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Abbreviations

A Deletion

a.u. Arbitrary units

ATCC American Type Culture Collection
ATP Adenosine triphosphate

BCS Bathocuproine disulfonate

Bp Base pairs

BHI(S) Brain Heart Infusion (+Sorbitol)

CA Catalytic domain

DHp Dimerization and histidine phosphotransfer domain
Da Dalton

ECF Extracytoplasmic function

etal. et alii

EMSA Electrophoretic mobility shift assay
HK Histidine kinase

IPTG Isopropyl-B-D-thiogalactopyranoside
Kan®R Kanamycin resistant

Ko Dissociation constant

LB Lysogeny Broth

M Molar (mol/I)

NAD+/NADH Nicotinamide adenine dinucleotide, oxidized/reduced
0Cs One-component system

ODsoo Optical density at 600 nm

PBS Phosphate-buffered saline

PMF Proton motive force

RBS Ribosome binding site

REC Receiver domain

RNAP RNA polymerase

ROS Reactive oxygen species

rpm Revolutions per minute

RR Response regulator

STP Signal transduction protein

TCS Two-component system

TMD Transmembrane domain

TPM Transcripts per million

v/v Volume per volume

wt Wild type

w/v Weight per volume

Further abbreviations not included in this section are according to international standards, as,

for example listed in the author guidelines of the FEBS Journal.
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1 Summary

1.1 Summary English

The synthesis of aerobic respiratory chains requires cofactors such as heme and copper and
chaperones involved in the biogenesis of the enzyme complexes. The Gram-positive soil bacterium
Corynebacterium glutamicum possesses a branched aerobic respiratory chain comprising, besides
several dehydrogenases reducing menaquinone to menaquinol, a copper-dependent cytochrome
bci-aas supercomplex and cytochrome bd quinol oxidase. The cytochrome bci-aas supercomplex is
characteristic for aerobic Actinobacteria and the major generator of proton-motive force, but
knowledge on its assembly or regulation is very limited. In this thesis, assembly factors involved in
copper and heme insertion and regulatory proteins involved in expression control of respiratory
chain components were identified and characterized. The following results were obtained:

(i) Identification of the copper-deprivation stimulon led to the discovery of the two proteins
Cg2699 (copper transport and insertion protein, CtiP) and Cg1884 (CopC). CtiP contains 16 predicted
transmembrane helices and shows sequence similarity to the copper-transporter CopD and the
cytochrome biogenesis chaperone CtaG. Deletion of ctiP resulted in a strong growth defect in
standard glucose minimal medium (CGXIl) resembling a cytochrome aas oxidase-deficient strain.
Furthermore, the ActiP strain exhibited an increased copper-tolerance, suggesting a copper-
transporting function. Transcriptome analysis revealed an induction of the copper-deprivation
stimulon in the ActiP strain under copper sufficiency. CopC is a secreted protein with a C-terminal
transmembrane helix and harbors a Cu(ll)-binding site. Deletion of copC resulted in a growth defect
in BHI complex medium and improved growth under copper excess, also suggesting an involvement
in copper-transport. The lack of either CtiP or CopC prevented co-purification of the subunits of the
supercomplex, indicating a crucial role of both CtiP and CopC in the correct assembly of the
supercomplex.

(ii) The search for further assembly factors of the bci-aas supercomplex led to the discovery of
Cg2460, a homologue of the heme a insertion chaperone Surfl. Loss of Surfl caused a strong growth
defect, comparable to the ActiP strain, which could be complemented by several actinobacterial
Surfl homologues. Furthermore, the Asurfl strain exhibited an increased copper sensitivity.
Cytochrome measurements showed a reduction of cytochromes ¢ and a, but an increase of
cytochrome d. Analysis of membranes of the Asurf1 strain revealed the complete loss of cytochrome
c oxidase activity. Lack of Surfl prevented co-purification of the subunits of the supercomplex,
indicating a crucial role in the correct assembly of the supercomplex. Transcriptome analysis revealed
an induction of the copper-deprivation stimulon in the Asurfl strain, suggesting an intertwined
regulation of copper and heme homeostasis.

(iii) To assess the global cellular response towards heme, a genome-wide target profiling of the
heme-sensing two-component system HrrSA was performed. Time-resolved ChAP-Seq analyses to
follow DNA-binding by the response regulator HrrA encoded on a plasmid was coupled with time-
resolved RNA-Seq analyses comparing a AhrrA strain with the wild type. This approach revealed 272
affected genes upon a 4 uM heme pulse under iron-starvation conditions. These targets include
genes encoding proteins involved in heme biosynthesis, oxidative stress, cell envelope remodeling
and the respiratory chain. Furthermore, HrrA-mediated repression of sigC, encoding the
extracytoplasmic function sigma factor o%, which activates the cytochrome bd oxidase genes, leads to
prioritised heme distribution to the cytochrome bci-aas branch under heme sufficiency.
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1.2 Summary German

Die Synthese aerober Atmungsketten erfordert Kofaktoren wie Hdm und Kupfer sowie Chaperone, die an
der Biogenese der Enzymkomplexe beteiligt sind. Das Gram-positive Bodenbakterium Corynebacterium
glutamicum besitzt eine verzweigte aerobe Atmungskette, die neben mehreren Dehydrogenasen, die
Menachinon zu Menachinol reduzieren, einen kupferabhangigen Cytochrom bc;-aas-Superkomplex und
eine Cytochrom bd-Chinoloxidase umfasst. Der Cytochrom bci-aas-Superkomplex ist fiir aerobe
Actinobakterien charakteristisch und der Hauptgenerator der Protonen-motorischen Kraft. Das Wissen
Uber dessen Assemblierung und Regulation ist sehr begrenzt. In dieser Arbeit wurden
Assemblierungsfaktoren, die an der Insertion von Kupfer und Ham beteiligt sind, sowie regulatorische
Proteine, die an der Expressionskontrolle von Komponenten der Atmungskette beteiligt sind, identifiziert
und charakterisiert. Dabei wurden folgende Ergebnisse erzielt:

(i) Die Identifikation des Kupfermangel-Stimulons fiihrte zur Entdeckung der beiden Proteine Cg2699
(copper transport and insertion protein, CtiP) und Cgl884 (CopC). CtiP enthdlt 16 vorhergesagte
Transmembranhelices und weist Sequenzahnlichkeit zu dem Kupfer-Transporter CopD aus Pseudomonas
syringae und dem Cytochrom-Biogenese-Chaperon CtaG aus Bacillus subtilis auf. Eine Deletion von ctiP
resultierte in einem starken Wachstumsdefekt in Standard-Glukose-Minimal-Medium (CGXIl), welcher
dem eines aas-Oxidase-defizienten Stamm &dhnelte. Darliber hinaus wies der ActiP-Stamm eine erhdhte
Kupfertoleranz auf, was auf eine Kupfer-transportierende Funktion hindeutet. Eine Transkriptom-Analyse
offenbarte die Induktion des Kupfer-Mangel-Stimulons im ActiP-Stamm trotz eines ausreichenden
Kupfergehaltes im Medium. CopC ist ein sekretiertes Protein mit einer C-terminalen Transmembranhelix
und besitzt eine Cu(ll)-Bindestelle. Deletion von copC fiihrte zu einem Wachstumsdefekt in BHI-
Komplexmedium und verbessertem Wachstum unter Kupferstress, was ebenfalls auf eine Beteiligung am
Kupfertransport hindeutet. Das Fehlen von CtiP oder CopC verhinderte die Ko-Aufreinigung von bci-aas-
Supercomplex-Untereinheiten, was auf eine wichtige Rolle von CtiP und CopC bei der korrekten
Assemblierung des Supercomplexes hindeutet.

(ii) Die Suche nach weiteren Biogenese-Chaperonen fiihrte zur Identifizierung von Cg2460, einem
Homolog des Ham-a-Insertions-Chaperons Surfl aus Paracoccus denitrificans. Der Verlust von Surfl
flihrte zu einem starken Wachstumsdefekt in C. glutamicum, vergleichbar mit einem ActiP-Stamm,
welcher durch verschiedene aktinobakterielle Surfl-Homologe komplementiert werden konnte. Zudem
wies der Asurfl-Stamm eine erhdhte Kupfersensitivitat auf. Messungen der Cytochrome zeigten eine
Reduktion von Cytochrom c und g, jedoch eine Erhéhung von Cytochrom d. Analysen von Membranen des
Asurfl-Stamms zeigten den kompletten Verlust der Cytochrom c-Oxidase-Aktivitat. Das Fehlen von Surfl
verhinderte die Ko-Aufreinigung der Untereinheiten des bci-aas-Superkomplexes, was auf eine wichtige
Rolle bei der korrekten Assemblierung hindeutet. Eine Transkriptom-Analyse ergab die Induktion des
Kupfer-Mangel-Stimulons im Asurfl-Stamm, was fiir eine Kopplung von Ham- und Kupfer-Homdostase
spricht.

(iii) Um die globale zelluldire Ham-Antwort zu charakterisieren, wurde eine Genom-weite Zielgen-
Untersuchung des Him-wahrnehmenden Zwei-Komponenten-Systems HrrSA durchgefiihrt. Zeitaufgeloste
ChAP-Seg-Analysen zur Analyse der DNA-Bindung durch den auf einem Plasmid kodierten
Antwortregulator HrrA wurden mit zeitaufgelosten RNA-Seg-Analysen gekoppelt, bei denen ein AhrrA-
Stamm mit dem Wildtyp verglichen wurde. Dieser Ansatz offenbarte 272 beeinflusste Zielgene als
Antwort auf einen 4 uM Ham-Puls unter Eisen-Mangel-Bedingungen. Die durch diese Zielgene kodierten
Proteine sind beteiligt an der Ham-Biosynthese, an der Antwort auf oxidativen Stress, an der
Remodellierung der Zellhiille sowie an der Atmungskette. Darliber hinaus flhrt die HrrA-vermittelte
Repression von sigC, das fiir den extracytoplasmic function o factor c© kodiert, der u.a. die Expression der
Cytochrom bd-Oxidase-Gene aktiviert, zu einer Priorisierung der Ham-Verteilung in Richtung des
Cytochrom bci-aas-Zweigs der Atmungskette bei ausreichender Ham-Versorgung.
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2 Introduction

2.1 Aerobic respiration in bacteria

Aerobic chemoheterotrophic bacteria oxidize organic material, such as glucose, with oxygen
as terminal electron acceptor (Baron, 1996; Simon et al., 2008). Initially, the carbon sources
are oxidized e.g. in glycolysis and the tricarboxylic acid (TCA) cycle to carbon dioxide and the
resulting reducing equivalents are transferred to oxygen via the membrane-bound
respiratory chain (Baron, 1996). In the first steps, the reducing equivalents (e.g. NADH) are
transferred via various dehydrogenases to quinones, either ubiquinone or menaquinone
(Figure 1). Reoxidation of the reduced quinones is catalyzed either by quinol oxidases, such
as cytochrome bos oxidase or cytochrome bd oxidase, or by a cytochrome bci complex and a
cytochrome c oxidase (Figure 1) (Trumpower, 1990; Trumpower and Gennis, 1994; Yap et al.,
2010). Several enzymes of the respiratory chain can couple electron transfer to the
generation of proton motive force (PMF) by transferring protons from the cytoplasm to the
extracytoplasmic space (Simon et al., 2008). The PMF then serves as driving force for many
active transport processes and for the generation of ATP by the F1Fo-ATP synthase (Mitchell,
1961; Poole, 2000). Most aerobic bacteria possess two or even more terminal oxidases with
different properties, allowing adaption to changing environmental conditions (Richardson,
2000).

In the context of this thesis, three respiratory enzymes are of particular interest, the
cytochrome bci complex, cytochrome ¢ oxidase, and cytochrome bd oxidase (Capaldi, 1990;
Trumpower, 1990; Borisov et al., 2011). All of these are multisubunit complexes with several
different cofactors and prosthetic groups. The bci complex contains two heme b groups, one
heme c1 group, and a 2Fe-2S cluster (Trumpower, 1990). Cytochrome ¢ oxidase typically
contains a Cua center with two copper ions, one heme a group, and the heme as3/Cus
catalytic center, where oxygen is reduced to water (Capaldi, 1990). Dedicated assembly
proteins guide the insertion of these cofactors and heme groups into the apo-proteins, such
as the Surfl protein initially identified in mammals and described to be involved in heme a3

insertion (Zhu et al., 1998; Smith et al., 2005; Hannappel et al., 2012).
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Figure 1: Schematic overview of a respiratory chain with O, as terminal electron acceptor. Depicted
is the initial electron transfer from substrate-oxidizing dehydrogenases to quinones, which distribute
the electrons towards a cytochrome c reductase and cytochrome c oxidase or a quinol oxidase. The
terminal oxidases use these electrons for reduction of O, to 2H,O and the generation of a
electrochemical proton gradient over the membrane (proton motive force, PMF). Electron transfer is
indicated by red arrows. c indicates soluble cytochrome c.

2.2 The respiratory chain of C. glutamicum

Corynebacterium glutamicum is a Gram-positive soil bacterium and a member of the
Actinobacteria, one of the largest phyla of bacteria consisting of 57 families. These include
many medically important human pathogens such as Mycobacterium tuberculosis,
Mycobacterium smegmatis and Corynebacterium diphtheriae (Kinoshita et al., 1957;
Stackebrandt et al., 1997; Gao and Gupta, 2012; Lewin et al., 2016) as well as various
biotechnologically relevant species, such as antibiotics-producing Streptomycetes (de Lima
Procépio et al., 2012). As C. glutamicum is used for production of about five million tons of
amino acids annually, predominantly L-glutamate and L-lysine (Becker et al., 2011; Wendisch
et al., 2014), it has high industrial relevance and has become a model organism for white
biotechnology (Eggeling and Bott, 2005; Burkovski, 2008; Yukawa and Inui, 2013; Burkovski,
2015). Understanding of the energy metabolism of Actinobacteria is not only important for
biotechnological production purposes, but has become an important medical research topic
as proteins involved in respiration and oxidative phosphorylation are interesting targets for
antibiotics (Andries et al., 2005; Balemans et al., 2012; Bald et al., 2017; Berube and Parish,
2017).

Although aerobic conditions are favored, the facultative anaerobic C. glutamicum exhibits
limited growth without oxygen using nitrate respiration or mixed-acid fermentation
(Nishimura et al., 2007; Takeno et al., 2007; Michel et al., 2015). For aerobic respiration

C. glutamicum uses a branched respiratory chain, with one branch composed of a
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cytochrome bci complex and an aas oxidase and the second branch consisting of a
cytochrome bd quinol oxidase (Figure 2) (Bott and Niebisch, 2003). The only respiratory
qguinones present in C. glutamicum are menaquinones (MK), of which MK-9 is the most
abundant one, receiving electrons from donors such as malate:quinone oxidoreductase or
NADH dehydrogenase (Figure 2) (Collins et al., 1977; Bott and Niebisch, 2003). A unique
feature first identified in C. glutamicum and later found to be characteristic of all aerobic
Actinobacteria is the presence of a bci-aas supercomplex with a diheme cytochrome cj,
which is the only c-type cytochrome in this organism (Bott and Niebisch, 2003; Niebisch and
Bott, 2003; Kao et al., 2016). Based on proton translocation numbers the bci-aas
supercomplex (6H*/2e") is more efficient compared to the cytochrome bd oxidase (2H*/2e)
(Bott and Niebisch, 2003). Purification of the supercomplex revealed the following subunits
of the bci complex: QcrA (Rieske iron-sulfur protein), QcrB (cytochrome b), and QcrC
(cytochrome c1) and of the aas oxidase: CtaC (subunit 1), CtaD (subunit I), CtaE (subunit I1I)
and CtaF (subunit IV) (Bott and Niebisch, 2003; Niebisch and Bott, 2003). Additionally,
proteins co-purified with the supercomplex could be identified, namely Cg2949 (secreted
lipoprotein), Cg2211 (integral membrane protein), and Cg2444 (cytosolic protein) (Niebisch
and Bott, 2003).

cytochrome bc;coﬁmplex cytochrome aa, oxidase

NADHDH Il |
ndh

‘ Succinate DH
sdhCAB

" Malate:MQ OR k\
mqo \
8 L-Lactate DH 1 L
lidD 7
) 1/2 0,

/

\ cytochrome bd oxidase

D-Lactate DH
did

_/ -
Y

n |
s
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POxi S X_,,»
H,O

Figure 2: Composition of the aerobic respiratory chain of C. glutamicum. The schematic

representation illustrates the components involved in electron transport towards O,-reducing
terminal oxidases, consisting of the cytochrome bci-aas branch and the cytochrome bd branch
(modified after (Bott and Niebisch, 2003)). Dark gray squares indicate heme groups, yellow circles
indicate copper ions. Electron routes are represented by black arrows. MQ: menaquinone, DH:
dehydrogenase, OR: oxidoreductase.
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Due to a lacking growth phenotype of strains in which the genes for the co-purified
proteins were deleted, an involvement of these proteins in supercomplex biogenesis can be
excluded and their function is unknown at present. In contrast, the deletion of the gcr
operon encoding bci complex subunits or deletion of the ctaD gene encoding subunit | of the
aas oxidase led to a strong growth defect in glucose minimal medium and in complex
medium, resulting not only in a decreased growth rate but also in a lower final optical
density (Niebisch and Bott, 2001). This growth phenotype could be attributed to the lack of a
functional bci-aas supercomplex (Niebisch and Bott, 2003). Furthermore, deletion of ctaD
was found to cause a significant decrease of the H*/O ratio and a 14% lower cell yield in
complex medium (Kabashima et al., 2009). Likewise, loss of CtaD resulted in a similar growth
defect in M. smegmatis indicating that the bci-aas branch is the main route in Actinobacteria
(Bott and Niebisch, 2003; Matsoso et al., 2005; Kabashima et al., 2009; Kao et al., 2016).
Analysis of the redox potentials of prosthetic groups of the supercomplex in C. glutamicum
showed that whereas electron transfer rates from ¢ hemes to Cua lasted 0.1 — 1 ms, the time
constant for oxidation of the b hemes was 6.5 ms, thereby representing the rate-limiting
step for the overall oxidations (Graf et al., 2016).

