increases, whereas the
YFP signal decreases. Apparently, the higher amount of RNA does not increase
YFP production, hence RNA is not rate-limiting for translation. Likely the higher
amount of transcription uses the resources ATP and GTP needed for translation. At
2nM Spinach synthesis rates are lower than at 10 nM, which indicates that 2nM
DNA is rate-limiting for T7 RNA polymerase. At 0.5nM DNA translation rates are
on average decreasing compared to higher DNA concentrations, showing that at
this DNA concentration DNA — and hence RNA- is rate-limiting for the ribosome.
At 2nM translation rates were the highest, which means that ATP and GTP were
not limiting. We therefore assume that ribosomes are at their maximal rate and
that RNA is not limiting. Interestingly, the increase in Spinach and concomitant
decrease in YFP synthesis rate at 10nM DNA compared to 2nM also indicates that
in the lysate reaction the T7 RNA polymerase is not halting the ribosome, as well
as that the ribosome is not pushing T7 RNA polymerase forward. If there is some
direct coupling between T7 RNA polymerase and the ribosome, it would only be for
a non-detectable fraction of T7 RNA polymerase or ribosomes. 2) At the used DNA
concentrations, the Spinach transcription rates are not inhibited by ppGpp (at 10 nM
DNA) or less than translation rates (at 2nM DNA). For optimal YFP and Spinach syn-
thesis, 2nM DNA was used in further experiments as this had the best YFP signal
and also sufficient Spinach signal.

Transcription and translation rates were not significantly affected by GTP concen-
tration, apart from one experiment in which 3 or 45mM GTP resulted in a higher
initial translation rate than lower or higher GTP concentrations (Figure S4.1). This
means that at all concentrations tested in Figure 4.1 GTP was not limiting. This is
particularly important because it has been shown that limiting nucleotides in in vitro
transcription translation systems favours transcription over translation [45], which
is an artefact we wanted to prevent.
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Figure S4.1: Absolute transcription (A) and translation (B) rates of lysate reactions at vari-
ous GTP concentrations. The results are from 3 individual experiments.
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Figure S4.4: Optimization of DNA concentration and titration of ppGpp in the lysate in vitro
transcription (A) and translation (B) reactions.

Table S4.1: Number of traces used for each condition in Figure 4.1D-E.

ppGpp GTP (mM) total

(mM) 1.5 3.0 45
0.00 5 15 3 23
0.25 14 14
0.50 3 15 3 21
1.00 15 15
1.50 3 3
total 8 59 9 76

Table S4.2: PURE in vitro reaction assembly

Compound, in order of pipetting Final concentration in cuvette

PUREfrex feeding mix (2X) 1X
PUREfrex enzyme mix (20X) 1X
PUREfrex ribosomes (20X) 1X
DFHBI [400 uM] 20uM
PTH [2 uM] 0.1 uM
DNA 45nguL!
MQ -

PPGpp 0to 1mM
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Strain Description Source
E. coli DH5« Used for cloning and plasmid amplifica- Invitrogen
tion
E. coli Rosetta2 F- ompT hsdSB(rg- mg-) gal dcm Novagen

E. coli RLG14536

E. coli RLG14537

MG1655 rpoZA2-5-kan rpoC R362A
R417A K615A-tetAR (1-2+)

MG1655 rpoZ(WT)-kan rpoC N680A
K681A —tetAR (1+2-)

Richard Gourse [31]

Richard Gourse [31]

E. coliNCM3722 Wild type CGSC 12355
E. coliNCM3722 rpoCl- NCM3722 rpoC R362A R417A K615A This work
tetAR (1-2+)
E. coliNCM3722 rpoC2- NCM3722 rpoC N680A K681A tetAR This work
(1+2-)
E. coli MG1655 Wild type DSMZ 18039
E. coliMG1655DE3 MG1655 with prophage ADE3 with T7 This work
RNA polymerase
Plasmid
pBbA5a-RFP 15A origin, amp, lacUV5 promoter, RFP. Addgene
pBbS2k-RFP SC101** origin, kan, Tet promoter, RFP. Addgene

pSC101**-RelA*

pSC101**-RelA*-Amp

p15A-RelA*

pTR-JExA1-RFP

pJEx-RelA*

pSB1C3
pET28c-2xBroccoli

pET28c-GFP

Expression  of  RelA;_455-Gly-Ser-
mVenus from tetracycline inducible
promoter. Also carries tetR and kan

pSC101**-RelA* with kan replaced by

amp
pSC101**-RelA*-Amp with the
SC101** origin replaced by the
15A origin

Expression of RFP using the Jungle Ex-
press[46] expression system. Carries
SC101 origin and kan.

pTR-JExA1-RFP with RFP replaced by
relA*

Carries sfGFP.

Broccoli dimer expressed from T7 pro-
moter, kan.

sfGFP expressed from T7 promoter,
kan.

Ferhat Buke

This work

This work

[46]

This work

IGEM
[34]

This work
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Table S4.4: Primers used in this work.

Primer name Sequence

NI20

NI23

NI24

NI27

NI288
NI289
NI290
NI291
NI292
NI293
NI294
NI295

NI332
NI333
NI334
NI335

CGGCATGGATGAGCTTTATAAGTAATAacgaaaggaagctg
agttgg
CTCCTTTTGACATCTAGTATTTCTCCTCTTTAATCCTATAG
TGAGTCGTATTAATTTCGC
CAACTCAGCTTCCTTTCGTTATTACTTATAAAGCTCATC
CATGCC
GACTCACTATAGGattaaagaggagaaatactagATGTCAAA
AGGAGAAGAGCTG
agaaaaataaacaaataggggttccgcggcgaaacgatectcatec
ttaccaatgcttaatcagtgagg

cgcggaacccctatttg

tttccataggcteege

ggctgacttcaggtgctac
aggtgcctcactgattaagcattggtaagcgggactctgggg
tcaaatgtagcacctgaagtcagccgcttggattctcaccaataaaaaac
gcttgtcaggggggcggagcectatggaaacctaggtataaacgcaga
aagg
gatcttttaagaaggagatatacatatggttgcggtaagaagtg
cacttcttaccgcaaccatatgtatatctccttcttaaaagatc
catggacgagctgtacaagtaaggatccaaactcgagtaag
gatccttactcgagtttggatccttacttg
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SpoT, together with RelA, is responsible for the coordination of intracellular ppGpp
levels with extracellular conditions. Being the sole enzyme capable of both synthe-
sizing and hydrolyzing ppGpp, SpoT is behind the inverse correlation of so-called
basal ppGpp levels with growth rate. As such, understanding what regulates SpoT
activity holds the key to understanding bacterial growth rate control. Yet, despite
decades of research, what molecular mechanism determines its catalytic activity
remains a mystery. A few proteins such as acyl carrier protein (ACP) and the small
GTPase ObgE have been reported to interact with SpoT and ACP was hypothesized
to lock SpoT in hydrolysis mode. In this chapter, ACP was purified and an in vitro
assay was developed to study how the hydrolysis activity of semi-purified SpoT
responds to ACP. In contrast with a previous study, a concentration of 1 mgmL™1
holo-ACP inhibited SpoT hydrolysis by 70%. SpoT mutation S587N, believed to
abolish the interaction with ACP, was no longer inhibited by holo-ACP, thereby con-
firming holo-ACP inhibits SpoT hydrolysis. For ObgE no effect on SpoT hydrolysis
activity was detected. Considering the in vivo concentration of ACP, as well as
possible competition with other proteins interacting with SpoT, it seems unlikely
holo-ACP influences SpoT activity in other conditions than during extreme stresses
that significantly increase the intracellular holo-ACP level. Therefore, what regu-
lates SpoT activity during steady-state growth, remains to be discovered.
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5.1.

At this point, the reader has read extensively about the importance of (p)ppGpp
as a signaling molecule in E. coli, guiding the cell through all kinds of stresses and
environmental adaptations, besides having an unknown role in steady-state growth
rate control. However, (p)ppGpp is merely the effector of decisions imposed by the
enzymes that synthesize and degrade it. RelA and SpoT are in fact the enzymes that
adjust (p)ppGpp to environmental cues (Figure 5.1). Although RelA is essential
for appropriate response to amino acid limitation, it still is not vital: RelA deletion
mutants grow in a variety of conditions. SpoT on the contrary cannot be removed
from the chromosome! and possesses ultimate control over ppGpp as it is able to
both synthesize and hydrolyze (p)ppGpp.

In contrast to RelA, (p)ppGpp synthesis by SpoT is activated by a broad range of
conditions, some of which shown in Figure 5.2. These include fatty acid starvation
[2], carbon limitation [3—6], iron limitation [7], phosphate limitation [4], inhibition
of ATP synthesis [6] and nutrient upshifts [8]. SpoT even responds to combined
starvation for multiple amino acids [6]. Finally, RelA deletion mutants have shown
that SpoT can single-handedly synthesize ppGpp levels correlating with growth rate
[4, 9, 10]. Thus, SpoT on its own ascertains an appropriate (p)ppGpp response to
nearly all environmental changes E. coliis faced with.

ACP(?

?.

@ vtk

GTP/GDP

RelA
SpoT

(P)PPGPP

Ribosome with deacyl-tRNA

Figure 5.1: RelA and SpoT together determine ppGpp levels, yet only SpoT is es-
sential. SpoT has both hydrolysis and synthesis capacity, whereas RelA can
only synthesize ppGpp. For RelA it is clear which molecular mechanism acti-
vates it: the interaction with a formerly translating ribosome, stalled due to the
binding of a deacylated tRNA in its A-site. For SpoT however, it is barely known
which mechanisms drive it to synthesis or hydrolysis of ppGpp.

1SpoT can be deleted together with RelA. The double knock-out however grows only in a very limited
set of conditions [1].
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Figure 5.2: A selection of ppGpp responses effected by SpoT only. By comparing
ArelA and wild-type strains, the role of SpoT in determining ppGpp levels be-
comes clear. A) Cerulenin addition inhibits fatty acid synthesis, which rapidly
increases due to SpoT. Data from [2]. B) ArelA cells growing on low-phosphate
medium eventually cease growth, with a concomitant SpoT-dependent increase
in ppGpp. Data from [4]. C) SpoT is behind the correlation between basal
ppGpp and growth rate. Data from [4, 9, 10]. D) Depending on the type of
medium improvement (supporting faster growth), the ppGpp levels decrease in
ArelA. *Rich medium’ contains glucose, 19 amino acids, thiamine, hypoxanthine.
Data from [8]. E) ArelA cells growing on low-glucose medium eventually cease
growth, with a concomitant SpoT-dependent increase in ppGpp. Data from [6].

This raises the fascinating question how a single enzyme is able to integrate such a
vast amount of information. Somehow the state of fatty acid, carbon, phosphate,
iron metabolism is sensed by SpoT and the catalytic activity of SpoT is adapted ac-
cordingly. The question hence diverges into two sub-questions. The first addresses
what is sensed by SpoT. Is there some kind of protein, metabolite or signaling
molecule that represents metabolism as a whole? Or is SpoT combining multiple
intracellular cues representing individual metabolic pathways? The second ques-
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tion aims at a structural understanding of SpoT. SpoT contains several regulatory
and catalytic domains: how do these influence one another? Is SpoT by default
hydrolyzing (p)ppGpp and in need of activation in order to synthesize it? Or does it
require a cue for both hydrolysis and synthesis? Unfortunately, very little is known
about the relative amounts of hydrolysis and synthesis rates (Table 5.1.)

Currently none of these questions can be answered with certainty, and for good
reasons. The fact that single SpoT knock-outs are not viable, that tag-free SpoT
purification has not been achieved? and that in vitro synthesis of ppGpp by SpoT
has still not been observed, all demonstrate that both in vivo and in vitro classic
assays to investigate enzymes are difficult and possibly not applicable to SpoT.

Fortunately, perseverant scientists have used pull-down assays, bacterial-two-hybrid
assays and genetic screens to identify potential interaction partners of SpoT. This
way a frighteningly long list of proteins that might interact with SpoT has been
drawn up. For some of these, subsequent studies have (somewhat) substantiated
the interaction, yet leaving question marks regarding the in vivo function of the
interaction. These include the interaction between SpoT and YbeY, ObgE, ACP,
Rsd and YtfK (discussed in detail in section 1.3.3). When this project was started,
only ACP and ObgE were mentioned in several studies to (potentially) interact with
SpoT. Therefore, the aim of this chapter was to study the effect of these on the
catalytic activity of SpoT.

Acyl carrier protein (ACP) is a cofactor in fatty acid synthesis (FAS), lipid A and lipoic
aid synthesis, quorum sensing, bioluminescence and toxin activation [18]. ACP
carries fatty acid chains to numerous enzymes involved in these pathways. It is only
9kDa, but one of the most abundant proteins in the cell with 60 000 molecules/cell

2The first to purify (untagged?) full-length SpoT since the first attempts in 1977 [11-13] has been
Mechold et al. [14]. Unfortunately, it is not possible to trace back exactly which SpoT construct
and overexpressing strain were used, as this (and other papers) refer to unpublished data [15, 16].
Recently, Lee, Park, and Seok [17] purified GST-tagged SpoT.

Table 5.1: Currently known activity of E. coli SpoT in various growth conditions.

Growth condition Synthesis Hydrolysis Net ppGpp
Multiple amino acid deprivation [6] increase  decrease increase
Glucose starvation [6] decrease  decrease increase
Inhibition ATP synthase with azide [6] increase  decrease increase
Glucose addition to glucose starved cells [6] ? increase decrease
Cerulenin addition (fatty acid starvation) [2] ? ? increase
Glucose-lactose diauxic shift [5] ? ? decrease
Medium shift-up [8] ? ? decrease




155

during exponential growth [19]. It consists out of four a-helices that create a
pocket where the whole acyl chain or only part of it is buried, depending on the
length of the acyl-chain [18]. The attached acyl-chain can thus dramatically alter
the properties of ACP. Since there are dozens of fatty acids and its intermediates in
the cell, ACP actually encompasses a family of molecules, also called ACP species.

The interaction between SpoT and ACP is not very well characterized. Several stud-
ies have demonstrated the interaction by purifying ACP and co-purifying SpoT with
it or vice versa [20-22].The interaction takes place via the TGS domain of SpoT
and helix II of ACP [22, 23]. Battesti and Bouveret [22] discovered several point
mutants of SpoT that were presumably no longer able to interact with ACP and
showed a different ppGpp response to cerulenin, an inhibitor of fatty acid synthesis
[18]. More specifically, whereas wild-type SpoT synthesizes ppGpp upon cerulenin
treatment [2], the SpoT mutants did not, indicating the ACP-SpoT interaction is
necessary for the cell to sense the blockage of fatty acid synthesis and synthesize
ppGpp. Although it is not known which ACP-species bind to SpoT and during which
conditions, preliminary data based on pull-downs after cerulenin treatment or glu-
cose starvation suggest that the SpoT-ACP interaction is stable in these conditions.
This implies ACP might be permanently bound to SpoT [22]. This led to a model in
which SpoT by default binds ACP, keeping SpoT in a basal hydrolysis state corre-
sponding to basal ppGpp levels. When the cell becomes starved for carbon or fatty
acids the proportions of ACP species change, which would be sensed by SpoT and
provoke a transition from hydrolysis to synthesis state.

Another protein that has been claimed to interact with SpoT in several bacterial
species is ObgE or CgtA. ObgE is a mysterious GTP hydrolase, to which numerous
functions have been ascribed based on various diverging studies, related to DNA
replication [24-26], ribosome maturation [27], stress response and ppGpp signaling
[28]. ObgkE is vital for E. coli and cannot be knocked-out [29]. At the genetic
level, ObgE is part of an operon including ribosomal proteins L21 and L27 and is
regulated by DksA and ppGpp, as are ribosomes [30]. This is why it is present in
concentrations similar to ribosomes, high during exponential growth and low during
stationary phase [26]. Also at the protein level there is a link with ribosomes:
several studies have observed ObgE in ribosomal fractions [31]. During purification
of ObgE, several proteins co-purified, including CsdA/DeaD, a helicase part of the
30S ribosomal assembly, and SpoT. The interaction with SpoT was confirmed with
a yeast-two-hybrid assay. Sato et al. [27] however did not detect SpoT in a pull
down of ObgE. Jiang et al. [32] studied the association of both ObgE and SpoT
in ribosomal fractions. Specifically, ObgE binds 30S and mainly 50S ribosomes
[32, 33], which is not affected by ppGpp, as the binding is similar for wild type
and ppGpp® strains. SpoT is also mainly ribosome associated, both 50S and 30S
fractions. However, in stationary phase and stress situations (such as serine or
glucose starvation by serine hydroxamate or a-methylglucoside respectively) SpoT
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was detected in the not ribosome bound state. Thus, the ribosomal binding patterns
of ObgE and SpoT do not completely overlap, and ObgE does not need SpoT to
interact with the ribosomal fractions.

In a still obscure way, some or all of these interactions allow SpoT to set ppGpp
levels such that they correlate with the growth rate of the cell. The ACP-SpoT
interaction presents a possible explanation. The ratios of the different ACP species
are likely to vary with the flux through the fatty acid synthesis pathway, as with a
higher flux, the usage of precursors increases. The growth rate directly depends on
the flux of the fatty acid pathway, as fatty acids are part of phospholipids which are
put in the membrane of the growing cell. Given that ACP interacts with SpoT, it was
hypothesized that SpoT senses the flux through the fatty acid synthesis pathway. A
decrease in flux would cause a decrease in acylated ACP, downregulating the ppGpp
hydrolase activity of SpoT [34, 35].

Prior studies in our lab have quantified the various ACP species in different steady-
state growth rates to determine whether the hypothesis that ACP species could
correlate with the rate of fatty acid synthesis or growth rate is plausible. Indeed,
some species varied with growth rate (Figure 5.3A). To pinpoint exactly which
ACP species were the most likely to control SpoT activity, ACP-pools were quantified
in stress conditions known to change SpoT activity. These include addition of the
antibiotic cerulenin [36] (Figure 5.3B), diauxic shift in a RelA- strain (Figure 5.3C)
and response to chloramphenicol and medium upshift [37]. From these it was clear
that there is a large variation in the ratios of the various ACP species in different
conditions. For example, when E. coliMG1655 grows in glucose and casamino acids,
the most abundant ACP species are holo-ACP (32%), the saturated acyl-ACPs up
to C14 (17%) and hydroxylated acyl-ACPs (10%). C16-ACP only counts for 1%,
acetyl- and malonyl-ACP for 3% and all unsaturated ACPs for 2%. Ketoacyl-ACPs
were not detected due to low abundance.