Recent interest in the structure of the supercomplex resulted not only in the appearance
of models based on homology and electron microscopy (EM) (Kao et al., 2016), but also
solved cryogenic electron microscopy (cryo-EM) structures of the supercomplex of
M. smegmatis (Figure 3) (Gong et al., 2018; Wiseman et al., 2018). In two separate studies,
these cryo-EM structures revealed the dimerized architecture of the supercomplex (Gong et
al., 2018; Wiseman et al., 2018) and confirmed the association of homologues of Cg2211
(PRSAF1) and Cg2949 (LpgE) (Gong et al., 2018). Additionally, the association of a
periplasmic superoxide dismutase (SOD) to cytochrome b was found in both structures
(Figure 3). A homologue of this SOD could not be found in C. glutamicum. It was postulated,
that SOD enables detoxification of superoxide radicals formed by the bci complex (Gong et
al., 2018; Wiseman et al.,, 2018). Furthermore, one of the structures revealed two
conformations of cytochrome ci1, one connecting and one disconnecting electron transfer
from the bci complex to the aas oxidase (Figure 3) (Wiseman et al., 2018). This
conformational change was postulated to regulate supercomplex activity during growth

phases (Wiseman et al., 2018).
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I Superoxide dismutase (SOD)
B Complex Il

B Complex IV

B Cytochrome ¢ (open)

Cytochrome c (closed) Complex IV
I Additional unidentified peptides P
H MSMEG_4692/93 I CtaC
I CtaD

I CtaE

Periplasm

Cytoplasm

B QcrC, open confirmation QcerC, closed confirmation

cryo-EM map depicts the overall architecture of the complex lll-complex IV dimer including accessory

proteins (left) and a detailed overview of complex IV (right). (B) Complex lll is shown as a dimer
(middle) harboring the diheme cytochrome c¢; domain in the open (left) and closed (right)
conformation, respectively (modified after (Wiseman et al., 2018)).

The alternative cytochrome bd oxidase can directly oxidize menaquinol and is encoded by
the cydABDC operon of which two genes code for subunits of the oxidase (cydA, cydB) and
two genes encode an ABC transporter necessary for biogenesis of the oxidase (Bott and
Niebisch, 2003; Kalinowski et al., 2003). Although, as described above, the bd oxidase is less
efficient in proton translocation and generation of PMF, it has a higher oxygen affinity
compared to the bci-aas supercomplex and is therefore described to play an important role
under oxygen deprivation (Bott and Niebisch, 2003; Kabus et al., 2007). The deletion of the
cydAB genes in C. glutamicum did not have an impact on the growth rate, but resulted in a
40% lower biomass yield compared to the wild type (wt) (Kabus et al., 2007; Kabashima et

al., 2009). Overexpression of the cydABDC operon results in a decreased growth rate (45%)
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and biomass yield (65%), suggesting a rerouting of electrons to the less efficient cytochrome
bd branch (Kabus et al., 2007). A C. glutamicum strain lacking both the bci complex genes
and bd oxidase genes, named DOOR (devoid of oxygen respiration), exhibited a very strong
growth defect in aerobic glucose minimal medium, which could partially be overcome by the
addition of peptone (Koch-Koerfges et al., 2013). Although the DOOR strain was incapable of
respiration, indicating a lack of further oxidases, the PMF was only decreased by 30%
compared to the wild type. It was postulated that the generation of PMF could occur via the
succinate:menaquinone oxidoreductase by reducing fumarate with MKH; or through the

F1Fo-ATP synthase by coupling ATP hydrolysis to proton export (Koch-Koerfges et al., 2013).

2.3 Environmental stimulus perception in C. glutamicum

In nature, nutrient supply fluctuates and as a prerequisite for a functioning respiratory chain
microorganisms have to identify altering growth conditions. As a soil bacterium,
C. glutamicum further has to be able to recognize substrates and differentiate them from
toxins. This capability is crucial for survival and therefore bacteria have evolved various
mechanisms for perceiving stimuli in their environment. Basis for these systems are signal
transduction proteins (STPs) sensing the environment followed by a rapid cellular response,

usually in the form of expression level changes.

2.3.1 One-component systems

One-component systems (OCS) represent the simplest signal transduction systems and are
composed of a receiver domain responsible for stimulus perception and a transmitter
domain typically consisting of a helix-turn-helix DNA-binding domain to repress or activate
transcription of target genes (Ulrich et al., 2005). The first regulator described for
C. glutamicum was LysG, which activates the expression of the lysine exporter gene lysE
upon binding of the effector molecule L-lysine or L-arginine (Bellmann et al., 2001). Since
then, computational predictions stated 158 potential regulators, constituting 5.3 % of the
predicted protein-coding regions in the genome of C. glutamicum (Brinkrolf et al., 2007). Of
these, 70 OCSs (excluding o factors) with knowledge about regulatory interactions have been
described, comprising 60 activators and repressors with additional 10 regulators possessing

a dual regulatory function (Brinkrolf et al., 2010).
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2.3.2 Extracytoplasmic function o factors

Another variation of these single protein regulators are extracytoplasmic function (ECF) o
factors. This subfamily of 67° factors is also a component of the RNA polymerase holoenzyme
and represents a large group of alternative o factors. However, the composition differs as
ECF o factors lack two of the four conserved o’° subunits and only consist of 02 and o4
necessary for RNA polymerase core enzyme binding and promoter recognition (Osterberg et
al., 2011). ECF o factors are usually bound by their cognate anti-c factor, which upon
stimulus detection dissociates, thereby releasing the ECF o factor to bind to a target
promoter and assemble with the RNA polymerase core enzyme (Helmann, 1999; Staron et
al., 2009; Osterberg et al., 2011; Mascher, 2013). Due to the displacement of an already
bound o factor the ECF o factors can redirect the RNA polymerase to target promoters
(Helmann, 1999; Helmann, 2002; Paget, 2015). The number of ECF o factors within a species
varies from 0 (e.g. Chlamydiae) to over 30 (e.g. Streptomyces spp.) (Staron et al., 2009).
C. glutamicum possesses five ECF o factors: o, o°, of, o and oM (Kim et al., 2005; Nakunst et
al., 2007; Park et al., 2008; Ehira et al., 2009; lkeda et al., 2009). o™ regulates the expression
of 23 genes, including the suf operon involved in the assembly of iron-sulfur clusters,
thioredoxins, chaperones, and genes involved in the heat shock response (Nakunst et al.,
2007). In contrast to oV, for of (surface stress response) and o' (oxidative and heat stress
response) cognate anti-o factors have been described (CseE and RshA, respectively),
encoded downstream of their corresponding ECF o factor gene (Kim et al., 2005; Park et al.,
2008; Ehira et al., 2009; Busche et al., 2012). Recently, the regulon of o® was uncovered for
C. glutamicum strains ATCC13032 and R, consisting of genes involved in cell wall integrity
(Taniguchi et al., 2017; Toyoda and Inui, 2018). The regulon of ¢ comprises genes for heme
biosynthesis, respiratory chain components, copper-dependent genes, and iron-regulated
genes (Toyoda and Inui, 2016). Although the stimulus of ¢ is not known it was postulated

that oxidative stress could induce the o¢ response (Toyoda and Inui, 2016).

2.3.3 Two-component systems

Although OCFs still are the most abundant form of signal-transduction in prokaryotes they
are usually only capable of sensing cytoplasmic stimuli (Ulrich et al., 2005). A more complex
mode of signal perception is the two-component system (TCS), which separates the receiver

and transmitter domain of OCFs. TCSs are typically composed of a membrane-bound sensor
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kinase or histidine kinase (HK), which perceives stimuli, and a cognate response regulator
(RR) responsible for signal transmission (Figure 4) usually resulting in transcriptional
regulation of target genes (Hoch and Silhavy, 1995; Inouye and Dutta, 2003).

The architecture of a typical HK consists of an N-terminal transmembrane sensor domain
(TMD) and a C-terminal cytoplasmic transmitter domain harboring a kinase core. Whereas
the sensor domain can vary and is highly specialized, the kinase domain is conserved and
consists of a dimerization and histidine-phosphotransfer domain (DHp; HisKA in PFAM
database) and a C-terminal catalytical and ATP binding domain (CA; HATPase_c domain in
PFAM) (Figure 4) (Punta et al., 2012; Finn et al., 2014). Additional domains such as PAS,
HAMP or GAF can be located between the TMD and DHp domain (Galperin et al., 2001). The
composition of a classical RR consists of an N-terminal receiver domain (REC) (response_reg
domain in PFAM) and a C-terminal effector or output domain (OPD). Stimulus perception
leads to autophosphorylation of the HK which is caused by the CA domain binding ATP and
transferring the y-phosphoryl group of the ATP to the conserved histidine residue in the DHp
domain of the second monomer (Stock et al., 2000). Subsequent transfer of this phosphoryl
group to a conserved aspartate residue within the REC domain of the RR leads to a
conformational change and (in most cases) activates the RR leading to a stimulus-specific
activation or repression of target genes (Figure 4) (Stock et al., 2000; Mascher et al., 2006).

To ensure pathway specificity in signal transduction, TCS have evolved several
mechanisms. One is molecular recognition which relies on co-evolved interface residues in
HKs and RRs conferring HKs the ability to discriminate between cognate and foreign RRs
(Skerker et al., 2008; Capra and Laub, 2012; Podgornaia and Laub, 2013). A different method
to avoid cross-talk between TCSs is substrate competition that is based on a higher
stoichiometry of RR to HK and therefore outnumbering non-cognate RRs (Siryaporn and
Goulian, 2008; Groban et al., 2009). HKs can have the ability to not only phosphorylate RRs
but also very specifically dephosphorylate their cognate RR (Huynh and Stewart, 2011). This
bifunctionality of HKs was also observed for the two TCSs HrrSA and ChrSA of C. glutamicum,
which albeit both sensing heme differ in their output as one is used for heme utilization and
the other for heme detoxification (see 2.5) (Frunzke et al., 2011; Heyer et al., 2012;
Hentschel et al., 2014). Due to the similarity between these homologous TCSs HrrS and ChrS
exhibited dephosphorylation solely of their cognate RR HrrA and ChrA, preventing cross-talk
between the TCSs (Hentschel et al., 2014).
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Moreover, C. glutamicum possesses the two TCSs CopSR, responsible for the copper-
stress response (see 2.4), and CgtSR5, whose function could not yet be discerned (Schelder
et al., 2011; Bott and Brocker, 2012). Similar to HrrSA and ChrSA, these TCSs share a high
sequence identity (CopS/CgtS5 56%; CopR/CgtR5 62%) and presumably resulted from a gene
duplication. Moreover, nine additional TCSs are present in the genome of C. glutamicum of
which some have been further characterized. These include CitAB, regulating citrate
utilization, MrtBA, responsible for osmoregulation and cell wall stress and PhoSR, involved in
the response to phosphate starvation (Schaaf and Bott, 2007; Brocker et al., 2009; Brocker et

al., 2011; Bott and Brocker, 2012).

Stimulus \

Input
domain

Histidine
kinase

- (P—-D REC
- Response

a regulator

. |oPD

l

Stimulus-specific response

Figure 4: Overview of a TCS signal transduction system. Stimulus recognition by the input domain of
an often membrane-bound histidine kinase triggers the phosphorylation of a specific histidine
residue in the dimerization and histidine phosphotransfer domain (DHp). This transfer of a
phosphoryl group is mediated by the catalytic and ATP-binding domain (CA) of a second monomer.
The phosphoryl group is subsequently transferred to a conserved aspartate residue in the receiver
domain (REC) of the cognate response regulator. In this active form the output domain (OPD) can
initiate a stimulus-specific response (modified after (Jensen et al., 2002)).

2.4 Transcriptional regulation of terminal oxidases in C. glutamicum

The knowledge about transcriptional regulation of both the bci-aas supercomplex and bd

oxidase genes is still very limited and only a small number of involved regulators is known.
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Under iron-limitation and presence of heme, a major activator for the ctaE-qcrCAB operon
and ctaD gene is the response regulator HrrA of the two-component system HrrSA (see
2.3.3) (Figure 5) (Frunzke et al., 2011). Furthermore, binding sites of the global regulator
GIXR were found in the promoter regions of ctaD and ctaCF, which were tested by
electrophoretic mobility shift assays and promoter-reporter analyses, confirming binding
and transcriptional activation by the cAMP-binding GIXR regulator (Figure 5) (Toyoda et al.,
2011). The expression of the alternative cytochrome bd oxidase genes is dependent on
OxyR, an oxidative-stress sensing regulator, which represses the operon (Teramoto et al.,
2013; Milse et al., 2014). Expression is relieved under conditions of oxidative stress, when
OxyR loses its DNA-binding ability. The only known activator for the bd oxidase branch genes
is the ECF sigma factor o° (see 2.3.2), which activates the cydABDC operon and additionally

functions as a repressor of the ctaE-qcrCAB operon (Figure 5) (Toyoda and Inui, 2016).

~qcrB - qerA qorC ctaE—~ cfaF- ctaC —~— ctaD — ——— cydA {cydB -

Qs

Figure 5: Transcriptional regulation of terminal oxidases in C. glutamicum. Depicted is the genomic
composition of genes encoding subunits of the cytochrome bc; complex (gray), cytochrome aas
oxidase (blue) and cytochrome bd oxidase (pink), as well as their known regulators.

2.5 Heme and copper homeostasis in C. glutamicum

Metal ions are crucial components of respiratory pathways as several enzymes are strictly
dependent on metal ions for functionality (Merchant and Helmann, 2012). Iron, mostly in
the form of heme and iron-sulfur clusters, and copper are essential cofactors in the
respiratory chain (see 2.1). Simultaneously, these metal ions represent toxic compounds for
the cell as they lead to the formation of highly reactive oxygen species (ROS) causing cellular

damage by reacting with DNA, proteins, and lipids (Yoshida et al., 1993; Pierre and



Introduction 13

Fontecave, 1999; Andrews et al., 2003; Magnani and Solioz, 2007). Copper ions were even
described to compete with and replace iron ions in enzymes, resulting in loss of functionality
(Macomber and Imlay, 2009). Therefore, acquisition of iron and copper ions has to be strictly
regulated.

The master regulator for iron homeostasis in C. glutamicum is DtxR which under
conditions of iron sufficiency binds Fe?* and in this form inhibits iron acquisition by
repressing genes coding for several iron, heme, and siderophore importers (Brune et al.,
2006; Wennerhold and Bott, 2006). DtxR is also involved in iron preservation by activating
genes coding for iron storage proteins ferritin and Dps (Brune et al., 2006). Furthermore,
DtxR represses several transcriptional regulator genes, such as ripA, encoding a repressor of
genes for iron-containing proteins, and hrrA, encoding the above-mentioned response
regulator of the TCS HrrSA crucial for heme utilization. Another direct target is hmuO,
encoding a heme oxygenase, which is also repressed by DtxR (Wennerhold et al., 2005;
Wennerhold and Bott, 2006; Frunzke et al., 2011). Repression of hrrA leads to the
upregulation of heme biosynthesis genes which are direct targets of HrrA (Frunzke et al.,
2011; Heyer et al., 2012). Iron-starvation conditions lead to the dissociation of Fe?* from
DtxR and thus its inactivation, resulting in derepression of the repressed target genes, such
as hrrA, allowing the expression of heme utilization genes such as hmuO, which is directly
activated by HrrA (Wennerhold and Bott, 2006). The homologous TCS ChrSA interferes with
HrrSA in a heme-dependent manner and controls heme resistance by activation of hrtBA,
encoding an ABC transporter responsible for heme export and thus detoxification (Heyer et
al., 2012; Hentschel et al., 2014).