Interestingly, inhibition of fatty acid synthesis by cerulenin (Figure 5.3B) caused
an immediate decrease in holo-ACP to about 8% and hydroxylacyl and unsaturated
acyl-ACPs to less than 1% each. Concomitantly, all saturated acyl-ACP’s increase
dramatically to 64% of the pool. The fact that the relative increase of some ACP
species is larger than the decrease of others insinuates that an increased fraction
of the cellular ACPs has been devoted to fatty acid biosynthesis or that the cell has
synthesized more ACP. Despite this extensive data-set, there was no specific ACP
species of which the quantity consistently correlated with activity of SpoT. In other
words, it does not appear that a single ACP species can promote ppGpp synthesis
or hydrolysis of SpoT.

To determine which ACP species interact with SpoT in vivo is difficult because it is
impossible to completely control the levels of each individual ACP species and be-
cause of their scope. In vitro using purified SpoT, one could assess the effect of the
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individual ACP species on SpoT, which was the aim of this chapter. This required
overcoming several major challenges, including 1) purifying SpoT (despite decades
of research there was no published protocol for this) and ACP; 2) synthesizing the
different ACP species, which requires expensive substrates and which is difficult to
obtain in the high concentrations that mimic the cell’s cytoplasm; and 3) measuring
SpoT activity by quantifying ppGpp with a newly developed LC-MS method. For
these reasons, the goal was not (yet) to biochemically characterize SpoT by de-
termining the ke, K; of ACP inhibition, hydrolysis mechanism, etcetera. Instead
we were aiming at a qualitative understanding of the interaction between SpoT and
ACPs. A second aim of this chapter was to confirm or refute the interaction between
ObgE and SpoT and determine whether ObgE affects SpoT activity.

5.2.

5.2.1.

A list of strains and plasmids used can be found in Table S5.1. All primers were
obtained from IDT DNA. pSpoT allows expression of a CBP N-terminal tagged E. coli
SpoT. It was kindly provided by Mattia Cerri. To obtain it, spoT was PCR amplified
from MG1655 genomic DNA using primers MC29032016SpotF and MC29032016SpotR
(Table S5.2). The CBP tag, a spacer region and a sequence overlapping with spoT
was purchased as a single fragment (MC31032016CBPSPOTsy) from IDT, which was
PCR amplified with primers MC29032016CBPSynF and MC29032016CBPSynR. The
two PCR products were then SOE-ed together and subsequently digested with BgIII
and Xhol. To create pSpoT, this was ligated in a vector containing the pSC101**
origin of replication and kanR marker.

Point mutations were introduced into pSpoT by overlap extension PCR (annealing
temperature 70 °C) using primers as listed in Table S5.2. PCRs were digested with
DpnI (3h at 37°C, then 5min at 80°C) and then directly transformed into E. coli
DH5a. Plasmids were sequenced to confirm the presence of the point mutations
before transformation into MG1655.

For pObgE construction, obgE was amplified from genomic MG1655 DNA using
primers NI275 and NI276 and placed between the Ndel and BamHI sites in pET28a
(Novagen), appending a thrombin-cleavable N- terminal His6-tag to ObgE. For con-
struction of pACP (performed by Marek Noga), containing thrombin-cleavable N-
terminally His6-tagged ACP, acpP was amplified from E. coli MG1655 genomic DNA
with primers MNO1 and MNO2 (Table S5.2). Further the protocol was identical to
that of pObgE.
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Figure 5.3: Variation of ACP pools due to cerulenin addition, in various growth
rates and during glucose-lactose diauxic shift. A) The fraction of several
ACP species (anti)correlates with the growth rate. B) Immediately after ceru-
lenin addition, the ACP species fraction change. Data from Noga et al. [36].
C) Evolution of several ACP species during growth on MOPS medium contain-
ing 0.04% glucose and 0.2% lactose. At the onset of growth arrest during the
transition from glucose to lactose, ACP species change significantly. The peaks
during the transition coincide with the ppGpp response (Chapter 2). Data of A)
and C) were obtained by Mattia Cerri [37].

5.2.2,

This protocol is based on Battesti and Bouveret [22]. An overnight culture of
MG1655 with pSC101-CBP-SpoT or pSC101-CBP-SpoT utant Was diluted 1:50 in LB
with antibiotics (kanamycin 25 ug mL~1), 25 mL per final sample. Cells were grown
at 250 rpm and 37°C to an optical density of 0.3 and induced with 50ngmL~1 an-
hydrous tetracycline. When the cells reached an OD between 2 and 3, they were
centrifuged at 4000g, 4°C for 20min. Supernatant was discarded and the pel-
let washed with 1/10 volume of the culture using ice cold binding buffer (binding
buffer 1 high salts or BB1-HS: 10mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM Mg-
acetate, 2 mM CaCl,, 100 uM MnCl,). Centrifugation was repeated and supernatant
discarded. Pellets were resuspended in 0.5mL binding buffer per 25mL original
culture, pooled and sonicated on ice for 30 min (continuously 5sec on and 5sec
off with 40 % amplitude). Lysates were centrifuged for 30 min at 27000g and 4 °C.
Hereafter, the supernatant could be stored at —80 °C after addition of 0.5mL 50 %
glycerol per mL of supernatant (aliquoted in 1.5 mL aliquots). Lysates could be kept
at —80 °C for at least 4 months without losing activity. Option 2: Lysates were kept
on ice without glycerol addition and used right away in next step.

5.2.3.

For one pull-down sample, 25 L of calmodulin sepharose beads (GE Healthcare)
were used. E.g. if the total assay needed 12 samples, 12*25 L or 300 pL calmod-
ulin beads were prepared. Beads were washed 3 times with 1 mL binding buffer
(binding buffer 1 low salts or BB1-LS: 10 mM Tris-HCl pH 8.0, 15 mM NaCl, 1 mM Mg-
acetate, 2mM CaCl,, 100 uM MnCl,, final pH 8.0) by centrifuging at 500 rpm at 4°C
for 30 sec, discarding supernatant, resuspending in BB1-LS and vortexing. SpoT
lysates were added to beads, such that 300 mL culture was used for 300 L beads,
followed by incubation at 4°C while gently tumbling for 2.5h to 3h. Incubation
times of 24 h resulted in lower SpoT activity. Hereafter, the beads were washed 6
times with 5mL BB1-LS, again by centrifuging 500 rpm for 30 sec at 4 °C, removing
supernatant, resuspending, and vortexing. Removal of supernatant was done by
decantation and for the final step with a pipette to make sure all beads were at
the bottom of the recipient. This bead-residue was finally resuspended in the same
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volume as the initial bead volume used (e.g.300 pL for 12 samples). SpoT beads
were analyzed with SDS-PAGE using 4-20% Mini-Protean TGX stain-free protein
gels (Bio-Rad), which were subsequently stained with Coomassie Blue (BioSafe by
Bio-Rad).

5.2.4.

For a single assay 25 L prepared beads was briefly centrifuged at 500 rpm. The
supernatant was removed such that only beads were left, and this was resuspended
in 19 uL binding buffer (with or without ACP). In case ACP was present, the beads
(and control without ACP) were incubated at 4 °C for 90 min while gently tumbling.
After, this was put at 37 °C for a few minutes. Once at 37 °C, at 0 min 1 L of ppGpp
stock to a final concentration of 150 uM (unless mentioned otherwise) was added.
For each time point, the beads were centrifuged briefly in a table centrifuge and
1L supernatant was added to 19 puL quenching solution (50 % methanol, 30 %
acetonitrile, 20% water, containing 13C internal standard) and put on ice. The
content was determined with LC-MS.

5.2.5.

2 UL of the quenched supernatant was injected onto a cHILIC column as in chapter
2 to analyze ppGpp, GMP, GDP, GTP, AMP, ADP and ATP levels. Concentrations were
determined using calibration curves based on standards of 0, 10, 20, 50, 100 and
200 pM. The LOD was calculated as the limit of the blank (LOB) + 1.645 * SDy4y,
in which LOB = meanpank+ 1.645 * SDyank [38] (SD, standard deviation).

5.2.6.

Binding buffer 1 (BB1) [22] was compared to binding buffer 2 (BB2-HS) from
Heinemeyer and Richter [11], which contained 10 mM Tris-HCl, 2 mM MnCl,, 25 mM
NH,4 —acetate, 200 mM Na-acetate, 2 mM dithiothreitol, 2mM CaCl,, final pH 7.55.
The low salt variant of this buffer was BB2-LS (10 mM Tris-HCI, 2mM MnCl,, 2.5 mM
NH, —acetate, 20 mM Na-acetate, 2 mM dithiothreitol (DTT), 2mM CaCl,, final pH
7.7. In case ACP was added to SpoT, 2mM or 4mM DTT was added to the buffer
(incl. to the control without ACP added). Before the assay, the beads were incu-
bated with ACP for 70 to 90 min at 4 °C while gently tumbling.

5.2.7.

BL21 pACP was grown in terrific broth (TB) with 50 ugmL~! kanamycin at 230 rpm
and 37 °C until an OD between 0.9 and 1.3, induced with 750 uM IPTG and then put
at 18°C for 19h. Cells were pelleted (6700g, 20 min, 4 °C), supernatant discarded
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and washed with 50 mL phosphate-buffered saline (1.37 M NaCl, 27 mM KCl, 100 mM
Na,HPO,4, 18 MM KH,PQ4, pH 7.4) (original culture 500 mL). Cells were pelleted
again and dissolved in 15 mL resuspension buffer (150 mM Tris-HCl pH 7.5, 150 mM
NaCl, 10 % glycerol). Cells were sonicated on ice with a tip sonicator (3 min at 40 %
, 1sec on 2sec off) and lysate was centrifuged at 14000g for 35 min at 4°C. The
supernatant was put on a column containing 4 mL Ni-NTA beads (Thermo Fisher)
that were pre-washed with resuspension buffer. The column with supernatant was
incubated at 4°C while tumbling for 3h. The column was uncapped and lysate
flow through collected (unbound fraction). The column was washed with 10 mL
resuspension buffer and then with 5mL wash buffer (150 mM NaCl, 20 mM Tris-
HCl pH 7.5). Column was capped, and 1.9 mg thrombin (40-300 Umg~!) dissolved
in 2mL wash buffer was added to the column to remove the His-tag from ACP.
After 2.5 days of incubation (tumbling) at 4 °C, the eluate was collected. 8 mL wash
buffer was added and the flow through was collected in 1 mL fractions. Finally, 5mL
elution buffer (300 mM imidazole, 20 mM Tris-HCI pH 7.5, 150 mM NaCl) was added
and 1 mL fractions collected to remove all ACP from the column. Fractions were kept
at 4°C and analysed using SDS-PAGE. The column was washed with 15mL bead
regeneration buffer (20 mM 2-(N-morpholine)-ethanesulfonic acid (MOPS), 0.1 M
NaCl, pH 5.0), 15mL MQ and beads were resuspended in 4mL 20 % ethanol and
kept at 4°C.

Because ACP has a pl of 4.1, it is possible to further purify ACP by precipitating it
at pH 4.1, as most other proteins will still be in solution. ACP containing fractions
were first centrifuged 10 min 4°C at 15000g to remove precipitate. Supernatant
was added 1:1 to 200 mM formate buffer (pH 3.69). After intense vortexing the sam-
ple was centrifuged again and supernatant removed. The pellet was redissolved in
100 pL 20 mM KHPO, buffer (pH 7.2). The concentrated ACP samples were further
purified into holo-ACP and apo-ACP fractions using high performance liquid chro-
matography (HPLC). The column used was a Zorbax 300SB-C8 with mobile phases
A 0.1 % trifluoroacetic acid (TFA) and B 0.08 % TFA in acetonitrile (100 uL injection
volume). Fractions corresponding to holo- or apo-ACP were collected, and these
were verified to be holo-/apo-ACP with LC-MS using the same column. For LC-MS,
mobile phase A was 25 mM formic acid and mobile phase 25 mM formic acid in ace-
tonitrile. The LC-MS method was as in [36]. The HPLC fractions containing holo- or
apo-ACP were pooled, frozen in liquid nitrogen and lyophilized (—40°C, < 1 mbar).
Lyophilized ACP was redissolved in BB1-LS with 2mM DTT. This redissolved ACP
had a pH of about 5.5 due to traces of TFA, which was via titration determined
to be about 0.05%. To remove this TFA, ACP was twice precipitated with formate
buffer and resuspended in BB1-LS.

5.2.8.

Purification of ObgE was based on Feng et al. [39] with adjustments. E. coli
BL21DE3 pObgE was grown in 1L LB with antibiotics, 37°C and 250 rpm, until
and OD600 of 0.6. After induction with 1 mM IPTG, cells continued growing for 5h
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at 30°C. Subsequently, cells were centrifuged (4000 rpm, 10 min), resuspended
in lysis buffer (20 mM Tris-HCI, pH 7.5, 500 mM NaCl, 50 mM imidazole) and son-
icated. Hereafter, the lysate was centrifugated (15000 rpm for 30 min). In the
SpoT-binding assay with ObgE, 200 L ObgE lysate or ObgE lysis buffer was added
to a SpoT-beads sample and incubated overnight at 4 °C while gently tumbling. Next
day, the beads samples were washed three times with SpoT binding buffer 1 (low
salts) before performing a ppGpp hydrolysis assay as described above. Presence of
ObgE in the lysate and on the SpoT-beads was verified with SDS-PAGE.

5.2.9.

For standards, ACP and SpoT were purified as mentioned above. ObgE was further
purified from the lysate as follows. ObgE lysate was loaded onto a column with
4 mL Ni-NTA beads pre-equilibrated with lysis buffer. The column was washed with
20 mL lysis buffer and eluted with 10 mL elution buffer (20 mM Tris-HCI, pH 7.5,
500 mM NaCl, 500 mM imidazole). Eluted fractions were spin-filtered to remove
buffer. Skyline was used to in silico digest the proteins and generate transitions
based on the Uniprot protein sequence.

E. coli MG1655 pSpoT and E. coli BL21DE3 pObgE were grown in 0.2% glucose
MOPS minimal medium with necessary antibiotics and °NH4Cl as sole nitrogen
source. These cells were grown, SpoT and ObgE overexpressed, harvested and
lysed as their respective protocols above. The lysates were used as internal stan-
dard for the relative quantitation of SpoT, ObgE and ACP in bead-samples. There
was no need to overexpress ACP as the cellular concentration is ample to easily
detect ACP in lysates.

A SpoT-beads sample (containing 1*N proteins) was centrifugated and all super-
natant removed. Beads were redissolved in 50 L elution buffer (same as binding
buffer but with 2mM EGTA instead of Ca%*), sonicated and centrifugated. To the
supernatant 50 L of both 1°N-labeled lysates of cells overexpressing SpoT or ObgE
was added.

To precipitate the proteins, the following solutions were added with intense vortex-
ing in between: 1) 400 yL methanol, 2) 100 uL chloroform, 3) 300 yL LC-MS grade
water. The samples were centrifuged (1 min, 15000 rpm, 4 °C) and the upper layer
was carefully removed. After addition of another 300 uL methanol and vortexing,
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samples were centrifuged again (10min, 15000 rpm, 4°C). The total supernatant
was removed and (invisible) pellets dried in a vacuum centrifuge for 30 min without
heating. The proteins were solubilized in 50 uL protease buffer (50 mM ammonium
bicarbonate pH 7.8, 1 mM CaCl,, 0.2 % ProteaseMax (Promega)) with vigorous vor-
texing and sonication for 10 min. Hereafter 5 L of 50 mM DTT was added and again
vortexed. Then, 15 pL of freshly prepared 50 mM iodoacetamide (in 200 mM ammo-
nium bicarbonate) was added and incubated at room temperature in the dark for
30 min. Hereafter, 4 uL Trypsin Gold (Promega) solution (1 uguL~! in 50 mM acetic
acid) was added, the sample vortexed, briefly centrifuged and incubated overnight
at 37°C. The digestion was stopped the next day by addition of 5L 10 9% TFA. Af-
ter 5 min of incubation at room temperature, the samples were centrifuged (10 min,
15000 rpm, 4°C). Supernatant was stored at 4 °C before analysis with LC-MS.

The LC-MS system was identical to the one in chapter 2. The column compartment
was set at 40 °C. 5 pL sample was injected for analysis on an Acquity UPLC CSH130
C18 column (1.7 ym particle size, 2.1 mm ID, 50 mm length, Waters). Chromato-
graphic separation was performed using a binary gradient by mixing mobile phase
A (25 mM ammonium formate) and B (25 mM ammonium formate in acetonitrile) at
a flow rate of 0.6 mL/ min. First mobile phase B increased from 2 to 25% in 10 min,
then from 25 to 40 % in 2min and finally from 40 to 80% in 0.5 min followed by
a 0.5min hold and a 4 min re-equilibration under initial conditions before the next
injection. The mass spectrometer was operating in dynamic MRM mode with pos-
itive polarity using the transitions of Table S5.3. Fragmentor voltage was set to
130 for all traces. An acquisition time filter of 0.035 min was applied to the data.

LC-MS data files were processed with Skyline or MassHunter to integrate peak areas.
Peak areas for each compound were divided by peak area of the matching °N-
labeled internal standard.

5.3.
5.3.1.

To confirm SpoT was pulled down from the cells, the SpoT beads were analyzed
using SDS-PAGE (Figure 5.4). As a control a MG1655 lysate without overexpres-
sion of SpoT was used. When comparing the control with lysate in which SpoT was
overexpressed, there is one clear new band slightly above 75 kDa, consistent with
83 kDa of CBP-SpoT. Therefore SpoT was pulled-down although various other pro-
teins were co-purified with it. In particular there are 3 bands visible around 50 kDa.
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Given that in the lysate without overexpressed SpoT these are also present, these
proteins likely bind non-specifically to the beads, and not SpoT. The band around
15kDa is possibly calmodulin, which has a mass of 16.8 kDa (UniProt).

For ideal control of experimental conditions, SpoT should be eluted from the beads
and further purified as other proteins that might interfere in the assay also bound
to the calmodulin beads. SpoT was eluted from the beads using binding buffer
2 (high salt) with 2mM EGTA instead of CaCl,. Without Ca?*, the CBP tag will
no longer bind to the calmodulin beads and hence release SpoT. However, when
ppGpp hydrolysis activity was tested, there was no significant decrease in ppGpp
or increase in GDP (Figure 5.5).

EGTA, although often referred to as a CaZ*-specific chelator, in fact also chelates
other cations. The logarithmic stability constants for Ca2* and Mn2* are 11.0 and
12.3 respectively [40], indicating the affinity for Mn2* is about 10-fold higher than
Ca?*. It was shown experimentally that although equimolar amounts of EGTA and
Ca?* (at pH 7.3) lead to complete complexation, equimolar addition of Mn?* effec-
tively replaces over 90 % of the CaZ* in the Ca2*-EGTA* complexes [40]. Bearing
this in mind, it seems more likely that the EGTA removed the Mn%* necessary for
the hydrolysis activity of SpoT instead of the Ca* [11, 12]. Another potential ex-
planation for the lost activity of eluted SpoT, is that the release from the beads
somehow affected its folding, in particular the relative orientation of the catalytic
domains, which affects SpoT activity [14].