C. glutamicum possesses a number of iron- and heme-dependent proteins, however
comparative genomics revealed only four cuproproteins: CtaC and CtaD (cytochrome aas
oxidase) and two multicopper oxidases (Cg1080, CopQO) (Ridge et al., 2008; Zhang and
Gladyshev, 2010). A visible growth defect in C. glutamicum due to copper excess is apparent
starting from 20 uM CuSOs (Schelder et al., 2011). To ensure copper homeostasis, the
organism harbors two characterized mechanisms for stringent copper-dependent gene
regulation. Under copper excess conditions the TCS CopSR activates the expression of the
copper detoxification system, including copB, coding for a copper-transporting ATPase, and
copO, encoding a multicopper oxidase responsible for extracellular oxidation of Cu* to the

less toxic Cu®* (Bott and Brocker, 2012). The other characterized regulator in C. glutamicum
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involved in the establishment of copper homeostasis is the OCS CsoR (Schelder, 2011;
Teramoto et al.,, 2012). During absence of copper CsoR of C. glutamicum R acts as a
repressor towards copA and copB, encoding Pis-type ATPases (Teramoto et al., 2012).
Further targets have been described in C. glutamicum ATCC 13032 comprising copper
chaperone genes (cg3402, cg3411), the cg3282-copB operon and a putative copper exporter
gene (ctpV) (Schelder, 2011). Perception of copper results in the dissociation of CsoR from its
targets, thereby activating them and conferring copper resistance to the organism (Schelder,

2011; Teramoto et al., 2012).

2.6  Aims of this thesis

In contrast to eukaryotes and a-proteobacteria, information about cytochrome biogenesis of
Actinobacteria is scarce. Therefore, the first part of this thesis was dedicated to the
identification and characterization of proteins involved in the biogenesis of the cytochrome
bci-aas supercomplex of C. glutamicum with a specific focus on copper and heme. In a
preceding study, copper starvation conditions had been used to identify candidates
potentially involved in the assembly of the copper ions into the aas oxidase. These studies
led to the identification of two membrane proteins, Cg2699 (CtiP) and Cg1884 (CopC) and
their initial characterization. In this thesis, these proteins were further analyzed with respect
to their role in bci-aas supercomplex assembly by analyzing cytochrome spectra, purification
of the supercomplex, and cytochrome c oxidase activity measurements. Additionally, to find
further proteins involved in the biogenesis of the bci-aas supercomplex, individual deletion
strains of all other genes found to be upregulated under copper starvation were constructed
and analyzed with respect to growth under different copper conditions.

BLAST analyses led to the discovery of the potential Surfl homologue Cg2460. Surfl was
previously shown to function as a heme a insertion chaperone in a-proteobacteria but had
never been reported in Gram-positive bacteria including Actinobacteria. The second part of
this thesis was therefore dedicated to the analysis of Cg2460, named Surfl in the following.
For this purpose, a surfl deletion strain was constructed and investigated with respect to
growth behavior, global gene expression, influence on bci-aas supercomplex assembly and

cytochrome ¢ oxidase activity. Furthermore, the conservation of Surfl in other
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actinobacterial species was analyzed and selected homologs were tested for conserved
functionality.

A third part of this thesis involved experiments aiming at a detailed analysis of the
characteristics of HrrA-dependent transcriptional regulation by time-resolved genome-wide

target profiling using ChAP-Seq and RNA-Seq approaches.
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3 Results

The major topic of this doctoral thesis was the investigation of biogenesis and regulation of
the cytochrome bci-aas supercomplex in C. glutamicum. The results of these studies have
been summarized in a publication and two manuscripts, one of which has been submitted

for publication and one of which will be submitted soon.

In the publication “The copper-deprivation stimulon of Corynebacterium glutamicum
comprises proteins for biogenesis of the actinobacterial cytochrome bci-aas supercomplex”
the genome-wide analysis of genes with altered expression under copper starvation (copper-
starvation stimulon) is described. The further characterization of this stimulon led to the
discovery of the two proteins Cg2699 (CtiP) and Cg1884 (CopC). CtiP possesses 16 predicted
transmembrane helices and shows sequence similarity to the copper-importer CopD of
Pseudomonas syringae and to the cytochrome maturation chaperone CtaG of
Bacillus subtilis. Deletion of ctiP resulted in a strong growth defect comparable to a ctaD
deletion strain and simultaneously enabled higher resistance towards copper excess. In the
ctiP deletion strain the copper-deprivation stimulon was induced under copper-sufficiency.
CopC is a secreted protein harboring a C-terminal transmembrane domain and a Cu(ll)-
binding site. A copC deletion strain exhibited a growth defect on BHI agar plates and in liquid
BHI medium but a higher resistance towards copper excess. Both the ctiP and copC deletion
strain negatively impacted the assembly of the cytochrome bci-aas supercomplex

discernable by the disturbed co-purification of supercomplex subunits.

The manuscript “Identification of Surfl as an assembly factor of the cytochrome bci-aas
supercomplex of Actinobacteria” describes the characterization of Cg2460, a homologue of
the putative heme a insertion protein Surfl previously only described in eukaryotes and
Gram-negative bacteria. Deletion of surfl resulted in a strong growth defect, again
comparable to strains lacking a functional bci-aas supercomplex, which could be
complemented using homologous genes of several actinobacterial species. Analysis of
supercomplex formation exhibited loss of co-purified subunits, similar to the ctiP deletion.

Cytochrome ¢ oxidase activity measurements using isolated membranes of the surfl
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deletion strain revealed complete loss of enzyme activity. Transcriptome analysis resulted in

the upregulation of the copper-starvation stimulon in the surfl deletion.

The investigation of a genome-wide target profiling of the TCS HrrSA is described in the
manuscript entitled “HrrSA orchestrates a systemic response to heme and determines
prioritisation of terminal cytochrome oxidases”. Utilization of time-resolved omics methods
(ChAP-Seq and RNA-Seq analysis) resulted in the identification of 272 genomic targets of
HrrA under iron limitation and in the presence of 4 UM heme. This approach exposed a
dynamic regulation of genes encoding for proteins in heme biosynthesis, oxidative stress,
cell wall remodeling and the respiratory chain. Further, repression of sigC, encoding the ECF
o® which was shown to activate cytochrome bd oxidase genes, reveals the prioritisation of

the cytochrome bci-aas branch via HrrA.
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Aerobic respiration in Corynebacterism glutamicum involves
a cytochrome be,—aa; supercomplex with a diheme cytochrome
¢,, which isthe only ¢-type cytochrome in this species. This orga-
nization is considered as typical for aerobic Actinobacteria.
Whereas the biogenesis of heme-copper type oxidases like
cytochrome aa; has been studied extensively in a-proteobacte-
ria, veast, and mammals, nothing is known about this process in
Actinobacteria. Here, we searched for assembly proteins of the
supercomplex by identifying the copper-deprivation stimulon,
which might include proteins that insert copper into cyto-
chrome aa,. Using gene expression profiling, we found two cop-
per starvation—induced proteins for supercomplex formation.
The Cg2699 protein, named CtiP, contained 16 predicted trans-
membrane helices, and its sequence was similar to that of the
copper importer CopD of Pseudomonas syringae inthe N-termi-
nalhalfand to the cytochrome oxidase maturation protein CtaG
of Bacillus subtilisin its C-terminal half. CtiP deletion caused a
growth defect similar to that produced by deletion of subunit I of
cytochrome @, increased copper tolerance, triggered expres-
sion of the copper-deprivation stimulon under copper suffi-
ciency, and prevented co-purification of the supercomplex
subunits. The secreted Cg1884 protein, named CopC, had a
C-terminal transmembrane helix and contained a Cu(Il}-bind-
ing motif. Its absence caused a conditional growth defect,
increased copper tolerance, and also prevented co-purification
of the supercomplex subunits. CtiP and CopC are conserved
among aerobic Actinobacteria, and we propose a model of their
functions in cytochrome a«x, biogenesis. Furthermore, we found
that the copper-deprivation response involves additional regu-
lators besides the ECF sigma factor SigC.

Actinobacteria represents one of the largest phvla within
bacteria, with currently 57 families (1, 2). It includes several
important human pathogens like Mycobacteritm tuberculosis,
Mycobacterium leprae, and Corynebacterium diphtheriae, and
biotechnologically important species such as antibiotic-pro-
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ducing representatives belonging to the Streptomycetales or
Corynebacterivom glutamicum, a major host for amino acid
production in multimillion ton scale. Due to its industrial
importance, C. glutamicum has become a model organism
for studying metabolism and regulation (3—6). It is a faculta-
tive anaerobic bacterium with the capability for limited
growth either by nitrate respiration to nitrite (7, 8) or by
mixed acid fermentation with L-lactate, succinate, and ace-
tate as major products (9). However, the preferred way of
growth is by aerobic respiration, which is performed by a
branched respiratory chain composed of several dehydroge-
nases transferring electrons to menaquinone and two path-
ways for transferring electrons from menaquinol to oxygen,
one involving a cytochrome bc; complex and a cytochrome
aa, oxidase and the second one composed of cytochrome bd
oxidase (10).

A unique feature of this respiratory chain is the presence of a
cytochrome bc,—aa; supercomplex, which was identified by
co-purification of all subunits of the bc, complex (QcrB, QerA,
and QerC) and of cytochrome aa, oxidase (CtaD, CtaC, CtaE,
and CtaF) by affinity chromatography with either Strep-tagged
QcrB (cytochrome b) or Strep-tagged CtaD (subunit I) (11).
The existence of such a supercomplex had previously been sug-
gested by us based on the observation that C. glutamicum con-
tains a diheme cytochrome ¢, which is the only ¢-type cyto-
chrome encoded in the genome (12-15). Mutational analysis
confirmed that both heme groups of cytochrome ¢, are essen-
tial for the activity of the bc,—aa, supercomplex, and the sec-
ond heme group probably takes over the function of a separate
cytochrome ¢, usually shuttling electrons from the be, complex
to eytochrome aa, oxidase (11).

Recently, studies have led to a structural model of the be,—
aa, supercomplex, the determination of the redox potentials of
the cofactors, and a detailed kinetic characterization of the par-
tial reactions catalyzed by the supercomplex (16, 17). With
respect to bioenergetics, the bc,—aa, supercomplex is pre-
dicted to transport 6 H' per 2 e~ from the cytoplasm to the
outside, whereas the alternative cytochrome &4 oxidase is
assumed to have a stoichiometry of only 2 H™/2 e~ (10).
Analysis of defined mutants lacking either the genes of the
be, complex (gerCAB) or the gene for subunit I of the aa,
oxidase (ctal)) showed reduced growth rates and decreased
biomass yields (12). A mutant lacking only the gerA gene for
the Rieske iron—sulfur protein, whose assembly was shown
to be dependent on the TatABC translocase, showed the
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same phenotype (18). In contrast, a mutant lacking the
cydAB genes for the cytochrome bd oxidase showed no
growth defects in the exponential growth phase, but only
thereafter, leading to reduced biomass formation (19). These
results support the key role of the be,~aa., supercomplex in
aerobic respiration of C. glutamicum.

A comprehensive genetic analysis revealed that the cyto-
chrome be,—aa., supercomplex is not restricted to Corynebac-
terium, but is probably characteristic for the majority of Acti-
nobacteria (except for the anaerobic orders Actinomycetales
and Bifidobacteriales) due to the absence of genes for a mono-
heme cytochrome ¢ and the universal presence of the gene for
diheme cytochrome ¢, (17). This view is supported by studies in
Mycobacterium (20-22), Rhodococcus (23), and Streplomyces
(24).

The functionality of the cytochrome bc,—aa., supercomplex
depends on the correct assembly of the heme groups, of the
iron—sulfur cluster, and of the copper centers. Currently, no
studies have been reported on proteins involved in the biogen-
esis of the supercomplex. Here, we addressed this question with
a focus on the proteins required for copper insertion. With
respect to copper homeostasis in C. glutamicum, two regula-
tory systems involved in the response to copper excess stress
have been identified, the two-component signal transduction
system CopRS (25) and the one-component transcriptional
regulator CsoR (26). The target genes of these regulators
included genes presumably encoding copper exporters, but no
obvious copper importers. As a starting point in our search for
proteins involved in copper insertion into cytochrome da,
oxidase, we determined the copper-deprivation stimulon of
C. glutamicum and analyzed genes with increased expression.
Copper deprivation is known to influence the content of
cytochrome aa, oxidase in various bacteria (27, 28). Using this
approach, two candidate proteins were identified and charac-
terized, CtiP (Cg2699) and CopC (Cg1884).

Results

Copper consumption by C. glutamicum and influence of
copper deprivation on growth and cytochrome composition

The activity of the cytochrome be¢,—aa; supercomplex of

Actinobacteria depends on the presence of the Cu, and Cuy,
centers in subunit II (CtaC) and subunit I (CtaD), respectively,
of cytochrome aa., oxidase. To search for proteins involved in
the formation of the copper centers, we analyzed the transcrip-
tional response of C. glutamicum to copper deprivation. We
assumed that genes for such assembly factors might show an
increased expression under these conditions. In initial studies,
we analyzed copper consumption by C. glulamicim, estab-
lished copper-deprivation conditions, and tested their influ-
ence on growth and cytochrome composition.

In standard CGXII glucose minimal medium, copper is sup-
plied as a trace element in a concentration of 1.25 pum CuSO,,.
To analyze copper consumption in this medium, the concen-
tration in freshly prepared medium just before inoculation

and in the culture supernatant after 25 h of cultivation of

C. glutamicum W' was determined via inductively coupled
plasma MS. The copper concentration decreased from the
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Figure 1.Influence of copper deprivation on growth of C. glutamicum WT
and the AcydAB mutant. Strains were cultivated either in standard CGXII
medium with 2% (w/v) glucose and 1.25 pm CuSO, or in copper-deprived
CGXIl medium with 2% (w/v) glucose without added CuSO, and supple-
mented with 150 pm BCS and 1 mm ascorbate. The growth experiment was
performed in FlowerPlates"™ with 800 ul of medium using a Biolector micro-
cultivation system (30 °C, 1200 rpm). Mean and S.D. (error bars) from three
biological replicates are shown. a.u., arbitrary units.

measured 1.25 £ 0.26 pum copper before inoculation to
0.18 = 0.02 pu™m copper after 25 h. Based on this difference
and the cell density after 25 h (A, = 60, corresponding to
1.68 X 10" cells/ml), an average uptake of 3.8 X 10" copper
ions/cell was calculated.

To study the growth behavior of C. glutamicum under cop-
per-deprivation conditions, we omitted CuSO,, from the CGXII
medium and supplemented it with a 150 pm concentration of
the copper-specific chelator bathocuproine disulfonate (BCS)*
and 1 mm ascorbate for reduction of Cu(Il) to Cu(I) (29). When
cultivated in shake flasks rinsed with 0.1 N HCI before the addi-
tion of medium to remove residual trace metal ions, the WT
showed a reduced growth rate of 0.36 = 0.01 h™ " under copper
deprivation compared with 0.40 = 0.01 h™ ' under standard
copper conditions, In contrast, the growth rate of a C. glutami-
cum AcydAB mutant lacking the copper-independent cyto-
chrome bd oxidase showed a strongly reduced growth rate of
0.15 = 0.01 h™ ' under copper deprivation compared with
growth under standard copper conditions (u = 0.40 = 0,01
h™ ') (data not shown). As oxygen respiration of the C. glutami-
cum AeydAB mutant should be strictly dependent on the cop-
per-dependent cytochrome aa, oxidase (30), the residual
growth of the AcydAB mutant under copper deprivation indi-
cated that, under the experimental conditions applied, copper
is still available to some extent and allows synthesis of some
functional cytochrome aa,. To eliminate residual copper, the
growth experiment was repeated in a Biolector microcultiva-
tion system using FlowerPlates™™ made of high-purity polysty-
rene, and in this case, the AcydAB mutant showed no growth
under copper deprivation (Fig. 1). After the addition of copper
sulfate, growth could be recovered (data not shown). Thus, in
the absence of copper aerobic respiration of C. glutamicum
depends on cytochrome bd oxidase.

To obtain further insights into the consequences of cop-
per deprivation on the composition of the respiratory chain,
reduced spectra of C. glutamicum cells cultivated in shake
flasks either under standard conditions or under copper

“The abbreviations used are: BCS, bathocuproine disulfonate; BHI, brain
heart infusion; kb, kilobases; ECF, extracytoplasmic function.
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limitation were recorded (Fig. S1). The spectra revealed that
under copper deprivation, the peak at 630 nm was clearly
increased, in line with an increased content of cytochrome
bd oxidase. At the same time, the cytochrome a peak at 602
nm was reduced and slightly blue-shifted, and the cyto-
chrome ¢ peak at 552 nm was reduced. These changes are in
agreement with previous data (28) and show that copper
deprivation has a severe influence on the composition of the
respiratory chain.