Given that when SpoT attached to the beads exhibited detectable ppGpp hydroly-
sis, it was decided to not further complete the purification as it was deemed not
absolutely vital for our goal, which was to detect a potential interaction between
ACP and SpoT. Therefore SpoT activity was further studied while attached to the
calmodulin beads.

5.3.2.

An overview of the ACP purification are presented in Figure 5.6A. The purification
of ACP using UPLC was expected to result in two peaks, one for holo-ACP and
one for apo-ACP, as these are the most abundant species in the cell during ACP
overexpression. There were however various peaks, most often two for apo-ACP
and four for holo-ACP (Figure 5.6B). Urea-PAGE analysis of these peaks indicated
the left peak of apo-ACP contained pure apo-ACP (Figure 5.6C lane 4), whereas
the right peak also contained other unknown protein(s) (Figure 5.6C lane 3). These
other proteins however could not be washed away using ACP-precipitation as they
precipitated together with apo-ACP (the mysterious protein is not present in the
supernatant, Figure 5.6C lane 2). Unfortunately, the precipitation of ACP is not
very efficient as about half the apo-ACP is lost in the supernatant (lane 2). The four
holo-ACP peaks contained different relative amounts holo-ACP and dimerized holo-
ACP, and occasionally apo-ACP (Figure 5.6C lanes 6-8). The fractions containing
only holo-ACP were pooled into the final holo-ACP solution used in SpoT hydrolysis
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Figure 5.4: SDS-PAGE of SpoT purification with calmodulin beads. Four bead sam-
ples were analyzed for their bound and unbound fractions. Bead samples 1 and
2 were pull downs of MG1655 pSpoT lysate with SpoT overexpressed, whereas
samples 3 and 4 are pull downs of MG1655 lysate. The arrows indicate the

band corresponding to SpoT.
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Figure 5.5: ppGpp hydrolysis activity of eluted SpoT. The SpoT pulldown and ppGpp
hydrolysis activity test were performed in BB2-HS. Before eluting SpoT, the ac-
tivity of SpoT was tested (black curve). Since there were no internal standards,
there is a high variability in the data (e.g. ppGpp signal at 0 min). However the
GDP signal clearly increases, indicating SpoT is active. SpoT was eluted from
the exact same beads with BB2-HS containing EGTA. GDP levels do not increase
significantly, indicating SpoT has reduced activity compared to SpoT bound to
the beads.
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assays (Figure 5.6C lane 5, dissolved in BB1-LS 2mM DTT). Figure 5.6D shows
the results of the in vitro synthesis of C4-ACP and C8-ACP. In the given conditions,
the conversion of apo-ACP (1mgmL-1) to C4 or C8-ACP is complete as there is
no apo-ACP detectable in the samples of C4 and C8-ACP. However, there was a
significant loss of C8-ACP after precipitation to remove SFP synthase (C8* in Figure
5.6D).

5.3.3.

In order to asses in vitro SpoT activity, it was necessary to absolutely quantify ppGpp
and GDP, respectively the substrate and product in case of ppGpp hydrolysis. For
absolute quantification of compounds using LC-MS, an internal standard (IS) is
vital. Without IS, LC-MS analysis can add a significant error to a measurement as
there can be various sources of variation between samples even within a single
measurement batch: the injection volume, the ionization efficiency, the degree of
in-source degradation and the detection. This is illustrated by the preliminary test
of SpoT activity in Figure 5.5. To compensate for all these errors, it is common
to use an internal standard identical for all samples, existing of the compounds
of interest but isotopically labeled, such as 3C or °N. These are chemically the
same as the unlabeled compound and hence will behave the same in the MS and
undergo the same sources of error. Therefore, the quenching solution was dried
13C E. coli lysate dissolved in 50 % methanol, 30 % acetonitrile, 20 % MQ. Figure
5.7 shows that using the ratio of 2C/13C for quantitation improves the variability
between samples and allows to make an accurate calibration curve for GDP and
ppGpp. Each time the LC-MS was used, a calibration curve of both ppGpp and GDP
was measured in order to quantify GDP and ppGpp in the samples of that run. The
average limit of detection (LOD) was 3.5uM + 1.4 uM for GDP and 7.1 M + 3.0 uM
for ppGpp (see methods).

5.3.4.

Several buffers were screened to improve the in vitro activity of SpoT. Both the
buffers used for the preparation of the lysate, and for the actual hydrolysis of ppGpp
were varied. Buffers used for protein purification contain high salt concentrations
to reduce interactions between the protein of interest and other proteins in the cell,
allowing a higher degree of purity. The buffers tested were based on a protocol
by Battesti and Bouveret [22] and Heinemeyer and Richter [11], and will be called
respectively binding buffer 1 high salt and binding buffer 2 high salt. (BB1-HS, BB2-
HS). However, the buffer used to test the activity of the protein of interest needs
to contain all necessary cofactors, and mimic the conditions of the cell. Since the
substrate and product of the reaction in our case are measured with LC-MS, the
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Figure 5.6: Holo-ACP purification and in

vitro synthesis of ACP species. A)

Overview of the purification and in vitro modification of ACP species. B) Chro-

matogram of UPLC purification of
holo-ACP elutes and after 7.5min

ACP (absorbance at 215nm). After 4 min
apo-ACP. The various peaks were analyzed

using urea-PAGE (C). C) Lane 1: Eluted ACP after His-tag purification, sample
that was used for UPLC; lanes 2-9: see text. D) Urea-PAGE of purified holo-
ACP (lane 1) and apo-ACP (1 mgmL™, lane 2), and in vitro synthesized C8-ACP
(lane 3) and C4-ACP (lane 4) using apo-ACP, SFP synthase and C8-CoA or C4-
CoA respectively. Lane 5 represents C8-ACP after one round of precipitation
and redissolving in order to remove SFP synthase. There is a significant loss of
C8-ACP. The upper band in lane 1 represents dimers of holo-ACP.
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buffer also has to be MS compatible, so preferably preventing the formation of
adducts that are not measured and preventing ion suppression (ions in the sample
hinder efficient ionization of the compounds of interest). Moreover, the high salt
concentrations in the purification buffers could impede interactions between SpoT
and other proteins. Therefore, the buffers tested were again of [22] and [11], but
with lower salt concentration and were called BB1-LS and BB2-LS (low salt).
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Figure 5.7: Calibration curves of ppGpp and GDP for in vitro SpoT activity assays.
12C ppGpp and GDP standards were diluted in BB1-HS, containing *3C labeled
internal standards. A) Peak areas of 2C and 3C ppGpp and GDP of the calibra-
tion samples. B) The ratio of 12C/!3C results in a more precise calibration curve.
Samples were injected twice, using cHILIC method (chapter 2).

When comparing SpoT beads that were prepared in BB1-HS, the hydrolysis happens
just as efficiently in BB1-LS and BB2-LS (Figure 5.8), as in both cases GDP levels
increase already after 1 min, reaching saturation after 2 min. However, SpoT beads
prepared in BB2-HS appear less active in hydrolyzing ppGpp. This could be because
the lysate was prepared a few months before the lysate prepared in BB1-HS. It
could also be that the buffer simply does not allow for SpoT activity as much, or
that the specific salts in the buffer do (not) prevent interaction between SpoT and
other proteins that inhibit/promote SpoT hydrolysis activity. However, during the
optimization of the assay, in some experiments BB2 seemed better than BB1 and
vice versa. In the end, BB1 was selected as the optimal buffer for purification (HS)
and in vitro activity assays (LS).

Assuming that the substrate (ppGpp) is present in saturating amounts (S > > Ky
in equation 5.1), the hydrolysis rate v,ax by SpoT can be estimated by the slope of
initial linear part of the hydrolysis curves. The activity of CBP-SpoT in buffer BB2-LS
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might be higher than in BB1-LS, although this was only apparent from the GDP and
not the ppGpp curve (Figure 5.9).

AP Umax *S

VS dt T Ku+s

(5.1)

However, the hydrolysis rates can only be compared between SpoT-bead samples
of a single purification batch. Given that vy = ket * E, with E the amount of
enzyme, the hydrolysis rate depends on the amount of SpoT attached to the bead,
which can vary from one purification round to another.
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Figure 5.8: Buffer optimization for in vitro ppGpp hydrolysis by SpoT. SpoT was
pulled down in either BB1-HS or BB2-HS. SpoT beads were eventually washed
and resuspended in BB1-LS or BB2-LS. A) Curves of decreasing ppGpp and B)
increasing GDP due to hydrolysis activity of SpoT. The curves are the aver-
age of three replicates (shown as coloured circles) originating from one SpoT
purification batch.
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Figure 5.9: ppGpp hydrolysis rates of SpoT in the different buffers. V,,,, was calcu-
lated based on the initial linear part of the curves of figure 5.8. *P < 0.05 of a
two-tailed t-test.