Determination of the copper-deprivation stimulon of
C. glutamicum

To determine the copper-deprivation stimulon of C. glu-
tamicum, we compared global gene expression of WT cells cul-
tivated in shake flasks either under copper deprivation or under
standard conditions using DNA microarrays. RNA was isolated
from cells that had been harvested at an A, of 20. 16 genes
showed a =3-fold increased mRNA ratio under copper depri-
vation, and 10 genes showed a =3-fold lowered mRNA ratio
(Table 1). The genes with the highest up-regulation under cop-
per deprivation were those of the cydA BDC operon encoding
cytochrome bd oxidase and an ABC transporter required for
functional synthesis of this terminal oxidase (19, 31). Other
highly up-regulated genes encoded heme o synthase (ctaB), an
ABC transporter with a binding protein for metal ions of the
TroA_a family (cg1832 and cgl833), CopC, a secreted protein
with a CopC domain and a C-terminal transmembrane helix
(cgl884) (32), asecreted lipoprotein belongingto the PCu,,C
family (cg1883) (33), a DyP-type heme peroxidase with a Tat
signal peptide (cgl881), an integral membrane protein witha
PepSY-associated TM region (cg2556), a large integral mem-
brane protein {cg2699) with both a CopD (34} and a CtaG
domain (35), and an integral membrane protein with a
DUTF3817 domain (cg2750). The gene displaying the strong-
est down-regulation under copper deprivation was cg2546,
encoding an integral membrane protein of the DetM family
of transporters. In addition, several other genes encoding
transporter proteins and two genes of the ctaE-gcrCAB
operon encoding subunit III of cytochrome aa, oxidase and
the cytochrome be, complex were found to be down-regu-
lated. The up-regulation of the cydABDC operon and the
concomitant down-regulation of the ctaE-gcrCAB operon
are in agreement with the results of the cytochrome spectra
reported above.

Several of the genes listed in Table 1 were also reported in a
previous study to show altered expression in C. glutamicum
strain R upon copper deficiency; eydA, ctad, ctaB, cgR_0179
(homolog of cgl884), cgR 2208 (homolog of ¢g2556), and
cgR 2412 (homolog of cg2750) were found to be up-regulated
1 h after the addition of 0.5 mm BCS, whereas expression of ctal
was found to be down-regulated. It was shown that these alter-
ations in gene expression were due to the ECT sigma factor SigC
(36).

The target genes of the Cu(I)-regulated repressor CsoR
(26) did not show reduced expression under copper depriva-
tion, indicating that the intracellular concentration of “free”
copper was comparable with growth with 1.25 gy CuSO,.
Because members of the CsoR family have extremely high
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affinities for Cu{I) with K, values in the range of 107*° to
1072 u (37, 38), we assume the “Iree” cytoplasmic Cu(l)
concentration to be extremely low already under standard
growth conditions with 1.25 gy CuSO,. Studies in yeast cal-
culated less than one free copper ion per cell (39), supporting
this assumption.

In silico characterization of CtiP (Cg2699)

Bioinformatic analysis of the genes up-regulated under cop-
per deprivation revealed that the protein encoded by Cg2699
was a promising candidate for being involved in the biogenesis
of the cytochrome be,—aa, supercomplex. It comprises 717
amino acid residues (calculated mass 79.2 kDa) and is predicted
to contain 16 transmembrane helices. PFAM analysis (40)
revealed that a region in the N-terminal half (residues 269—
364) shows sequence similarity to the CopD family (PF05425),
whereas the C-terminal region (residues 418—661) displays
similarity to the Caa3-CtaG family (PF09678). The CopD inte-
gral membrane protein of Pseudormonas syringae was proposed
to function together with the CopC protein, a periplasmic
copper-binding protein (homologous to Cgl884 of C. glu-
tamicumi), in copper import, as overexpression of copCD led
to copper hypersensitivity (41). The function of the ctaG
gene was characterized until now only in Bacillus subtilis,
where the results indicate that it is required specifically for
the synthesis of a functional cytochrome ¢ oxidase, cyto-
chrome caa, (35). Note that CtaG of B. subtilis is unrelated
to CtaG/Coxllp of proteobacteria and eukaryotic cells.
Cg2699 apparently represents a fusion protein that could
combine the function of CopD in copper import and the
function of CtaG in the biogenesis of cytochrome ¢ oxidase.
Based on results described below, we named the protein CtiP
for “copper transport and insertion protein” and the gene
accordingly ctiP. In Fig. 2, a topology model of CtiP is shown,
which also highlights the regions assigned to the CopD fam-
ily and the Caa3-CtaG family.

Impact of CtiP on growth, cytochrome content, copper
resistance, and global gene expression

To test a possible involvement of CtiP in the maturation of
the cytochrome be,—aa, supercomplex, the deletion mutant
ActiP was constructed and analyzed for its growth behavior. In
standard CGXII glucose medium, strain ActiP showed a low-
ered growth rate compared with the WT (Fig. 34). This growth
defect could be abolished by expression of c#iP with plasmid
PEKEX2-ctiP, confirmingthat it is caused by the deletion of ctiP
(Fig. 82). A growth defect of the ActiP mutant was also clearly
visible on brain heart infusion (BHI) agar plates, where the col-
onies were much smaller than those of the WT and similar in
size to that of a ActaD mutant lacking subunit I of cytochrome
aa, oxidase (Fig. 3D). These results support the assumption
that CtiP is a candidate for being involved in the biogenesis of
the cytochrome aa, oxidase.

To study the influence of CtiP on the composition of the
respiratory chain, cytochrome spectra of dithionite-reduced
cells were recorded. As shown in Fig. 2, the spectra of the ActiP
strain grown either in standard CGXII glucose medium (1.25
M CuSO,) or under copper deprivation were similar to those
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Transcriptome comparisons of the indicated strains using DNA microarrays
Listed are all genes that showed a =3-fold altered mRINA ratio with ap value = 0,1 in either the comparisen of the W T cultivated under copper deprivation (—CuSO,, +150
bt BCS, +1 mm ascorbate) with the WT cultivated with the standard copper concentration (1.25 pi initially) or the comparisan of the ActiP mutant and the WT, both
cultivated with the standard copper concentration (1,25 p initially). For each comparison, three independent biological replicates were performed, and only those values
are listed for which at least two of the experiments conld be evaluated. Foreach gene in the table, a =3-fold altered mRNA rafic in one comparisen (WT versws WT or ActiP
versies WT) was sufficient to be listed, and the values of the other comparison were added, even ifthe ratio did not meet the cut-off. Genes shown in baldface type showed
=3-fold altered mRINA ratio, with a pvalue = 0.1 in both comparisons {12 up-regulated genes, 4 down-regulated genes). Genes whose locus tagsare underlined were deleted
in the course of this study, and the deleticn mutants were analyzed with respect to their phenctype. ND, not determined.

WT, Cudeprivation/

ActiP, 1,25 pm Cu/

Gene WT, 1.25 pm Cu WT, 1.25 pm Cu
Locus mRNA mRNA
tag Name Annotated function ratio P ratio ?
cg0569* Cation-transporting ATPase 4.74 0.04 4,19 0.06
cgl291 Putative membrane protein 2.15 0.00 3.06 0.04
cgl298* cydC  ABC-type transport system required for functional synthesis of cytochrome bd oxidase, 27.79 0.01 879 0.00
ATPase and permease component
©g1299* cydD  ABC-type transport system required for functional synthesis of cytochrome bd oxidase, 10.54 0.02 16.09 0.00
ATPase and permease component
¢g1300° c¢ydB  Cytochrome bd oxidase, subunit I 14.55 0.03 12.55 0.00
cgl301* cydA  Cytochrome b4 oxidase, subunitI 14.99 0.01 14.03 0.00
cgld24  IsE Secondary exporter for L-lysine and L-arginine 3.30 0.01 216 0.01
cgl744 Cation-transporting ATPase 4,01 0.09 3,27 0.01
cgl76%* ctaA  Heme o monoxygenase, heme 4 synthase 2.75 0.01 5.90 0.01
cgl773* ctaB  Protoheme IX-farnesyltransferase, heme o synthase 8.49 0.07 5.83 0.00
cgl832 ABC-type Fe”*-siderophore transporter, permease component 6.69 0.00 1.58 0.01
cg1833 ABC-type Fe" -siderophore transporter, secreted binding protein (lipoprotein) 856 0.00 2.51 0.03
¢g18817 Conserved protein of the DyP-type peroxidase family secreted via Tat pathway 12.84 0.02 15.37 0.00
(PEAM PF04261)
cg1883° Putative secreted lipoprotein, putative copper chaperone PCu,C (PFAM PF04314) 12.01 0.02 16.49 0.00
¢g1884* cepC  Putative secreted copper resistance protein with copC domain (PFFAM PF04234) 12.94 0.01 16.99 0.00
cg2556° Integral membrane protein of unknown function with a PepSY-associated TM region 10.04 0.03 6.49 0.00
cg2691  ssb Single-stranded DNA-binding protein ND 1237 0.00
cg2699  ctiP Putative copper resistance protein 4.94 0.0L 0.05 0.01
cg2750° Putative conserved membrane protein 6.88 0.01 6.28 0.00
cg2782  ftn Ferritin 243 0.03 353 0.08
cg3138  ppmA Putative membrane-bound protease modulator 1.20 0.21 4.33 0.00
cg3139 Hypothetical protein 133 0.09 3.57 0.01
cg3140  tagAl DNA-3-methyladenine glycosylase 110 0.33 3.50 0.00
cg0133 Secondary transporter of the p-amino-benzoyl-gluitamate transporter 0.27 0.07 0.25 0.00
family TCDB 2.4.68
cg0759  prpD2  2-Methylcitrate dehydratase ND 012 0.00
cg0760  prpB2  2-Methylisocitrate lyase ND 015 0.00
cg0762  prpC2  2-Methylcitrate synthase ND 0.15 0.00
cg0899 Glutamine amidotransferase involved in pyridoxine biosynthesis 0.45 0.02 0.33 0.01
cg0924 Putative secreted Fe®*-siderophore-binding lipoprotein 0.27 0.02 0.18 0.08
cg0952  mctB  Putative integral membrane protein, probably functionally related to metT 0.31 0.03 0.23 0.00
cg0953  metT  Monocarboxylate transporter 0.31 0.05 0.23 0.00
cgl293 Putative secreted protein 0.32 0.01 0.43 0.00
cgl836 Putative terminase for peptidoglycan polymerization (YceG-like protein) 0.33 0.09 0.67 012
cg2403* gcrB Cytochrome bc, complex, cytochrome b 0.31 0.01 0.58 0.03
cg2406°  ctaE Cytochrome aa, oxidase, subunit I1T 0.31 0.00 0.66 0.02
cg2546 Conserved secondary C,-dicarboxylate transporter, tripartite ATP-independent 0.03 0.08 0.34 0.00
transporter, TRAP-T-family
cg2557 Putative secondary Na* /bile acid symporter, BASS-family 0.29 0.01 0.43 0.02
cg2836  sicD  Succinyl-CoA synthetase, a-subunit ND 0.26 0.00
cg2837  sucC  Succinyl-CoA synthetase, 3-subunit 1.03 0.43 0.22 0.01
cg3022 Acetyl-CoA acetyltransferase ND 0.26 0.01
cg3195 Putative flavin-containing monooxygenase 0.58 0.13 0.23 0.00
cg3335  mez Malic enzyme 0.35 0.02 011 0.00

“ Homologs of these genes were shown to be regulated by the alternative sigma factor SigC in C, glutamicum strain R (36).

of the WT grown under copper deprivation; the cytochrome d
peak at 630 nm was increased compared with the WT grown
with standard copper levels, the cytochrome a peak at 602 nm
was reduced and slightly blue-shifted, and the cytochrome ¢
peak at 552 nm was reduced. This result provided evidence for
a role of CtiP in respiration and in particular suggested that the
ActiP mutant behaves like the WT under copper deprivation.
To support a role of CtiP in copper metabolism, we analyzed
growth of the ActiP mutant under copper deprivation and
under copper excessstress and observed WT-like growth under
copper limitation but an improved growth rate in the presence
of 100 jum CuSO, (Fig. 3, B and C). An increased copper toler-
ance could be explained by assuming that CtiP functions as a

copper importer,as implied by the sequence similarity to CopD
(see above).

The growth behavior and the cytochrome spectra of the
ActiP mutant under regular copper concentrations (1.25 )
were similar to those of the WT under copper deprivation.
These observations prompted us to compare global gene
expression of the ActiP mutant and the WT under standard
copper levels (1.25 p initially) using DNA microarrays. RNA
was isolated from cells that had been harvested at an Ay, 0f 20.
In total, 19 genes showed a =3-fold increased mRNA ratio in
the ActiP mutant, and 15 genes showed a =3-fold lowered
mRNA ratio (Table 1). Remarkably, 12 of the 19 genes up-reg-
ulated in the ActiP mutant were also =3-fold up-regulated in

1. Biol Chemn. (2018) 293(40) 1562815640 15631



Results

Copper-deprivation stimulon of C. glutamicum

24

Biogenesis of actinobacterial cytochrome ¢ oxidase

Gomoemwo
& 1m°
O} 0]
(160 0]
.
230 3
3 8 %
extra 1 37 45,58 68 74 8
00! 260G 000, ONIT 000, 0] T
S G
00969 9&90 @6’0@0
I GRIXORh I
00985609285009.
O] o]
30 10 g
(E) O
0} ()
(£) ()
(& O
(=) 120
() [0
‘-
110G 0]
20 Oaea®

-
o
0060060 000CoDESRRECLCOEO00E00

W@

Figure 2. Topology model of the CtiP protein (Cg2699) created with the PROTTER software (72). The regions labeled in bitie and green show sequence
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Figure 2. Growth properties of the C. glutamicum deletion mutant ActiP. C. glutamicum WT and the deletion mutant ActiP were cultivated at 30 °C

and 1200 rpm in a BioLector microcultivation system using FlowerPlates™

containing 800 ul of CGXIl medium with 2% (w/v) glucose. For A, standard

medium with 1.25 um CuSO,, was used. In B, the medium was devoid of added CuS0, and supplemented with a 150 um concentration of the copper
chelator BCS and 1 mm ascorbate. In C, the standard medium was supplemented with 100 um CuSO, to trigger copper excess stress, A-C, growth was
followed online as backscatter at 620 nm every hour. All backscatter values were normalized by setting the maximal backscatter value of the WT cultures
used for comparison as 1. Mean and S.D. (error bars) of three biclogical replicates are shown. D, C. glutamicum WT, the ActiP mutant, and the ActaD

mutant were cultivated for 2 days on BHI agar.

the W1 under copper deprivation, clearly supporting the idea
Lhal the absence of CLiP resulls in copper deliciency or al least
in a situation that elicits the copper-deprivation response. This
is in line with a copper impor( funclion of CLiP. Of (he 15 genes

15632 J Biol. Chem. (2018) 293(40) 15628 -15640

with a =3-fold lowered mRNA level in the Actif mutant, only
four also had =3-lold lowered mRNA levels in the WT under
copper deprivation (i.e. the congruence was much lower than
for the up-regulated genes).
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Figure 4. Purification of cytochrome bc,-aa, supercomplex subunits either with Strep-tagged CtaD (4) or with Strep-tagged QcrB (B) in the presence
and absence of CtiP. The indicated C. glutamicum strains were cultivated in BHI medium with 2% (w/v) glucose at 30 °C in shaking flasks and harvested in the
early exponential phase at an A, of 5. The purified membranes were used for Streptactin affinity chromatography. The protein fractions eluted with
desthiobiotin were combined and separated by SDS-PAGE (12% separating gel). The gels were stained with silver. In parallel, Coomassie-stained gels were
prepared and used for the identification of the proteins by peptide-mass fingerprinting.

Impact of CtiP on the assembly of the cytochrome bc,-aa,
supercomplex

‘The presence of a CtaG-like domain in the C-terminal part of
CLP pointed Lo aninvolvement of Lthe prolein in the assembly of
cytochrome ¢ oxidase. To address such a function, we tested
whether the absence of C{iP has an influence on the ability to
purify the cytochrome be,—aa, supercomplex. We constructed
the double-deletion mutant AcfaDActiP, transformed it with
the plasmid pJCl-ctaDg, expressing C-lerminally Strep-lagged
CtaD from its native promoter, and purified CtaDyg, by Strep-
Tactin alfinilty chromalography as described (11). As a refer-
ence, we used strain Actald/p]Cl-ciaDg,. The proteins eluted
with desthiobiotin were analyzed by SI2S-PAGE and identified
by peptide mass fingerprinting. As shown in Fig. 44, the lack of
CtiP had a severe impact on the purification result. Whereas in
the eluate of the reference strain besides CtaDy, also CtaC,
QerB, QerA, QerC, and Cg2949 were co-purified, the eluate of
strain ActaDActiP/p]Cl-claDg, contained CtaDg, bul other
proteins were absent or present in such low amounts that iden-
lificalion was nol possible.