To determine whether interaction with ACP affects the activity of SpoT, ACP was
purified into holo-ACP and apo-ACP. These ACP species were added to SpoT-beads
and incubated for 90 min to allow a potential interaction between ACP and SpoT to
occur. Although apo-ACP does not accumulate in the cell, its interaction with SpoT
was also assessed as a comparison to the other ACPs. If an interaction between
SpoT and ACP is specific for certain acyl chains, it was assumed that apo-ACP
would interact less with SpoT. As shown in Figure 5.10, holo-ACP addition had
a dramatic effect on ppGpp hydrolysis by SpoT. Addition of 2mgmL~! holo-ACP
completely abolished SpoT activity (Figure 5.11). Apo-ACP also inhibited ppGpp
hydrolysis, although not as effectively as holo-ACP. As a comparison, the intracellular
concentration of ACP is 0.73mgmL~! 3. During steady state growth in glucose the
fraction of ACP that is holo-ACP is about 0.35, or 0.25mgmL™1,

The other known enzymatic activity of SpoT, (p)ppGpp synthesis, has never been
reported in vitro [16]. Possibly some interaction with other proteins or a cellular
signal is necessary to convert SpoT from hydrolysis to synthesis state. Nevertheless,
it was verified if the assay used for hydrolysis could allow ppGpp synthesis (Figure
5.10). SpoT on its own did not synthesize ppGpp from ATP and GDP, which is
no surprise given that its default mode is hydrolysis. Holo-ACP could however
potentially change the activity towards synthesis, as it inhibits hydrolysis. Therefore,
SpoT’s activity after incubation with holo-ACP was determined in presence of ATP
and GTP (Figure 5.12). The decrease in ATP could be due to the presence of
kinases that non-specifically bound to the beads, as there was a mild increase in ADP
(data not shown). However, no synthesis of pppGpp (or ppGpp) was detected.

3According to Rock and Cronan [19] the number of ACP molecules per cell is 60000. Dividing by
Avogadro’s constant this results in 9.96*1072° mol per cell. Given that the molecular weight of ACP is
9kDa and that the volume of E. coli during exponential growth on glucose is 1.22 fL [41], that results
in an ACP concentration of 82 uM or 0.73mgmL™1.
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Figure 5.10: In vitro ppGpp hydrolysis of SpoT is inhibited by holo-ACP or apo-
ACP. SpoT-beads were incubated with 0 (A), 1 (B) and 2mgmL™! (C) holo-ACP
or 3mgmL~! apo-ACP and tested for ppGpp hydrolysis. The two experiments
were performed with different batches of both SpoT and purified ACP. For exp.
1 ACP was dissolved in BB1-LS with 4mM DTT, and for exp. 2 BB1-LS with
2mM DTT.
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Figure 5.11: ppGpp hydrolysis rates of SpoT beads, with and without ACP. The
initial linear part of the curves of Figure 5.10 were used to calculate V-
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Figure 5.12: Holo-ACP does not induce pppGpp synthesis by SpoT in vitro. The re-
action contained SpoT beads with 2mgmL™ holo-ACP, 3 mM ATP and 0.8 mM
GTP.

Having established in vitro degradation of ppGpp, we also aimed at studying the
synthesis activity of SpoT. Many point mutants have been discovered which cause
different phenotypes and hence give clues about when and how SpoT is active.
In Table 5.2, a brief overview is given of some of these. We hypothesized that
mutants with impaired hydrolysis activity might be more likely to exhibit synthesis
activity, or that it would be easier to detect synthesis in these mutants. Therefore,
each of these mutants was overexpressed, extracted with a pull-down assay and
tested for ppGpp hydrolysis activity.

Not all mutants behaved exactly as reported in literature. As expected, for both
SpoT H72A and T78I no GDP was detectable after 15 min, suggesting they no longer
possess the capacity to hydrolyze ppGpp (Figure 5.13A,B). Although SpoT R140C
is also known to be hydrolysis inactive, SpoT R140C exhibited decreased but not
absent hydrolysis activity (25uM GDP after 15min, significantly above the LOD)
(Figure 5.13C). For SpoT H255Y it was assumed it would no longer hydrolyze or

Table 5.2: SpoT mutants and their activity based on literature and the pull-down assay.

SpoT mutant Reported activity Result pull-down assay
H72A No hydrolysis [42] Confirmed
T78I (SpoT202) No hydrolysis [43, 44] Confirmed
R140C (SpoT203) No hydrolysis [43, 44] Confirmed (or low rate)
H255Y No hydrolysis or more synthesis Hydrolysis

[44]
A404E No interaction ACP [22] No hydrolysis

S587N No interaction ACP [22] Confirmed
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have increased ppGpp synthesis activity. It still hydrolyzed ppGpp (Figure 5.13D),
which implies that it might show increased ppGpp synthesis activity. Therefore this
and mutants T78I, R140C and A404E were also tested for ppGpp synthesis activity
by adding 3.5 mM ATP and 0.5 mM GTP to active beads, however for none an
increase in pppGpp was observed (data not shown). In theory it might be possible
that some point mutants are not expressed well and therefore show no activity.
Currently a proteomics method to quantify the amount of (mutant) SpoT on the
beads is being developed (Figure 5.14 for preliminary data).

The paper that first reported interaction between ACP and SpoT also identified
residues within SpoT that might be responsible for the interaction [22]. In order to
confirm that the observed reduced hydrolysis activity upon incubation with ACP was
definitely due to ACP, these mutants were pulled down and hydrolysis activity was
tested with and without holo-ACP. SpoT A404E shows impaired hydrolysis activity
as it only synthesized 16 uM GDP after 15 min, which might explain why Battesti
and Bouveret [22] identified it as not binding ACP (Figure 5.13E). SpoT S587N
however still hydrolyzes ppGpp, even in the presence of 15mgmL~! apo-ACP and
holo-ACP (before UPLC separation, about 20 % holo-ACP) (Figure 5.13F-G). Wild-
type SpoT no longer hydrolyzes ppGpp when incubated with holo-ACP or apo-ACP.
This is consistent with SpoT S587N no longer interacting with ACP and holo-ACP
possibly inhibiting SpoT hydrolysis activity.

As ObgE has also been reported to be a binding partner of SpoT, ObgE was over-
expressed, and the lysate containing elevated levels of ObgE added to SpoT beads.
After overnight incubation, beads contained elevated levels of a close to 50 kDa
protein (Figure 5.15A), presumably ObgE. A few other low kDa proteins also were
pulled down, which are possible binding partners of ObgE. The presence of ObgE
however did not affect hydrolysis of ppGpp (Figure 5.15B).
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Figure 5.13: In vitro activity of SpoT mutants used in other studies. A-F: ppGpp
hydrolysis curves of pulled down SpoT mutants H72A (A), T78I (B), R140C
(C), H255Y (D), A404E (E) and S587N (F). S587N was also tested for ppGpp

hydrolysis activity in the presence of holo-ACP (G). The concentration of DTT
was 4 mM.
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Figure 5.14: Detection of pulled down SpoT, ACP and ObgE with proteomics al-
lows relative quantification of these proteins in different bead sam-
ples. SpoT bead samples (}*N) were mixed with equal amounts of °N la-
beled lysate of E. coli overexpressing ObgE as an internal standard to correct
for technical variation. These were digested with Trypsin and analyzed with
LC-MS. The 5 peptides shown represent those with the highest signal for the
proteins of interest. The ratio of N to *N represents the variety in the amount
of protein in different bead samples. Here, 3 bead samples were analyzed,
which showed ACP is present about equally in the different samples, there is
quite some bead-to-bead variation in SpoT, and ObgE is not present above
background noise.
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Figure 5.15: In vitro hydrolysis activity of SpoT is unaffected by ObgE. A) SDS-PAGE
of SpoT beads incubated with lysate of ObgE overexpressing cells (+ObgE)
or binding buffer (-ObgE). B) The same SpoT beads were tested for ppGpp
hydrolysis.

5.4.

SpoT is a mysterious enzyme known to be responsible for the correlation between
basal ppGpp levels and growth rate in E. coli. Despite decades of research, very lit-
tle is known about what steers its activity towards hydrolysis or synthesis of ppGpp.
The aim of this chapter was to uncover more about the potential interactions be-
tween SpoT and other proteins, given that in literature several are mentioned. Al-
though the interaction between SpoT and ACP is most reported, only once the
nature and function of the interaction have been investigated in more depth [22].
This led to the hypothesis that SpoT might sense the flux through the fatty acid
synthesis pathway by interacting with the various ACP species differently. More
specifically, ACP would bind to SpoT C-terminally and lock it in hydrolysis mode.
When the cell would starve for carbon or fatty acids, the proportions within the
pool of ACP species would change, provoking a transition from hydrolysis to syn-
thesis mode.

Here we developed an in vitro assay to analyze the catalytic activity of SpoT, and
how this activity changes in response to other proteins.

5.4.1.

As previously observed, ACP was pulled down together with SpoT given that the
proteomics method could detect ACP on SpoT-beads. It is possible however that
the interaction is established via a disulphide bridge between the terminal sulfhydryl
group of the phosphopantetheine arm of ACP and one of the eight cysteine residues
of SpoT, that could form when the cell lyses and the intracellular reducing environ-
ment is exposed. Hence the question: is the ACP-SpoT interaction an in vitro
artefact?
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To prevent the formation of disulphide bridges, SpoT hydrolysis assays were per-
formed in the presence of the reducing agent DTT. The concentration of DTT (2
or 4mM) was equal to or higher than concentrations used in purifications of ACP
(2mM [45], 1 mM [46]), or in assays used to demonstrate an interaction based on
disulphide bridges [20]. Specifically,2mM DTT was sufficient to abolish the inter-
action between ACP and IscS, indicating they interact via a disulphide bridge [20].
In our experiment, at 2mM DTT the majority of holo-ACP was not in dimerized as
shown with urea-PAGE. In addition, even in the presence of 4 mM DTT, we observed
consistent inhibition of SpoT hydrolysis by holo-ACP. Therefore, it is unlikely that
the SpoT-ACP interaction is an artefact caused by disulphide bridge formation.