In an analogous approach, we constructed the strain
AgerActiP in which, besides ¢fiP, the gorCAB genes are deleted
and transformed it with plasmid pJC1-gcrBg, expressing the
ctak-qerCAB operon from its native promoter, with QerB con-
taining a C-terminal StrepTag. Solubilized membrane proteins
ol strain AgerAetiP/p]Cl-gerBg, and, for comparison, of sirain
Ager/p]Cl-gerBg, were subjected to Streplactin affinity chro-
matography, and the eluales were analyzed as described above.
Whereas the eluate of strain Ager/p]Cl-gerBg, contained not
only QerBg,, but also QerA, QerC, Ctal), and Cg2949, in the
eluate of strain AgerActiP/p]Cl-gerBg,, only QerBg, and QcrA
were detectable (Fig. 48).

These resulls indicate that the formation of the cylochrome
be,—aa, supercomplex is disturbed in the absence of CtiP. The
co-purification of QcrBg, and QerA [rom slrain AgerAcliP/

“ASBMB

pJCl-gerBg, is comparable with the purilication result oblained
with a ActaD) mutant carrying pJC1-gerBg, (11), indicating that
the lack of CtiP has no influence on the interaction of QerB with
QcrA. However, the absence of CtiP prevented co-purification
of the other subunits of cytochrome aa; oxidase with CtaDyg,
which was previously shown Lo be independent of Lhe presence
of the cytochrome be, complex (11). This suggests that in the
absence of CUP, either Claly ilsell or al least one of the subunils
Ctal’, Ctak, or Ctal is altered in a way that prevents formation
of a stable oxidase complex that can be purified with CtaD,.
Possible reasons could be an insufficient metallation of either
the Cuy, center in ClaD or the Cu,, center in ClaC, as delinealed
under “Discussion.”

Growth behavior of deletion mutants lacking individual genes
ofthe copper-deprivation stimulon

To search for additional genes of the copper-deprivation
stimulon that might be involved in the biogenesis of the cyto-
chrome bc,—aa, supercomplex, nine C. glutarmicum deletion
mutants were construcled lacking c¢g0569, cgl744, cgl832,
cg1833, cgl881, cg1883, copC (cgl884), cg2556, or cg2750. All
of the genes could be deleled, showing that none of them is
essential, The growth properties of the resulting mutant strains
were analyzed in standard CGXII medium, in copper-deprived
CGXII medium, and in CGXII medium supplemented with 100
pm CuSO, Lo elicil copper excess stress. In standard CGXII
medium, none of the mutants except for strain ActiP revealed a
growth defect (Fig. S3), and in copper-deprived medium, all
mutants, including ActiP, grew like the W'T' (Fig. §1). In CGXII
medium supplemented with 100 gy CuSQy, besides the ActiP
strain, also the AcopC mutant showed a growth advantage com-
pared with the W (Fig. 55). The CopC protein contains a Sec-
lype signal peplide (residues 1-34) and a C-lerminal (rans-
membrane helix (residues 176-198). The extracytoplasmic
part (residues 35-175) shows similarity to the CopC domain

A Biol Chem. (2018) 293(40} 15628 -15640 15633
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Figure 5. Properties of the AcopCmutant. A, C. glutamictm WT, the AcopC
mutant, and the Ac#iP mutant were grown on a BHI agar plate for 2 days. B,
solubilized membranes of the indicated strains were subjected to Streptactin
affinity chromatography, and the eluates (10 pg) wereanalyzed by SDS5-PAGE
and silver staining. The labeled proteins were identified by MS using protein
bands from a Coomassie-stained gel performed in parallel.

(PF04234). In P. syringae, CopC has been described as a copper-
binding protein that, in concert with CopD, mediates copper
import (41). Accordingly, the CopC protein of C, glstamicum
might also be a copper-binding protein invelved in copper
import, which could explain the enhanced copper resistance, A
sequence alignment (Fig. $6) revealed that the Cu(ll)-binding
residues known from Lhe structure of P, syringae CopC (His',
Glu*, Asp®, and His™) are highly conserved in C. glutamicum
CopC except for a Glu™-Asp exchange, whereas the majority
of the Cu(l)-binding residues (Met*’, Met*, Met*, His*,
Met®!, and Tyr™) of P. syringae CopC, except for His™ and
Tyr™®, are nol conserved in the C. glulamicim homolog (42).
Therefore, C. glutamicum CopC probably contains a Cu(II)-
binding sile, bul no Cu(l)-binding site.

Further studies on the phenotype of the AcopC mutant

Due Lo its likely function as copper-binding prolein, we fur-
ther studied the phenotype of the AcopC mutant. Although the
strain grew like WT in slandard CGXIT glucose medium (Fig.
53), a clear growth defect was observed on BHI agar plates (Fig.
5A) and in BHI liquid medium {(dala not shown), In view of Lhe
similarities between the Actif and the AcopC mutants, we also
tested the latter for the assembly of cytochrome aa, oxidase.
Strain AcopC and the WT were transformed with plasmid
pICL-ctaDg,, and Strep-tagged CtaD was purified by Strep-
Tactin alfinily chromatography of solubilized membrane pro-
teins. As shown in Fig. 58, CtaC, QcrB, QcrA, and QorC were
co-purified with ClaDyg, in the WT, whereas in the eluale ol the
AcopC mutant, only CtaD was found. This result suggests that
in the absence of CopC, the stability of the cytochrome ga,
oxidase complex is impaired. In view of the likely function of
CopC as a copper-binding protein, a role in the metallation of
the copper centers appears to be a possible reason.

Discussion

Numerous studies have addressed the biogenesis of respira-
tory cytochromes in bacteria, veast, and mammals and a multi-
tude of proteins involved in this process have been identified
(43, 44). In bacleria, the majority of experimentlal work was
performed with a-protecbhacteria, such as Rhodobacter spha-
eroides and Paracoccus denitrificans. Knowledge on the assem-
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bly of respiralory oxidases in Gram-positive bacteria is sparse,
and this is particularly true for the large phylum of the Actino-
bacleria. This study aimed at the identification of proteins
involved in the insertion of copper ions info cytochrome ¢ oxi-
dase of C. glulamicum.

Qur approach was based on the hypothesis that proteins
involved in copper insertion into cytochrome 4ad, oxidase
might show an elevated expression under copper deprivation.
Therefore, we determined the copper-deprivation stimulon of
C. glutamicum and identilied 16 genes wilh an al least 3-fold
clevated expression. Interestingly, all 12 genes previously
shown Lo be transcriplionally aclivaled by the ECF sigma laclor
SigC in C. glutamicum strain R were included in the cop-
per-deprivation stimulon of strain ATCC13032, excepl for
cgR_0144, which appears to be a paralog of cgR_1719 (cg1884)
only present in strain R (36). Our results are in full agreement
with those oblained previously in strain R by quantitative RT-
PCR showing thal cydA, claA, and ctaB were up-regulated
under copper deprivation in a SigC-dependent manner (36).

Expression of the sigC gene itsell, however, was nol up-reg-
ulated by copper deprivation, neither in strain R nor in our
studies with strain ATCC13032, indicaling that increased
expression of the genes of the SigC regulon is not due to
increased sigC transcription. It was suggested that SigC is
activated by an impaired electron transfer via cytochrome
aa. oxidase (36), but the mechanism is still unknown. Based
on Lhese resulls, il can be assumed Lhal SigC is responsible
for up-regulation of its 11 target genes included in the cop-
per-deprivation stimulon of C. glutamicum ATCCL3032.
The observation that the genes of the ¢ydABDC operon
exhibited the highest up-regulation under copper depriva-
tion is in line with the fact that cytochrome bd oxidase is
copper-independent and therefore can replace cytochrome
ady oxidase under Lhese condilions,

Besides the known genes of the SigC regulon, however, six
addilional genes were found Lo be up-regulaled al least 3-fold
under copper deprivation in strain ATCC13032. Inspection of
their promoter regions revealed no obvious SigC-binding
molifs (data not shown). Four of these are likely involved in
metal ion transport. The genes cg0569 and ¢gl744 were both
annolaled as calion-lransporling ATPases, whereas cgl832
and cg1833 cncode the permease and a scereted substrate-
binding lipoprolein ofan ABC transporter. The binding prolein
belongs to the TroA_a family of proteins that are predicted to
function as initial receptors in ABC transport of metal ions in
eubacteria. The up-regulation of these four genes under copper
deprivation points to a role in copper uptake, The fysE gene
(cgl424) encodes a secondary exporter for lysine and arginine
(45, 46). 11s expression is aclivaled by Lthe transcriplional regu-
lator LysG, which senses clevated levels of lysine, arginine, and
histidine (46 —48). We assume that copper deprivation and the
concomitantly reduced growth rate presumably results in
increased intracellular concentrations of one or several of these
amino acids and activation of fysE expression. The protein
encoded by ¢g2699 has been intensively studied in this work
and will be discussed below.

Except for IysE, the mechanisms responsible for increased
expression of the genes not belonging to the SigC regulon under

SZASBMB

26



Results

Copper-deprivation stimulon of C. glutamicum

27

copper deprivation are unclear at present. In the case of cg1832
and cg1833, the gene cgl1831 located upstream and divergent to
cgl832 encodes an ArsR-type transcriptional repressor, which
could be responsible for derepression under copper starvation.
Overall, the results of the transcriptome comparison suggest
that expression control of the genes up-regulated under copper
deprivation involves not only SigC, but also other transcrip-
tional regulators and possibly different stimuli.

Our studies of the ActiP mutant indicate that the CtiP pro-
teinis involved in the biogenesis of cytochrome aa, oxidase and
the cytochrome be,—aa, supercomplex. The ActiP mutant had
a clear growth defect in BHI medium, on BHIagar plates, and in
standard glucose minimal medium with 1.25 sy CuSO,, but it
grew like the W'T under copper-deprived conditions and even
better than the WT in medium containing 100 ptm CuSO, (Fig.
3}. The increased copper tolerance indicates an involvement of
CtiP in copper import, which is supported by the fact that
almost the entire copper-deprivation stimulon was induced in
the ActiP mutant during growth under standard conditions
with 1.25 v CuSQO,. Thus, in the absence of CtiP, the mecha-
nisms signaling copper deprivation are activated although suf-
ficient copper ions are present in the medium. The growth
defect of the ActiP mutant under standard copper concentra-
tions is most likely due to an impaired cytochrome aa; biogen-
esis, which was indicated by the failure to purify the cyto-
chrome &c; —aa, supercomplex (Fig. 4). An impaired formation
of the Cu, or the Cuy center is a possible explanation for this
result, assuming that these copper centers are necessary for the
formation of a stable supercomplex.

The Cu, center is located in the extracytoplasmic domain of
CtaC and involves two copper ions that are bridged by two
sulfur ligands from cysteine residues (Cys>®*® and Cys®®® in the
case of C. glutamicum CtaC). It is formed after the transloca-
tion of the domain by the Sec machinery. In bacteria, three
proteins have been described to be involved in the formation of
the Cu, center, the Sco protein {synthesis of cytochrome oxi-
dase), the PCu, C protein (protein Cu, chaperone), and the
TIpA protein (thioredoxin-like protein A). Sco proteins are
membrane-bound copper chaperones belonging to the thiore-
doxin family. They are located in the periplasm and contain a
CXXXC motif involved in copper binding. Sco proteins can
function both as disulfide reductases that reduce the cysteines
of apo-Cu, and as copper donor to the Cu, center (44).
Whereas B. subtilis contains an Sco protein presumably
involved in Cu, formation ofthe cytochrome caa, oxidase (49),
C. glutamicum does not possess an Sco homolog.

The TIpA protein was identified in Bradyrhizobiwm japoni-
cumi in a screen for tetramethyl-p-phenylenediamine oxidase-
negative transposon mutants (50) and is a membrane-anchored
periplasmic protein with the active site sequence WCVPC {51).
It was recently shown that TIpA is a specific reductant for the
copper chaperone Scol and the apo-Cu, center in CoxB of
B. japonicum (52). In C. glutamicum, two TIlpA candidates
were found. Cg0354 has the motif WCEPC and may contain a
signal peptide, but no transmembrane helix. Therefore, a fune-
tion of this protein as a reductant for apo-Cu, in CtaC seems
questionable. Cg0520 is a secreted lipoprotein with the active
site sequence WCAPC and isencoded in a gene cluster involved
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in eytochrome ¢ biogenesis (10). A function of Cg0520 as CtaC
reductant appears possible, but this requires further experi-
mental studies.

PCu, C proteins are copper chaperones that bind a single
Cu(l) ina cupredoxin-like fold (33, 53, 54). In Thermus thermo-
philus, PCu, C was shown to serve as copper donor to the Cu,
center (53). Also, C. glutamicum possesses a PCu, C homolog
encoded by cgl883. This gene is part of an operon including
copC (cg1884) and cgl881, all of which were found to be up-
regulated under copper deprivation and are part of the SigC
regulon. Cgl883 contains a signal peptide with the lipobox
VMAACS (55) and thus presumably is a lipoprotein. The cop-
per-binding motif in the structurally and functionally analyzed
PCu,C homologs was found to be (H/M)X, ,MX, HXM.
The Cgl883 protein and its homologs from other actinobacte-
ria contain a slightly different motif with the sequence
HX MX,,HXM. As the Acgl883 mutant constructed in our
study showed no growth phenotype under the conditions
tested, the function of Cgl883 remains unclear. It might sup-
port Cu,, assembly of actinobacterial cytochrome aa, oxidase
but apparently is not essential for this process.

The Cuy center, which is an invariable characteristic of
heme— copper oxidases, is located within the transmembrane
region closer to the positive side of the membrane (56). In yeast,
mammals, and several bacteria, the Cox11 protein was shown
to be involved in formation of the Cug center. In R. sphaeroides,
lack of Cox11 led to a cytochrome aa, oxidase containing all
centers except Cug, even when copper was in excess, indicating
that in this species, Cox11 is essential for Cug formation (57).
Cox11 is a membrane-anchored protein with a periplasmic
domain containing a CFCF motif that binds Cu(I) and donates
it to the Cug center. As C. glutamicum does not contain a
Cox11l homolog, other mechanisms and proteins must be
involved in the formation of the Cug center.

Based on the presence of a CtaG domain and our data, the
CtiP protein is a good candidate for Cuy, formation. However,
for B. subtilis CtaG, a function in the assembly of the Cu, cen-
ter or another feature only present in the cytochrome ¢ oxidase
caa, was proposed based onthe observation that a mutant lack-
ing ctaG and cyd ABCD was still able to grow on agar plates {35).
Respiratory growth of this mutant was assumed to be depen-
dent on cytochrome aa,, a heme— copper type menaquinol oxi-
dase, which does not possess a Cu,, center, but the heme @,-Cug
center (35). If CtaG would be required for Cug formation, not
only cytochrome caa,, but also cytochrome aa, should be
defective, and the mutant lacking ctaG and cydABCD should
not be able to grow. This assumption, however, might be
wrong, as B. subtilis possesses a second bd-type oxidase
encoded by the ythAB genes (58), which could allow growth of
the mutant even if cytochrome caa, and cytochrome aa, are
inactive due to the lack of CtaG. Alternatively, a protein differ-
ent from CtaG could be responsible for Cug formation in the
cytochrome aa, menaquinol oxidase.

The data available for the C. glutamicum ActiP mutant sug-
gest that CtiP might couple copper import via its N-terminal
part with copper insertion into the Cug center via its C-termi-
nal part. This would imply that insertion of copper into Cug
does not proceed from the extracytoplasmic side of the
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Figure 6. Model of the roles of CtiP (Cg2699), CopC (Cg1884), and PCu ,,C (Cg1883)in the biogenesis of cytochrome aa, oxidase in C. glutamicum.The
CtiP protein is assumed to have a dual function in copper transport and copper transfer to the Cu, center of CtaD (subunit I). The absence of CtiP triggers the
copper-deprivation response under copper excess. The CopC protein is a membrane-bound copper chaperene with a Cu(ll}-binding motif that might donate
copper to CtiP under copper deprivation. PCu,C is a secreted lipoprotein with a Cu(l)-binding motif that might be involved in the formation of the Cu, center.
In contrast to the strains lacking CtiP or CopC, the mutant lacking PCu,,C showed ne growth defects under the conditions tested. Blve circles, copper ions; red

squares, heme groups.

membrane, as assumed for the Cox11-mediated process in
R. sphaeroides, bul from the cyloplasmic side or inlramembra-
nously. Alternatively, an additional copper chaperone might be
involved, which is loaded by CtiP in the cytoplasm or
intramembranously, and then transfers the copper to Cu, on
the extracytoplasmic side, as suggested in a recent study for the
assembly of the Cuy, center of the ¢hb;-type cytochrome ¢ oxi-
dascin Rhodobacter (59). In this example, the sccondary copper
imporler CeoA is responsible for copper import and required
for biogenesis of cytochrome chb,, oxidase (60).