5.4.2.

Still, can we be certain that a direct interaction between (holo-)ACP and SpoT
caused the decreased hydrolysis activity? There are several observations that sup-
port this. First, addition of ACP inhibited in vitro hydrolysis of ppGpp by SpoT in a
concentration dependent manner. Interestingly both holo-ACP and apo-ACP could
inhibit hydrolysis, although holo-ACP about twice as effectively. In bacterial two
hybrid assays Battesti and Bouveret [22] observed that ACP without the phospho-
pantetheine arm (mutation S36T) interacted about 8-fold less with SpoT compared
to wild-type ACP, similar to our data. However, apo-ACP is not detectable in the
cell unless CoA synthesis is inhibited in the presence of amino acids, a situation that
is likely not physiologically relevant [47]. Therefore, the inhibition of hydrolysis by
apo-ACP might not be relevant in vivo.

Second, a SpoT mutant (S587N) presumed to not bind ACP [22], showed a ppGpp
hydrolysis activity unaffected by the presence of ACP. The hydrolysis activity of SpoT
S587N without ACP was however similar to that of wild-type SpoT. This indicates
that either mutation S587N locks SpoT in hydrolysis mode, or that ACP effectively
no longer can inhibit SpoT. Given that S587N is still able to synthesize ppGpp in vivo
[22], it appears SpoT S587N is not ‘stuck’ in hydrolysis mode. This suggests that
ACP indeed inhibits hydrolysis by directly interacting with SpoT. Unfortunately, the
other reported mutation to abolish an interaction between ACP and SpoT (A404E)
was barely hydrolyzing ppGpp in our assay. The original study discovering the
mutation reported lower in vivo synthesis activity of strains carrying SpoT A404E
[48]. Apparently, this mutation affects both synthesis and hydrolysis activities,
which is also in line with the complementation assays performed by [22].

The question still remains whether the holo-ACP interaction with SpoT has high
enough affinity to occur in vivo. A holo-ACP concentration of 1 mgmL~! inhibited
SpoT by 70 %, yet during steady-state growth the holo-ACP concentration is esti-
mated at 0.26 mgmL~1. During glucose-lactose diauxic shift, however, this rises to
0.48 mgmL~! which could significantly reduce SpoT hydrolysis of ppGpp. Admit-
tedly, in neither conditions holo-ACP could completely shut off ppGpp hydrolysis.
Future experiments, started in this chapter, should decipher the effect of other ACP
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species on SpoT. Potentially, the combined action of several or all ACP species has
more effect.

5.4.3.

Although the activity assay so far could only analyze hydrolysis activity by SpoT, it
could confirm and also refute the activity of several SpoT mutants used in in vivo
experiments. For example, SpoT T88I and R140C, known as SpoT202 and SpoT203,
have reduced hydrolysis activities, consistent with the higher basal ppGpp levels
in vivo [43]. SpoT A404E was presumed to not interact with ACP, and based on
complementation assays still able to hydrolyze ppGpp as the mutation S587N [22].
However, the hydrolysis activity of A404E was significantly less, similar to mutation
R140C (SpoT203). It is possible therefore that not the abolished interaction with
ACP, but simply the damaged activity of SpoT is responsible for the altered growth
observed in complementation assays [22].

5.4.4.

Although our results confirm ObgE is pulled down with SpoT and they therefore
likely interact, preliminary data did not show an effect of ObgE on the hydrolysis
activity of SpoT. Jiang et al. [32] yet did not observe an overlap in the presence of
ObgE and SpoT in ribosomal fractions, implying that their interactions is weak or
not. Also the screen of Butland et al. [21] did not detect ObgE, neither did Sato
et al. [27]. It should be noted though that none of these pull-downs detected (or
mentioned) YbeY, YtfK and Rsd. Pull-downs appear to be on one hand sensitive
to false positives (as whole complexes might imply direct interactions that do not
occur in vivo) and the other hand prone to false negatives, as weak interactions
might not be detected, or as some interactions might be affected depending on the
specific properties of the purification buffer.

5.4.5.

The relatively weak interaction between holo-ACP and SpoT is coherent with the
current view that SpoT by default constantly hydrolyzes ppGpp. As soon as the
pool changes towards increased fractions of long-chain fatty acids, holo-ACP would
be replaced, allowing SpoT to hydrolyze more ppGpp. A complicating factor is
that ACP potentially competes with other regulatory proteins, such as Rsd, which
was recently discovered to also bind SpoT at the TGS domain but activate ppGpp
hydrolysis [17].

Whether an interaction with (holo-)ACP alone could be overcome by Rsd depends
on its affinity for SpoT and its cellular concentration. Given that an approximately
two-fold increase in hydrolysis activity was obtained in the presence of 0.52 mgmL™!
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Rsd [17], the interaction with Rsd is not orders of magnitude higher than the one
with holo-ACP. The intracellular concentration of Rsd is 3000 molecules/cell during
exponential growth, and 6000 during stationary phase, of which parts are inter-
acting with RpoD and HPr [49]. ACP concentrations are at the very least 10-fold
higher. Bearing all this in mind, it is questionable whether the Rsd-SpoT interaction
is relevant in vivo. Moreover, the little in vivo evidence to demonstrate the effect
of Rsd on SpoT consists of ppGpp measurements normalized to GTP, which was
not constant (supplementary material of [17]). The absolute ppGpp concentrations
might not be significantly affected by Rsd.

At first sight the relative decrease in holo-ACP and increase in ppGpp levels after
cerulenin addition are not in line with the result that holo-ACP inhibits hydrolysis by
SpoT. The decrease in holo-ACP would allow more hydrolysis to occur and hence
ppGpp levels to go down. However, this could be explained if the influence of holo-
ACP is overcome by another allosteric regulator, such as YtfK. YtfK binds at another
site on SpoT and is known to be responsible for the increase in ppGpp during fatty
acid and phosphate starvation [50].

When the current data about ACP, Rsd and YtfK are pieced together, it becomes
clear that although their individual interactions with SpoT sometimes have coun-
terintuitive outcomes, their combined interactions do not contradict the response
of SpoT to certain stresses (Table 5.3). Based on the different domains of SpoT
interacting with ACP, Rsd and YtfK, it is possible YtfK binds independently, and
that the activities of ACP and Rsd balance each other out. For all these binding
partners mutations are known that modify the interaction with SpoT [17, 22, 50].
It would be interesting to combine these mutations in vivo during the conditions
in table 5.3 to verify if some interactions dominate over or compete with others.
Measuring proteins levels of (mutant) Rsd, ACP species and YtfK combined with the
actual ppGpp levels should reveal more precisely which interaction(s) contribute to
synthesis or hydrolysis mode and under which conditions.

It still has to be investigated what the effect is of other ACPs, but given that YtfK
also affects basal level [50], it is unlikely that merely the ratios of ACPs — although
there are correlations with the growth rate — are the determinants of SpoT activity
during steady state growth. Considering that even more proteins such as YbeY
might be involved, it appears that the activity of SpoT is determined by a plethora
of interactions that together regulate SpoT, according to the plethora of conditions
the cell can be in.

5.5.

I would like to thank Niels van den Broek for help with developing the proteomics
method. I would like to thank Niels van de Broek and Marek Noga for support with
the ACP purification.
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Table 5.3: Model of SpoT activity based on current knowledge of interaction with
proteins Rsd, YtfK and holo-ACP. PEP: phosphoenolpyruvate, Pyr: pyruvate,
HPr-P: phosphorylated HPr. Holo-ACP fractions were obtained from Noga et al.
[36] and Mattia Cerri [37] (Figure 5.3). In the illustrations SpoT and the different
domains are represented as in Figure 1.3. The domain names depictured in white
are active. *The PEP/pyruvate ratio determines the phosphorylation state of HPr,
which affects Rsd binding to SpoT. In fatty acid starvation, the concentration of
pyruvate decreases [51], hence the PEP/pyruvate ratio is presumed to increase.
**Under phosphate starvation the flux to PEP and pyruvate decreases, or the
flux to pyruvate increases, depending on the growth rate [52], therefore it is
assumed here that the PEP/pyruvate ratio decreases.

In vivo Rsd YtfK holo-ACP (Net) SpoT Tlustration
condition interaction interaction fraction activity
PEP/Pyr M,
. HPr-P . ppGpp
Fatty a_C|d releases promotes is only 0.05. synthesis. YtfK
starvation/ . ppGpp SpoT not - .
. Rsd, which . S interaction
cerulenin synthesis.  inhibited. .
promotes dominates.
hydrolysis.
PEP/Pyr ¥**,  promotes PPGPP
Phosphate . ! synthesis. YtfK YHK
) HPr binds ppGpp ? ; .
starvation . interaction
Rsd. synthesis. .
dominates.
Glucose- HPr-P increases up PPGPP holo-ACP
lactose releases t0 0.65. holo- synthesis. ”
L Rsd. Rsd ? DU Holo-ACP
diauxic ACP inhibits
Shift promotes hydrolysis outcompetes 2
hydrolysis. ' Rsd. :
YtfK
basal ppGpp
Basal is 0.35. holo-  synthesis. holo-ACP
. . promotes ACP could Synthesis/ .
growth in HPr binds - .
ppGpp mildly hydrolysis is
glucose Rsd. . L
medium synthesis.  inhibit balanced by
hydrolysis. YtfK and holo-
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5-6-
Table S5.1: List of strains and plasmids used in this chapter.
E. coli strain Description Source
DH5a Used for cloning and plasmid amplification ~ Invitrogen
BL21DE3 Used for ObgE and ACP purification Invitrogen
MG1655 Used for purification of SpoT and SpoT mu- DSMZ 18039
tants
Plasmid Description Source
pET28a Empty expression vector with IPTG- Novagen
inducible T7 promoter, KanR
pSpoT SpoT C-terminally fused to calmodulin  Mattia Cerri
binding protein expressed from Tet pro-
moter. SC101**, KanR, TetR
pSpoT-T78I pSpoT with SpoT mutated as T78I This work
pSpoT-R140C  pSpoT with SpoT mutated as R140C This work
pSpoT-D293A pSpoT with SpoT mutated as D293A This work
pSpoT-H255Y  pSpoT with SpoT mutated as H255Y This work
pSpoT-S587N  pSpoT with SpoT mutated as S587N This work
pSpoT-A404E  pSpoT with SpoT mutated as A404E This work
pSpoT-H72A  pSpoT with SpoT mutated as H72A This work
pACP pET28a-ACP (KanR) Marek Noga

pObgE pET28a-ObgE (KanR) This work
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Table S5.2: List of primers and oligonucleotides used in this chapter.