As shown by the examples described above, different routes
for the formation of the Cuy center of heme— copper type ter-
minal oxidases have been evolved. In the case of C, glutamicum,
CLP is likely Lo be involved in this process, which implies that
the protein should be conserved in Actinebacteria, most of
which harbor the genes [or Lhe cylochrome be,—aa, supercom-
plex (17}, Bioinformatic analysis confirmed that CtiP homologs
areencodedin allactinobacterial orders except for most species
of the predominantly anaerobic members of the Actinomyce-
tales and Bifidobacteriales (data not shown). This distribution
supporls the proposed function of CLP.

A second protein that we identified in this study to be pre-
sumably involved in the biogenesis of cylochrome aa; oxidase
of C. glutamicim was CopC. It contains a Sec-type signal pep-
lide, a C-lerminal (ransmembrane helix anchoring the protein
in the cytoplasmic membrane, and a Cu(11)-binding site. In con-
trast to ctiP, the copC gene is part of the SigC regulon. A AcopC
mutant grew lilke WT in standard glucose minimal medium
but showed a growth defect on BHI agar plates similar to the
ActiP mutant and a growth advantage under copper excess
stress. The laller phenolype suggests a role of CopCin cop-
per import. Furthermore, impaired purification of the cyto-
chrome bc,—aa, supercomplex from membranes of the
AcopC mutant suggested disturbed or at least weakened
complex formation. CopC might serve as an extracytoplas-
mic copper chaperone supporting copper import under cop-
per deprivation (e.g. by donating Cu(II) to CtiP). Like CtiP,
CopC was also found Lo be highly conserved in Aclinobacte-
ria containing the genes for the cytochrome be,—aa, super-
complex (data not shown).
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In summary, our study has provided the first data on the
biogenesis of respiralory enzymes in Aclinobacleria, a lopic
that has been neglected in the past. Based on the determination
ol the copper-deprivation stimulon of C. glutamicum, we iden-
tified two proteins involved in the maturation of cytochrome
aa; oxidase. A model of this process based on our data is shown
in Fig. 6. Obviously, further studies are required to validate this
model and to identify additional proteins involved in the assem-
bly process.

Experimental procedures
Bacterial strains, media, and growth conditions

Bacterial strains and plasmids used or constructed in this
work are listed in the Table 2. C. glutamicum strains were cul-
tivated aerobically at 30 °C either in CGXII minimal medium
conlaining 2 or 4% (w/v) glucose as carbon and energy source
and 30 mg/liter 3,4-dihydroxybenzoate as iron chelator (61) or
in BHI medium supplemented with 2 or 4% (w/v) glucose or on
BHI agar plates. Cultivations were performed cither in 500-ml
glass shake [lasks conlaining 50 ml of medium thal were incu-
bated on a rotary shaker at 120 rpm or in a Biolector microcul-
tivation system using FlowerPlates™" with 800 ul of medium
that were shaken at 1200 rpm (m2p-labs, Baesweiler, Ger-
many). For cultivation under copper deprivation, copper (reg-
ular concentration 1.25 pm) was excluded from the CGXII
medium in the preculture and the main culture. The latter was
supplemented with a 150 pM concentration of the copper-spe-
cific chelalor BCS. Because BCS binds Cu(I), the medium was
additionally supplemented with freshly prepared ascorbate (1
mu) lor reduction of Cu(ll) lo Cu(l), as described (29). For
cultivation under copper excess stress, CGXIL medium was
supplemented with 100 puM CuSO,. Copper concentralions in
the medium before and after cultivation were determined via
inductively coupled plasma MS at ZEA, Forschungszentrum
Julich. E. coli DH5e was used as host for cloning purposes.
The E. coli slrains were cullivaled aerobically in lysogeny
broth medium (10 g/liter tryptone, 5 g/liter yeast extract, 10
g/liter NaCl} at 37 “C. When appropriate, kanamycin was
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Table 2
Bacterial strains and plasmids used in this study
Source or
Strain or plasmid Description reference
Strains
C. ghefamicum ATCC13032  Biotin-auxotrophic WT strain Ref. 69
C. glirtamicun AcydAB Derivative of ATCC13032 with in-frame deletion of the cydAB genes (cgl301, cgl300) Ref. 19
C. glitamicum ActaD Derivative of ATCC13032 with in-frame deletion of the ctzD gene (¢g2780) This work
C. glitamicum Ager Derivative of ATCC13032 with in-frame deletion of the gcrCAB genes Ref. 12
C. gletamicum ActiP Derivative of ATCC13032 with in-frame deletion of the ¢#iP gene (cg2699) This work
C. glutamicum ActaDActiP - Derivative of ATCC13032 ActzD with in-frame deletion of the cziP gene This work
C. glutamicum AgerAciiP Derivative of ATCC13032 Agcr with in-frame deletion of the c#iP gene This work
C. ghetamicum Acg0569 Derivative of ATCC13032 with in-frame deletion of the eg0569 gene This work
C. glirtamicur Acgl744 Derivative of ATCC13032 with in-frame deletion of the cgl744 gene This work
C. glistamicurm Acgl1 832 Derivative of ATCC13032 with in-frame deletion of the cg1832 gene This work
C. glutamicum Acgl833 Derivative of ATCC13032 with in-frame deletion of the cg1833 gene This work
C. ghetamicur Acgl881 Derivative of ATCC13032 with in-frame deletion of the cgl1881 gene This work
C. glitamicur Acgl1883 Derivative of ATCC13032 with in-frame deletion of the ¢g1883 gene This work
C. glistamicum AcopC Derivative of ATCC13032 with in-frame deletion of the copC gene (cgl1 834} This work
C. glutamicum Acg2566 Derivative of ATCC13032 with in-frame deletion of the cg2566 gene This work
C. ghetamicum Acg2750 Derivative of ATCC13032 with in-frame deletion of the eg2750 gene This work
E. coli DH5a F~ ¢80dlacA(lacZ)ML5 AllacZYA-argFy UL69 endAT recAl hsdRI7 (ry”, my " )deoR Invitrogen
thi-1 phoA supEdd )~ gyrA96 relAl
Plasmids
pK19mobsacB KanF, vector for allelic exchange in C. glutamicum (pK18 0riVy , sacB lacZca) Ref. 70
pK19mobsacB-ActiP Kan®, pK1%mobsacB derivative containing a 1-kb overlap-extension PCR product (EcoRI/Pstl) that This work
covers the flanking regions of the C. glutamicum ctiP gene (cg2699)
pK19mobsacB-Acg0569 Kan®, pK19mobsacB derivative containing a 1-kb PCR product (Sall/BamHI) that covers the flanking This work
regions of the C. glitamicum cg0569 gene
pK19mobsacB-Aegl744 Kan®, pK19mebsacB derivative containing a 1-kb PCR product (Sall/BamHI) that covers the flanking This work
regions of the C. glutamicum cgl744 gene
pK19mobsacB-Acgl832 Kan®, pK19mobsacB derivative containing a 1-kb PCR product (Sall/BamHI) that covers the flanking This work
regions of the C. gliztamicym cgl832 gene
pK19mobsacB-Acgl833 Kan®, pK19mebsacB derivative containing a 1-kb PCR product (Sall/BamHI) that covers the flanking This work
regions of the C. glutamicum cg1833 gene
pK19mobsacB-Acgl881 Kan®, pK19mobsacB derivative containing a 1-kb PCR product (Sall/BamHI) that covers the flanking This work
rer§ions of the C. glitamicym cgl881 gene
pK19mobsacB-Acgl883 Kan®, pK19mobsacB derivative containing a 1-kb overlap-extension PCR product (PstI/Xmal) that This work
covers the flanking regions of the C. glitamicum cgl 883 gene
pK19mobsacB-AcopC Kan®, pK19moebsacB derivative containing a 1-kb overlap-extension PCR product (EcoRI/HindIII) that This work
covers the flanking regions of the C. glutamicum copC gene (cg1884)
pK19mobsacB-Acg2566 Kan®, pK19mobsacB derivative containing a 1-kb PCR product (Sall/BamHI) that covers the flanking This work
regions of the C. glutamicum cg2566 gene
pK19mobsacB-Acg2750 Kan®, pK19mobsacB derivative containing a 1-kb PCR product (Sall/BamHI) that covers the flanking This work
regions of the C. glutamicum cg2750 gene
pPEKEx2 Kan®, C. glutamicum/E. coli shuttle vector for regulated gene expression (2., lrcI? pBLL oriV_, pUC18 0nVy,} Ref 71
pEKEx2-ctiP KanF, pEKEx2 derivative containing the c#iP gene from C. glutamicim under control of the tae promoter This work
pICl-ctaDy, Kan®, expression plasmid for strep-tagged CtaD; ctaD expressed from its native promoter and with 10 Ref. 11
additional codons at the 3'-end (AAWSHPQFEK)
pICl-gcrBg, Kan®; expression plasmid for Strep-tagged QerB; ctaE-qcrCAB expressed from their native promoter; Ref. 11

gerB with 10 additional codons at the 3'-end (AAWSHPQFEK)

added to a concentration of 50 pg/ml (£. coli) or 25 pg/ml
(C. glutamicum).

Recombinant DNA work

The enzymes for recombinant DNA work were obtained
from Roche Diagnostics (Mannheim Germany) or New
England Biolabs {Frankfurt am Main, Germany}. All oli-
gonucleotides (Table S1) were synthesized by Eurofins
(Ebersberg, Germany). Routine methods like PCR, restric-
tion, or ligation were carried out according to standard pro-
tocols (62). The generation of all PCR products was per-
formed with High Fidelity DNA polymerase (Roche
Diagnostics). Plasmids were isolated from E. eoli with the
QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany).
E. coli was transformed by the RbCl method (63). Transfor-
mation of C. glutamicum was performed as described previ-
ously (64). All plasmid constructs described in this work
were controlled by DNA sequencing (Eurofins MWG
Operon, Ebersberg, Germany).

Construction of C. glutamicum deletion mutants

In-frame deletion mutants of C. glutamicum (Table 1) were
constructed via a two-step homologous recombination proce-
dure as described previously (12).

Global gene expression analysis

DNA microarray analysis was used to compare (i} the
genome-wide mRNA levels of C. glutamicurm WT cultivated
under copper-deprived conditions (see above) with those of
C. glutamicum W'T cultivated in standard CGXII medium (1.25
#M CuSO,) and (ii) the genome-wide mRNA levels of the
C. glutamicurm ActiP mutant with those of C. glutamicurm W'T,
both strains cultivated in standard CGXII medium (1.25 um
CuS0O,). RNA was prepared as described previously (65). For
RNA isolation, the strains were cultured in CGXII medium
with 4% (w/v) glucose and the indicated copper concentrations
and harvested at an A4y, of 20 in the late exponential growth
phase. All DNA microarray analyses were performed with cus-
tom-made DNA microarrays based on 70-mer oligonucleotides
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obtained from Operon Biotechnologies and later from Agilent
Technologies. For each of the two comparisons, three indepen-
dent biological replicates were performed, and p values were
calculated using Student’s ¢ test (Excel, Microsoft). The exper-
imental details and the data evaluation were performed as
described previously (66). The microarray data have been
deposited in the NCBI Gene Expression Omnibus (GEO) data-
base and are accessible under accession numbers GSE117530
and GSE117566.

Purification of Strep-tagged CtaD and Qar B

The preparation of cell membranes, the solubilization of
membrane proteins with #-dodecyl-g-p-maltoside, and the
affinity chromatography with Strep-Tactin-Sepharose were
performed as described (11). Isolated proteins were analyzed by
SDS-PAGE and identified by peptide mass fingerprinting using
MALDLTOE MS (67).

Analysis of cytochromes

For recording dithionite-reduced spectra of intact cells, they
were resuspended in 100 mum Tris-HClbuffer, pH 7.4, to an Ay,
of 100 and analyzed at room temperature using 5-mmlight path
cuvettes with a Jasco V560 spectrometer equipped with a sili-
con photodiode detector for turbid samples (68).
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Introduction
Aerobic  bacterial

respiratory

Abstract

Respiration in aerobic Actinebacterin involves a cytochrome be,-aa;
supercomplex with a diheme cytochrome ¢;, first identified in
Corynebacterimm glutamicum. Synthesis of a functional cytochrome
c oxidase requires incorporation of Cus, Cus, heme &, and heme as.
In contrast to eukaryotes and a-proteobacteria, this process is poorly
understood in Actinobacteria. Here, we analyzed the role of a Surfl
homolog of C. glutamicum in the formation of a functional bci-an;
supercomplex. Deletion of the surfl gene (cg2460) in C. glutarnicum
caused a strong growth defect and an increased copper sensitivity.
Cytochrome spectra revealed reduced levels of cytochrome ¢ and a
and an increased level of cytochrome 4. Membranes of the Asurfl
strain had completely lost the ability to oxidize the artificial electron
donor N,N,N’ N’-tetramethyl-p-phenylendiamine, indicating that
Surfl is essential for the formation of functional cytochrome aas
oxidase. In contrast to the wild type, a bcy-aas supercomplex could
not be purified from solubilized membranes of the Asurfl mutant. A
transcriptome comparison revealed that the genes of the SigC
regulon including those for cytochrome bd oxidase were upregulated
in the AsurfI strain as well as the copper deprivation-inducible gene
ctiP. Complementation studies showed that the Surfl homologs of
Corynebacterium diphtheriae, Mycobacterinim tuberculosis, and
Mycobacterinm smegmatis could abolish the growth defect of the
C. glutarmicum AsurfI mutant, indicating that Surfl is a conserved
assembly factor for actinobacterial cytochrome aa; oxidase.

chains are or Corvnebacterivm ghitamicwm. Strains of

characterized by a large diversity including
various types of terminal oxidases acting either
as quinol oxidases or as cytochrome ¢ oxidases
[1, 2]. Bacteria typically contain two or more
terminal oxidases allowing adaptation to
changing environmental conditions with respect
to oxygen partial pressure, copper availability,
or varying demands for respiratory activity.
Actinobacteria form a large phylum within the
Gram-positive bacteria and include a variety of
species of high medical and biotechnological
relevance, such as Mycobacterium tuberculosis

C. glutamicum are used in the biotech industry
for production of about five million tons of
amino acids per year, mainly L-glutamate and
L-lysine. These processes are performed under
acrobic conditions and depend on respiration.
The respiratory chain of C. glutamicum is
branched and contains two terminal oxidases, a
cytochrome ¢ oxidase of the aas-type and the
menaquinol oxidase cytochrome bd [3]. A
unique feature of the respiratory chain of
C. glutamicum is the presence of a cytochrome
bei-aas  supercomplex  with  a  diheme
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cytochrome ¢; that represents the only c-type
cytochrome of this species [4, 5] The
supercomplex was purificd in active form by
affinity chromatography with either Strep-
tagged cytochrome b (QcrB) or with Strep-
tagged subunit I (CtaD) of cytochrome aas and
included besides the subunits of the bc;
complex and the aas oxidase three additional
proteins, a secreted lipoprotein (Cg2949), an
integral membrane protein (Cg2211) and a
cytosolic protein (Cg2444) [5]. Deletion of the
corresponding genes had no growth phenotype,
mndicating that these proteins are not essential
for activity [5]. The complex was characterized
with respect to the redox potential of the
prosthetic groups and a structural model was
build [6]. Moreover, the complex was
characterized kinetically [7].

Complexes  similar to  the one of
C. glutamicum were later also described for
Mpycobacterium  species  [8, 9]. With the
availability of a large set of genome sequences
it became clear that a bej-aas supercomplex is
presumably characteristic for all aerobic
Actinobacteria [6]. Most recently, the structure
of the bci-aos supercomplex was solved by
cryo-electron microscopy in two parallel studies
[10, 11]. These studies confirmed key features
of the model proposed for C. glutamicum and
revealed new and interesting aspects, such as
the presence of a periplasmic superoxide
dismutase associated with cytochrome 4 or the
presence of cytochrome ¢ in two different
confirmations [ 10, 11]. Morcover, the cryo-EM
structures revealed the presence of accessory
proteins, including homologs of Cg2211
(PRSAF1) and Cg2949 (LpgE) previously
found to be associated with supercomplex of
C. ghutamicum.

The formation of a catalytically active bey-
aas supercomplex requires an assembly process
for insertion of the cofactors, which are Cu,,
Cus, heme ¢, and heme a3 in the case of the aas
oxidase. Many proteins involved in these
maturation events have been identified and
characterized in mammals, Saccharomyes
cerevisige, and o-proteobacteria [12], but
knowledge for Actinobacteria is scarce. By
analyzing the transcriptional response of
C. glutamicum to copper deprivation we
recently identified two proteins involved in

copper insertion into the aas oxidase, the
membrane-integral  copper  transport  and
insertion protein CtiP and the secreted Cu(Il)-
binding protein CopC, which were found to be
conserved in acrobic Actinobacteria [13].