Primer Sequence
MC29032016SpotF TTGTATCTGTTTGAAAGCCTG
MC29032016SpotR TTACTCGAGTTAGGATCCTTAATTTCGGTTTCGGG

MC31032016CBPSPOTsy  AAAAGATCTCCATGGAACTAAAGAGAAGATGGAAA
AAGAATTTCATAGCCGTCTCAGCAGCCAACCGCTT
TAAGAAAATCTCATCCTCCGGGGCACTTGTCGAGT
CGACTCTAGAATTCTTGTATCTGTTTGAAAGCCTG
AATCAACTGATTCAAACCTACCTGCCGGAAGACCA
AATCAAGCGTCTGCGGCAGGCGTATCTCGTTGCAC
GTGATGCTCACGAGGGGCAAACACGTTCAAGCGGT
GAACCCTATATCACGCACCCGGTAGCGGTTGCCTG
CATTCTGGCCGAGATGAAACTCGACTATGAAACGC
TGATGGCGGCGCTGCTGCATGACGTGATTGAAGAT
ACTCCCGCCACCTACCAGGATATGGAACAGCTTTT
TGGTAAAAGCGTCGCCGAGCTGGTAGAGGGGGTGT
CGAAACTTGATAAACTCAAGTTCCGCGATAAGAAAG
AGGCGCAGGCCGAAAACTTTCGCAAGATGATTATG

MC29032016CBPSynF AAAAGATCTCCATGGAACTAAAG

MC29032016CBPSynR CATAATCATCTTGCGAAGTT

NI239-SpoT-T78I-for GATTGAAGATATTCCCGCCACCTACCAGGATATGG

NI240-SpoT-T78I-rev GGAATATCTTCAATCACGTCATGCAGCAGC

NI241-SpoT-R140C-for =~ CTTGCCGACTGTACCCACAACATGCGCACGC

NI242-SpoT-R140C-rev.  GGGTACAGTCGGCAAGTTTGATGAGGATGACGC

NI243-SpoT-D293A-for ~ GTGAAAGCCTATATCGCCATTCCAAAAGCGAACGGC

NI244-SpoT-D293A-rev  GCGATATAGCCTTTCACGCGGCCCGGACG

NI245-SpoT-H255Y-for ~ GCGTTTTTACTCGATCATGGACATCTACGCTTTCCG

NI246-SpoT-H255Y-rev.  CATGATCGAATGAAAACGCTGCTCTTTGAGCACC

NI247-SpoT-A404E-for CGGTGAAACGCCCGTCGACTTCGCTTATGC

NI248-SpoT-A404E-rev  CGGGCGTTTCACCGGCAGGCAGCTCGAC

NI249-SpoT-S587-for GTCAACCCCGGTAAAGGTCTGGTGATCCAC

NI250-SpoT-S587N-rev  CTTTACCGGGGTTGACGTGGGCGATAATCG

NI251-SpoT-H72A-for GCGGCGCTGCTGGCTGACGTGATTGAAG

NI252-SpoT-H72A-rev GCCAGCAGCGCCGCCATCAGCGTTTCATAGTCG

NI275-ObgE-for GCGGATCCTTAACGCTTGTAAATGAACTCAAC

NI276-ObgE-rev GCCATATGATGAAGTTTGTTGATGAAGCATC

MNO1 GCGCTCCATATGATGAGCACTATCGAAGAACGCGTT
AAGAAAATTATCGGCG

MNO02 GCGCTCGGATCCTTACGCCTGGTGGCCGTTGATGTAAT

CAATG
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Table S5.3: List of transitions used in the LC-MS method for the analysis of SpoT, ObgE and

ACP. RT: retention time (min).

. . 14N or precursor roduct Collision
Protein Peptide P . P X RT*
15N ion ion energy
890.9 386.2
14N
890.9 549.3
SpoT TELEELGFEALYPNR 9.7 28.6
900.4 393.2
15N
900.4 557.3
917.5 727.4
14N 917.5 826.5
VADYYPFTTLVPSLGVVR 917.5 1385.8 10.9 29.4
929.0 740.4
15N . .
ObgE 929.0 840.5
929.0 1404.8
14N 7;:.1 643.;1
SFVVADIPGLIEGAAEGAGLGIR /381 215, 11.9 21.8
747.7 653.4
15N
747.7 523.3
14N 47:.: 220.4
IIGEQLGVK 224'3 73;'1 4.8 15.8
N 8 .3 229.
ACP :53.9 917.411
14N 857.9 110i 5
ITTVQAAIDYINGHQA : - 9.1 27.6
868.4 929.4
15N
868.4 1115.4
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Bacteria impact our daily lives in numerous ways, and are vital (or detrimental)
to our health and planet. This thesis aimed at improving our understanding of
what is vital to bacteria: the signaling molecule guanosine tetraphosphate (ppGpp).
Despite its early discovery 50 years ago - and a very active research field today,
many aspects of its role in microbial physiology have remained obscure.

Put together, chapters 1-4 discuss a long list of literature and experiments showing
intracellular enzymes are being regulated (or not) by ppGpp. One important target
is RNA polymerase, although many others are metabolic enzymes. Its various tar-
gets in the cell have also varying affinities for ppGpp, and are likely co-regulated
by other molecules, with concentrations depending on growth rate and environ-
mental conditions. Untangling this complex network of which molecule regulates
which enzyme, under which condition and to which degree, will only be possible
with accurate quantitation of ppGpp, and other key metabolites such as ATP and
GTP.

Therefore, the first goal of this thesis was to accurately quantify ppGpp in bacterial
cultures in various (changing) environmental conditions. This required low sampling
volumes, and hence an increased sensitivity compared to other methods available.
The LC-MS method developed in chapter 2 eventually was successful and could be
applied to more accurately map the dynamics of ppGpp in a range of conditions,
a necessity for a deeper understanding of ppGpp signaling. In particular the ab-
solute (not relative) quantitation of ppGpp is important to compare data among
publications and to build on to other researchers’ findings.

The improved method provided the means to study the behavior of basal ppGpp:
low ppGpp concentrations occurring in E. coli growing at steady-state in conditions
supporting various growth rates (chapter 3). These levels have been claimed to
be responsible for determining bacterial growth rate - a very interesting finding
also from an engineering or medical point of view. Control over ppGpp might be
used as a tool to steer bacterial production away from growth, or to improve the
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design of antibiotics. Growth rate control by ppGpp is believed to occur via its
regulation of RNA polymerase. However, numerous examples of growth conditions
and perturbations exist where basal ppGpp concentrations do not correlate with
growth rate, implying ppGpp is not ‘all mighty’ in controlling growth. Especially RNA
polymerase mutants with reduced affinity for ppGpp, show RNA levels surprisingly
close to wild-type cells. Does this mean transcriptional regulation by ppGpp is not
as important as we thought? Are there additional transcription factors competing
with ppGpp?

The aim of chapter 4 was to disentangle the transcriptional regulation from that of
other enzymes, in particular involved in protein synthesis. ppGpp indeed appears to
directly inhibit protein synthesis besides controlling the synthesis rates of ribosomes,
albeit only at high concentrations of ppGpp. As such, the potential direct inhibition
of translation or ribosome-associated factors is probably not relevant at basal ppGpp
concentrations. The direct inhibition of translation is therefore unlikely to contribute
to the steady-state growth rate control by ppGpp.

In order to determine the exact role of ppGpp on regulating transcription, translation
and metabolism, these aspects of cellular physiology have to ideally be simultane-
ously studied, as they also affect one another. Transcription and protein synthesis
determine the capacity of a cell to synthesize more molecules (metabolites) at a
certain rate, whereas metabolism provides the actual substrates to fuel (and regu-
late) transcription and protein synthesis. By regulating both, ppGpp could hold all
the keys to regulate the cell. Whether it actually does, is a question future research
might answer through the use of transcriptomics, proteomics and metabolomics
combined with computational models.

On a different note, elucidating the regulation of SpoT still is (one of) the main chal-
lenge(s) in the ppGpp field. Given the multitude of potential interactions reported,
in vitro activity screening will be important to validate these. The developed pull-
down assays suggest that ACP might regulate SpoT in a different way from expected
based on in vivo results. Still, validation is necessary, and hopefully chapter 5 will
be a useful starting point for future researchers.
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