In the present study, we analyzed another
protein, Cg2460, presumed to be a potential
assembly factor for the ag; oxidase in
C. glutamicum. The protein showed weak
sequence similarity to Surf1 proteins from other
organisms. Surf1 was identified as a protein that
was able to complement cytochrome oxidase
defects causing the Leigh syndrome in humans,
a severe human neurodegenerative discase, and
therefore proposed to be involved in
cytochrome oxidase biogenesis [14]. The
homolog from S. cerevisice is Shylp and
deletion of the corresponding gene also led to
reduced oxidase activity [ 15]. The role of Surfl
in  mitochondrial  cytochrome  oxidase
biogenesis is still unknown and the functions
proposed include stabilization of subunit I and
involvement in copper homeostasis [16, 17]. A
much better picture is available for the role of
Surfl homologs in a-proteobacteria (reviewed
by [18]). Biochemical analysis of cytochrome
aas oxidase in  Rhodobacter sphaeroides
indicated that Swifl plays a role in facilitating
the insertion of heme as into the active site the
oxidase [19]. In Paracoccus denitrificans, two
Surfl homologs are present and shown to be
involved in oxidase assembly, Surflq acting on
the ba-type quinol oxidase and Surfle acting on
the aas-type cytochrome ¢ oxidase [20]. Further
studies revealed that the P. denitrificans Surfl
proteins bind heme @ in a 1:1 stoichiometry with
K4 values of 0.3 — 0.7 uM, indicating that the
Surfl protein are involved in the transfer of
heme ¢ from the heme o synthase CtaA to
subunit I and its insertion [20, 21].

In Gram-positive bacteria, the role of Surtl
proteins has not been studied until now. We
therefore investigated the impact of the putative
Surfl homolog Cg2460 of C. glutamicum on
the assembly and activity of the cytochrome
ber-aas supercomplex. Furthermore, to gain
information about regulatory mechanisms, we
compared global gene expression of a surf]
mutant and the wild type. Lastly, the
conservation of Surfl within actinobacterial
specics was examined.
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Materials and Methods
Bacterial strains, plasmids, and growth
conditions

All bacterial strains and plasmids used in this
work are listed in Table 1. The C. glutamicum
type strain ATCC 13032 was used as wild type
(WT). To start cultivation, 5 ml brain heart
mnfusion broth (BHI, Difco Laboratories,
Detrot, MI) was inoculated with a single colony
from an agar plate and incubated for 9h at 30 °C
and 170 rpm. When appropriate, 25 ng/ml
kanamycin was added. The cells of this first
preculture were used to inoculate a second
preculture in 750 pl CGXII minimal medium
[22]  containing 30 mg I'  34-
dihydroxybenzoate as iron chelator and 2%
(w/v) glucose. The cultivation was performed
overnight at 30 °C and 1200 rpm using a
Biol.ector microcultivation system and a 48-
well  FlowerPlate  (m2p-labs, Baesweiler,
Germany). For larger cultivation volumes, 50
ml BHI medium was inoculated with 500 ul
preculture in 500 ml-Erlenmeyer flasks that
were incubated overnight at 140 rpm and 30 °C.
The main cultures were performed in the same
medium as the second preculture with the
addition of 2% (w/v) glucose. For Biolector and
shake flask cultivations, the initial optical
density at 600 nm (ODgq) was set to 1 and 0.5,
respectively. For complementation
experiments, in  which the cells carried
expression plasmids with a fac promoter, 100
uM isopropyl-f-D-thiogalactoside (IPTG) was
added to the medium immediately after
moculation. All cloning steps were performed
with Escherichia coli DH5a as host, which was
cultivated at 37 °C on LB agar plates or in liquid
LB medium [23] with 50 pg/ml kanamyein
[24].

Recombinant DNA work and construction of
deletion nuitants

All plasmids and oligonucleotides used in
this study are listed in Tables 1 and 2. Routine
methods such as PCR and DNA restriction were
performed using established protocols [24].
Gibson assembly was used for plasmid
construction [25]. DNA  sequencing and
oligonucleotide synthesis were performed by
Eurofins Genomics (Ebersberg, Germany). In-

frame gene deletion strains of C. ghuamicum
were constructed via a two-step homologous
recombination protocol using 500 bp flanks [4].
Colony PCR using oligonucleotides annealing
outside the deleted regions was performed to
confirm the chromosomal deletions.

For construction of the reporter plasmids
pIC1-Peydd-venus and plC1-PctaD-venus,
approximately 500 bp upstream of the start
codon and 30 bp of the coding region followed
by an introeduced stop codon were amplified
from chromosomal DNA by PCR using the
oligonucleotide pairs
ctaD venus fwd/ctaD venus rev and
cydA venus fwd/ cydA venus rev, resulting
in PCR products of 589 bp and 611 bp.
Amplification of the venus gene including a
ribosome binding site was performed with the
oligonucleotide pair venus 3 fwd/venus 4 rev
and pJCl-venus-term as template, resulting in a
PCR product of 755 bp. The individual
promotor and venus fragments were ligated into
a BamHI/Spel-linearized pJCl vector using
Gibson assembly [26]. After sequencing of the
plasmids, they were transferred into
C. glutamicum wt, the Asurfl mutant and the
ActiP mutant.

Giobal gene expression analysis

For a comparative transcriptome analysis of
the C. glutamicum Asurfl mutant and the parent
WT, the cells were cultivated in shake flasks
using CGXII medium with 2% (w/v) glucose as
described above until they reached the early
exponential phase (ODgo of about 3). Then
RNA was isolated and used for DNA
microarray  analysis  using  custom-made
60mer DNA microarrays for genome-wide gene
cxpression analysis from Agilent Technologics
(Waldbronn, Germany). Four independent
biological replicates were performed for
comparison of the Asurf] mutant and the WT
and p values were calculated using Student’s t
test (Excel, Microsoft). The experimental
details and the data evaluation were performed
as described previously [27]. The microarray
data have been deposited in the NCBI Gene
Expression Omnibus (GEO) database and are
accessible wunder the accession number
GSE123974.
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Tables
Table 1
Bacterial strains and plasmids used in this study.
Strain or plasmid Relevant characteristics Source or
reference
E. coli
DHS5a F ©80clacA(lacI)MIS AllacZVA-argF) U169 [35]
endAl recAl hsdR17 (re , i) deoR thi-1 phoA
supE44 ) gvrA96 relAl; strain used for cloning
procedures
C. glutamicum
ATCC13032 Biotin-auxotrophic wild type [36]
C. glutamicum ActiP Derivative of ATCCI13032 with in-frame [13]
deletion of the ctiP’ (cg2699) gene
C. glutamicum ActaD Derivative of ATCCI13032 with in-frame [4]
deletion of the ctal) (cg2780) gene
C. glutamicum Asurfl Derivative of ATCCI13032 with in-frame This work
deletion of the surfl (cg2460) gene
C. glutamicum Aqger Derivative of ATCCI13032 with in-frame [4]
deletion of the ctaF-gerCAB operon (cg24006-
2404)
C. glutamicum AgerActiP Derivative of ATCCI13032 with in-frame [13]
deletion of the ctaF-qerCAB operon and ctiP
genes
C. glutamicum AgerAsurfl Derivative of ATCC13032 with in-frame This work
deletion of the ctaF-qerCAEB operon and surf]
C. glutamicum ActaD ActiP Derivative of ATCCI13032 with in-frame [13]
deletion of ctaD and ctiP
C. glutamicum ActaD Asurf] Derivative of ATCCI13032 with in-frame This work
deletion of craD and surfl
C. diphtheriae DSM44123 Wild type, genomic DNA was used as a PCR DSM 44123
template
M. smegmatis MC? 155 Wild type, genomic DNA was used as a PCR ATCC 700084
template
M. tuberculosis H37TRv Wild type, genomic DNA was used as a PCR ATCC 25618
template
Plasmids
pK19mobsacB Kan®, plasmid for allelic exchange in C. [37]
glutamicum (pK18 oriVg., sacB, lacZu)
pK19mobsacB-Asurfl Kan®, pK19mobsacB derivative containing a 1 This work
kb PCR-product (EcoRI/Pstl) which covers the
flanking regions of the C. glhutamicum surfl gene
pANG Kan®, C. ghitamicum/E. coli shuttle vector for [38]
regulated gene expression using the Pi
promoter; derivative of pEKEx2
PANG-surfl Kan®, pAN6 derivative containing surf! gene This work
(cg2460) of C. glutamiciumm under control of P,
pAN6-CDC7B1688 Kan®, pAN6 derivative containing the This work
CDC7B 1688 gene (surfl homolog) of
C. diphtheriae DSM44123 under control of the
tac promoter
PAN6-MSMEGA4311 Kan®, pAN6 derivative containing the This work
MSMEG4311  gene  (surf! homolog) of
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PAN6-Rv2235

pICl1
pICl-vernus-term

pJCl-gerBs

pICl-ctaDg

Kan®; pANG6 derivative containing the Rv2235 This work
gene (surfl homolog) of M. tuberculosis H37Rv

under control of the tac promoter

Kan® E. coli’C. ghitamicum shuttle vector [39]
(pHM1519 oric,, pACYC177 orig,)

Kan®; pJC1 derivative harboring the venus gene [40]
and additional terminators

Kan®;, expression plasmid for purification of [5]
Strep-tagged QcrB; contains the ctaf-qerCAB

operon expressed from its native promotor;, gcrB

with 10 additional codons at the 3"-end
(AAWSHPQFEK)

Kan®;, expression plasmid for purification of [5]
Strep-tagged CtaD; ctaD expressed from its

native promotor with 10 additional codons at the

3’-end (AAWSHPQFEK)

Table 2

Oligonucleotides used in this study.

Oligonucleotide

Sequence (5’ — 3’) and properties®

Construction of deletion plasmid pK19mobsacB-Asurf] and PCR analysis of the resulting mutants

cg2460-D1
cg2460-D2
cg2460-D3
cg2460-D4

cg2460 seq fwd
cg2460 seq rev

CAAGCTTGCATGCCTGCAGGTCGACCTGGCTTGGAAGA
CAACGTC
TGTTTAAGTTTAGTGGATGGGCGGAATAGCGGGAGCTCA
CG
CCCATCCACTAAACTTAAACAGCGATCAACACCGCAATC
AC
TTGTAAAACGACGGCCAGTGAATTCGGGTGGTGGAGCG
TACTAAC

AGTCATCGCGAAGGCAAAAGC
CTGGGTGATCAGCACTAAAGG

Construction of expression plasmids p ANG-surfl, pAN6-CDC7B1668, pAN6-MSMEG4311, pANo-
Rv2235 and PCR analysis of the resulting plasmids

surfl pAN6 fwd

surfl pAN6 rev
CDC7B_pAN6 fwd
CDCTB pANG6 rev
MSMEG4311 pAN6 fwd
MSMEG4311 pAN6 rev
Rv2235 pAN6 fwd
Rv2235 pANG6 rev

PANG seq fwd
pANG6 seq rev

GCCTGCAGAAGGAGATATACATATGGACAGCAAGGTAA
ATAGCCC
CTGTAAAACGACGGCCAGTGAATTCTTAGAAGCGCTICTT
GGTCTC
GCCTGCAGAAGGAGATATACATATGCCTAGGACGCACA
CAACTGTCAC
CTGTAAAACGACGGCCAGTGAATTCTTACTGATTATGCC
GTGAGCTACCG
GCCTGCAGAAGGAGATATACATATGCGCCGGCTCGGCTT
TCTC
CTGTAAAACGACGGCCAGTGAATTCTCAGCGGCGCTTGC
CGTAG
GCCTGCAGAAGGAGATATACATATGCCCCGCCTAGCGTT
CCTGCTG
CTGTAAAACGACGGCCAGTGAATTCTTACCGCCGGCGGC
CGTAG

ATGACCATGATTACGCCAAGC
CGGCGTTTCACTTCTGAGTTC

3 Overlaps for Gibson assembly are written in bold letters.
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Purification of the cytochrome be-aas spectrophotometrically at 562 nm in air-
supercomplex saturated 100 mM Tris-HCI buffer, pH 7.5,

C. glutamicum straing carrying cxpression
plasmids were cultivated in 5 1 shake flasks with
500 ml BHI medium supplemented with 2%
(w/v) glucose at 30°C and 90 rpm and harvested
at an ODgp of 8. Membrane isolation,
solubilization of membrane proteins with #-
dodecyl-B-D-maltoside and subsequent
purification of Strep-tagged CtaDd or Strep-
tagged QorB was performed as described
previously [5]. Aliquots of the purified proteing
were separated by SDS-PAGE wsing 12%
polyacrylamide gels (BioRad, Munich,
Germany) which were subsequently stained
with Coomassic dye-based RAPIDStain
solution (G-Biosciences, St. Louis, MO, USA).
Protein bands were identified after in-gel
trypsin  digestion [28] by peptide mass
fingerprinting using an Ultraflex III TOF/TOF
mass spectrometer (Bruker Daltonics, Bremen,
Germany) as described previously [29].

Redox difference spectroscopy

Spectra were recorded at room temperature
using 5-mm-light-path cuvettes with a Jasco
V560 spectrophotometer. For recording the
dithionite-reduced spectrum of intact cells
(oxidation of cytochromes in intact cells proved
to be difficult), a suspension of C. ghutamicum
cells in 100 mM Tris-HCl, pH 7.5 with an
ODsoo of 100 and a silicon photodiode detector
for turbid samples [30] was used. Dithionite-
reduced minus ferricyanide-oxidized difference
spectra of isolated membranes (30 mg/ml)
resuspended in 100 mM Tris-HCI, pH 7.5 were
also recorded with the silicon photodiode
detector. Dithionite-reduced minus
ferricyanide-oxidized difference spectra of
protem samples (0.5 mg/ml) obtained after
affinity chromatography of CtaDs were
recorded using the standard photomultiplier
detector of the Jasco V3560 spectrophotometer.
A few grains of sodium dithionite or potassium
ferricyanide were added to the samples to

reduce and oxidize the cytochromes,
respectively.
TMPD oxidase assay

NNNN'-Tetramethyl-p-
phenylenediamine (1TMPD) oxidase activity of
1solated membranes was measured

containing 200 uM TMPD, at 30 °C. For the
calculation, an extinction coefficient of
10.5 mM? cm? was used [31]. One unit of
activity is defined as 1 pmol of TMPD oxidized
per min. Autooxidation rates of TMPD was
recorded using samples containing only buffer
and TMPD and subtracted from the rates of the
membranes.

Results and discussion
In silico characterization of a Surfl homolog
in C. glutamicum

Studies in the a-proteobacteria Paracoccus
denitrificans and Rhodobacter sphaeroides
indicated that Surfl proteins are involved in
transferring the heme @ group from heme «
synthase, CtaA, to subunit I of cytochrome ¢
oxidase and transiently bind heme o [18, 19]. In
acrobic Actinobacteria like C. glutamicum,
which are characterized by a cytochrome bey-
aas supercomplex, nothing is currently known
about assembly factors involved in heme
incorporation. In the genome of C. glutamicum,
the gene with the locus tag cg2460 encodes a
protein of 333 amino acid residues (predicted
molecular mass 37.24 kDa) with 24% amino
acid sequence identity to Surfle of P
denitrificans [20] and 18% amino acid sequence
identity to Swfl of R. sphaercides [19].
Bioinformatic analysis indicated that Cg2460,
similar to previously characterized Surfl
proteins, possesses two transmembrane helices
(residues 35-56 and 245-264) enclosing an
extracytoplasmic SURF1 domain (Prosite
P550895) of 189 residues [32] (Fig. 1). An
amino acid sequence alignment (Fig. S1)
revealed the presence of the motifs W5Q% and
Y*xx W in Cg2460, which were shown to
be crucial not only for heme binding, but also
for differentiation between heme types [21].
Furthermore, the histidine residue H**! reported
to serve as axial ligand of the heme iron in
P. denitrificans Surfl was conserved in C.
ghitamicum Surfl (Fig. 1, Fig. S1). Unlike in
other bacteria, such as P. denitrificans, the surf]
gene of C. ghatamicum is not located in the
immediate neighborhood of genes coding for
compoenents of the respiratory chain or heme
biosynthesis [33].
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P. denitrificans
Pden_4316

R. sphaeroides
RSP_1830

and R. sphaeroides (RSP_1830). Predictions of protein architectures were done using the PROTTER
software [32]. Red shaded amino acid residues were shown to be involved in heme a binding in

P. denitrificans Surfl [18].

Phenotype of a surfl deletion mutant of
C. ghitamicum

To analyze the role of Surfl in
C. ghitamicum, a surfl deletion strain was
constructed and analyzed regarding growth.
The loss of Surfl caused to a strong growth
defect on BHT agar plates (data not shown) and
in CGXII minmimal medium (Fig. 2A), which
was similar to the growth defect of a Actal
strain lacking subunit I of cytochrome aas
oxidase and of a Ac#iP strain lacking the copper
transport and insertion protein CtiP [13]. Thus,
Surfl is important for optimal growth of
C. ghatamicum. Under copper excess stress, the
surfl mutant of C. glutamicum showed a
growth defect comparable to the one observed
under standard copper levels (Fig. 2C). In
contrast, the Asurfl muotant grew like the wt
under copper deprivation (Fig. 2D), which is a
clear evidence for the involvement of Surfl in
cytochrome «a; assembly. Under copper
deprivation, cytochrome a«; oxidase is inactive
due to the lack of copper and cytochrome bd
oxidase serves as terminal oxidase. Therefore, if

Surfl is an assembly factor of cytochrome aas
oxidase, its absence should have 1o
consequences under copper deprivation, as
observed before for the assembly factor CtiP
[13]. Complementation experiments with the
native surf1 gene restored wild-type like growth
(Fig. 2B), confirming that the growth phenotype
is due to the lack of surfl gene rather than to
secondary mutations. Plasmid-based expression
of ctad, coding for heme « synthase, did not
complement the  growth  defect of
C. ghitamicum Asurfl (data not shown).

To study the impact of the surf7 deletion on
the cytochrome content of the cell, an
absorbance spectrum of a dithionite-reduced
cell suspension was recorded and compared
with the corresponding spectrum of the wt (Fig.
3A). The Asupfl mutant differed from the wt by
a decreased cytochrome ¢ peak, a shift of the
cytochrome & peak from 564 nm to 559 nm, a
shift ofthe cytochrome a peak from 600 nm to
596 nm and the appearance of a cytochrome d
peak at about 623 nm. These results were
confirmed by reduced-minus-oxidized
difference spectra of isolated membranes (Fig,



Fig. 2. Growth studies of the indicated C. glutamicum strains under different cultivation conditions. (A,
B) Growth in standard CGXII medium supplemented with 2%6 (w/v) glucose and 1.25 uM CuSQs. (C)
Growth in CGXIl medium with 2% (w/v) glucose supplemented with 100 pM CuSO4 (Cuf) and for
comparison growth with 1.25 pM CuSO4. (D) Growth in copper-deprived CGXII medium with 2%
{(w/v) glucose supplemented with 150 pM BCS and 1 mM ascorbate (Cu|). For comparison, growth
with 1.25 uM CuSO4 is shown. Cells were cultivated in aFlowerPlate using a Biolector microcultivation
gystem (30 °C, 1200 rpm). Growth was measured online as backscatter at 620 nm every hour. All
backscatter values were normalized by setting the maximal backscatter value of the wt used for
comparison as 1. Depicted are mean values and standard deviation (bars) from three biological

replicates. a.:.. arbitrary units.

3B) and showed that the lack of Surfl has a
strong effect on the cytochrome composition of
the cell.

To test for the influence of Surfl on
cytochrome aa; oxidase activity, the oxidation
of N.N.N° N -tetramethyl-p-phenylendiamine
(TMPD) was measured with isolated
membranes. Whereas a specific activity of 52.3
nmol TMPD oxidized per min and mg protein
{mean value of three biclogical replicates) was
detected with membranes of the wt, no activity
above the autooxidation rate of TMPD (1.1
nmol per min) was found for the Aswurf7 mutant
and for the Ac#iP mutant. This indicates that
both Surfl and CtiP are required for the
formation of an active cytochrome «a; oxidase.

Impact of the absence of Surfl on the
purification of the cytochrome be-aas
supercomplex

To gain further insights into the possible
fonction of Surfl in the assembly of the
cytochrome bej-aa; supercomplex, purification
experiments by StrepTactin ~ affinity
chromatography were performed. In one series,
C-terminally Strep-tagged QcrB was purified
from dodecylmaltoside-solubilized membranes
of strains Agcr/pJCl-gcrBs, Agerisurfl/pIC1-
gerBg, and AgerActiP/ipICl-ger By, In a second
series, C-terminally Strep-tagged CtaD was
purified from the dodecylmaltoside-golubilized
membranes of straing ActalpICl-ctaDs;,
ActaDAsurf1/pIC1-ctaDs, and
ActaDAct PIpl Cl-ctalDy;. Straing AgerActiP
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Fig. 3. Cytochrome spectra of the C. ghatamicien wt and its AsurfI mutant. (A) Dithiomte-reduced
spectra of intact cells. (B) Dithionite-reduced-minus-ferricyanide-oxidized difference spectra of
membranes isolated from the C. glutamicum Asurfl mutant (red) and the wt (blue). (C) Dithionite-
reduced-mimus-ferricyanide-oxidized difference spectra of the proteins purified by StrepTactin-affhity
chromatography of CtaDs; from strain ActaD/plCl-ctaDxy: (left) and from strain ActaDAsurf1//pIC1-
ctaDks (right). The absorption maxima of cytochrome ¢, cytochrome b, cytochrome «, and cytochrome
d are depicted. Altered cytochrome peak maxima are indicated in the graphs. Cells were grown
aerobically in BHI medium with 2% (w/v) glucose. All measurements were performed in 100 mM

Tris/HCI (pH 7.5).

and ActaDActiP were included as we recently
had shown that the absence of CtiP also
impaired the assembly of the bei-awm
supercomplex [13] and thus could follow
differences in the effects of CtiP and Surfl.
Purification of QcrBs from  strain
Ager/pICl-gerBs; tesulted in the purification of
a complex composed of the subunits of the
cytochrome be; complex, QcrBg, QcrA, and
QcrC, of the cytochrome aa; oxidase subumnits
CtaD) (subunit Ty and CtaC (subunit II), and of
the lipoprotein Cg2949 (Fig. 4A). The complex
purified from strain AgerAsurfl/pICl-gerBs;
contained only QcrA besides QciB s, but neither
QecrC nor subunits of the cytochrome aas
oxidase nor Cg2949 (Fig. 4A). The same pattern
was observed for QcrBg; purification from strain
AgerActiPIpl Cl-gerBg, confirming the

previous data [13]. It should be noted that the
amount of proteins purified from the strains
lacking Surfl or CtiP was much lower (approx.
25%j) than the amount purified from the strain
containing these proteins, which might be due
to an impaired stability of an incompletely
assembled supercomplex.

Cytochrome spectra of the complexes
purified with CtaDs from different strain
backgrounds revealed strong differences.
Whereas the spectrum of the complex purified
from ActaD/pICl-ctaDs revealed peaks for a-,
b-, c-type cytochromes with maxima at 600 nm,
566 nm, and 552 nm, the spectrum of the
complex obtained from ActaDAsurfl/pICI1-
ctaDs contained only a small peak at 594 nm
(Fig. 4C). In the case of the complex purified
from ActaDActiPfpICl-ctaDs, no cytochromes
at all were observed (data not shown).
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Fig. 4. Purification of cvtochrome bei—aas
supercomplex subunits cither with Strep-tagged
QerB (A) or with Strep-tagged CtaD (B) in the
presence and absence of Surfl or CtiP. The
indicated C. glutamicum strains were cultivated
in BHI medium with 2% {w/v) glucose at 30 °C
in shaking flasks and harvested in the
cxponential phase at an ODeoo of 8. The purificd
membranes were used for Streptactin aftinity
chromatography. The protein fractions eluted
with desthiobiotin were combined and
separated by SDS-PAGE (12% separating gel).
The gels were stained with Coomassie Blue.
Identification of the protein bands was done by
peptide mass fingerprinting after in-gel tryptic
digestion and MALDI-ToF-MS analysis of the
peptides.

Impact of the surfl deletion on global gene
expression

To gain insight into the consequences of
surfl deletion at the transcriptional level, global
gene expression of the Asurf/ mutant and the wt
were  compared using DNA  microarray
experiments. The two strains were cultivated in
CGXIl glucose medium and cells were
harvested in the exponential growth phase and
used for RNA isolation. The comparison
revealed 13 genes upregulated >2.5-fold and 11
genes downregulated >2.5-fold (Table 3).
Seven of the genes upregulated in the Asurf]
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strain belong to the SigC regulon, which are the
cvdABDC operon and the cg1881-cg1883-copC
cluster. Four further members of the SigC
regulon also showed increased mRNA levels,
but are not listed in Table 3 because the cut-off
was set at a ratio of 2.5, namely ctad (cgl769,
1.71-fold increased), ctaB (cgl773, 2.23-fold
increased), ¢g2556 (2.39-fold increased) and
¢cg2750 (2.07-fold increased). The ctiP gene,
which is not belonging to the SigC regulon, also
showed a 2.66-fold increased mRNA level. The
other genes with an increased mRNA level
encode metabolic enzymes (milD), sucCD), a
transporfer {pacl), and a transcriptional
regulator (ffuR). The genes found to have a
>2.5-fold decreased mRINA level in the Asurf]
strain encode for proteins with diverse cellular
functions and an obvious relationship to the
absence of Surfl could not be deduced. The
transcriptome data are in line with the presence
of a defective bci-aas supercomplex in the
Asurf]l mutant, which was previously shown to
activate the alternative sigma factor SigC [13,
34]. Upregulaton of the cfiP gene, which is not
part part of the SigC regulon, suggests the
existence of another regulatory system sensing
a defective cytochrome aas oxidase.

To confirm the results of the DNA
microarray data, the expression of the cvd4dBDC
operon and for comparison of ctal) was
measured using the reporter plasmids pJC1-
PeydA-venus and plCl-PctaD-venus i C.
glutamicum wt, the Asurfl mutant and the ActiP
mutant. The strains were grown in CGXII
glucose medium either under standard copper
conditions or under copper deprivation and the
specific fluorescence corresponding to the
expression level of cydd and ciaD was
measured after 24 h. As expected from the DNA
microrarray data, the cydd promoter activity
was 2-fold higher in the Asur7/1 mutant and also
in the ActiP mutant (Table 4). Under copper
deprivation, cydA promoter activity was two-
fold increased in the wt and the activity in the
Asurfl mutant and in the Ac#iP mutant was
comparable under these conditions, i.e. no
further increase was observed. In the case of
ctal), the promoter activity in the Aszr/7 mutant
and also in Ac#iP mutant was slightly increased
compared to the wt (factor 1.5) under standard
copper conditions. Copper deprivation caused a
small increase in ctal) promoter activity in the
wt, which was not further increased in the two
assembly mutants (Table 4).
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Table 3

Transeriptome analysis of the surf! deletion strain compared to the wt under standard CGXII conditions
in four biological replicates during the early exponential phase. Depicted are upregulated genes with an
at least 2.5-fold regulation (p-value < 0.05). The locus tags of genes belonging to the SigC regulon are
underlined.

Locus Gene  Annotated function mRNA P
tag name ratio

cg0143  nutlD Mannitol-1-phosphate 5-dehydrogenase 9.74 0.00
cgl298 cpdC  ABC-type transport system required for functional 2.80 0.00

synthesis of cytochrome bd oxidase,
ATPase and permease componen
cgl299  epdD ABC-type transport system required for functional 5.76 0.00
synthesis of cytochrome Ad oxidase,
ATPase and permease component

cgl300 cydB Cytochrome bd oxidase, subunit I 6.26 0.00
cgl30l epdd Cytochrome hd oxidase, subunit I 6.62 0.00
cgl744  pacL Cation-transporting ATPase 2.61 0.00
cgl881 Conserved protein of the DyP-type peroxidase family 395 0.00
(PFAM PF04261) secreted via the Tat pathway
cgl883 Secreted copper(l)-binding lipoprotein, 3.74 0.00
PCu,C homolog
cgl884 copC  Membrane-bound copper(Il)-binding 4.12 0.00
protein C
cg2118  fruR Transcriptional regulator of sugar metabolism 3.12 0.00
cg2699  ctiP Copper transport and insertion protein 2.66 0.00
cg2836  such Succinyl-CoA synthetase o subunit, ADP-forming 2.50 0.00
cg2837  sueC Succinyl-CoA synthetase subunit §, ADP-forming 3.04 0.00
cg0693  groEL 60 kDa Chaperonin 0.38 0.00
cg0759  prpD2  2-Methycitrate dehydratase 0.31 0.00
cg0760 prpB2  2-Methylisocitrate lyase 0.31 0.00
cg0762  prpC2  2-Methylcitrate synthase 0.28 0.00
cgl290 metE 5-Methyltetrahydropteroyltriglutamate--homocysteine  0.29 0.00
methyltransferase
cg2184  oppD  ABC-type peptide transport systems, ATPase 0.25 0.00
component
cg2460  surfl Assembly factor for cytochrome oxidase 0.06 0.00
cg2940  sial ABC-transporter for sialic acid 0.38 0.00
cg3141l  hmp Flavohemoprotein 0.33 0.00
cg3226 L-lactate permease 0.38 0.00
cg3395  proP Proline/ectoine carrier 0.25 0.00
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Table 4

Influence of the surf7 deletion on the expression of the terminal oxidase genes cyddB and ciaD.*

Strain/reporter pIC1-Peydd-venus pIC1-Pctal-venus

1.25 uM Cu Cu deprivation 1.25 pM Cu Cu deprviation
wit 1.00 = 0.00 2.04 £+ 0.08 1.00 £ 0.01 1.36 + 0.06
Asurfl 2.23+0.01 2.08 + 0.00 1.38 = 0.02 1.36 = 0.13

*The C. ghatamicum strains with the reporter plasmids were grown in CGXII glucose medium either
under standard copper conditions (1.25 pM CuSO4) or under copper deprivation without added coppet
and supplemented with 150 pM BCS and 1 mM ascorbate. Expression of cyd4 was followed with the
reporter plasmid pJC1-Peydd-venus (P.,;) and expression of ctaD with the reporter plasmid pJCl1-
PctaD-venus (Puap). The strains were cultivated in FlowerPlates at 30°C and 1200 rpm using the
Biolector microcultivation system. Growth was followed by measuring the backscatter at 620 nm and
Venus fluorescence was measured by excitation at 510 nm and emission at 532 nm. The specific
fluorescence (ratio of absolute fluorescence and backscatter) was determined after 24 h of cultivation.
Mean values and standard deviations of biological triplicates were normalized by setting the wt values
cultivated under standard copper conditions for each promoter as 1.

Conservation of Surfl in Actinobacteria

As almost all acrobic Actinobacteria are
expected to possess a cytochrome bej-ads
supercomplex with a diheme cytochrome ¢, [6],
the assembly factors should also be conserved.
In fact, Surfl homologs were found to be
present in all actinobacteria with a diheme
cytochrome ¢, (data not shown). In order to
confirm the equivalent function of the Surfl

homologs of other Actinobacteria, the
corresponding proteins of
Corynebacterium diphtheriae DSM44123
(CDC7B_1688), of

Mveobacterium tuberculosis H3TRv (Rv2235),
and of M. smegmatis MC* 155
(MSMEG 4311) were chosen, which show
53%, 44%, and 43% amino acid sequence
identity to C. glutamicum Surfl (Fig. S1). The
corresponding genes were cloned into the
expression plasmid pANG6 and then transferred
into the C. glutamicum Asurfl strain in order to
test whether they can abolish the growth defect
of this mutant. C. glutamicum Asurfl with
pANG6 served as negative control and the wt
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with pANG as positive control. Basal expression
of the C. diphtheriae surfl gene in the absence
of the inducer isopropyl-p-D-thiogalactoside
(IPTG) allowed full complementation of the
growth defect of the C. ghutamicum Asurfl
mutant (Fig. 5A). In the case of the surf!
homologs of M. tuberculosis and M. smegmatis,
IPTG-induced expression allowed partial or full
complementation, respectively (Fig. 5B). These
results support an identical function of the Surfl
homologs in Actinobacteria in the assembly of
the cytochrome bc;-aas supercomplex.

Conclusions

The results obtained in this study provide strong
evidence for an involvement of Surf1 (Cg2460)
in the assembly of cytochrome aas oxidase in
C. ghtomium  and presumably all  other
actinobacterial ~ species  possessing  the
cytochrome bci-aas supercomplex. According
to the TMPD oxidase measurements, Surfl
appears to be essential for the formation of an
active aas oxidase in C. glutamicum.
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Fig. 5. Complementation of the growth defect of the C. ghatamicum Asurfl mutant with expression
plasmids for genes encoding the Surfl homologs of Corvnebacterium diphtheriae (pAN6 _CDC7B1688,
blue triangles), Mycobacte rium smegmetis (pAN6 MSMEG4 311, green triangles), and AMycobacterium
tuberculosis (pAN6_Rv2235, purple diamonds). The strains were cultivated in CGXII medium with 2%
{(w/v) glucose either in the absence of (A) orin the presence of 100 pM IPTG (B} at 30°C and 1200 rpm
using a BioLector microcultivation system (m2p-labs, Aachen). As reference, C. ghitamicum wt (black
squares) and Aswarf7 mutant (red circles), both carrying the pANé plasmid vector, were used. Growth
was followed as backscatter at ¢20 nm and the maximal value obtained for the wt was set as 1. Mean
values and standard deviation from three biological replicates are shown. «.. arbitrary units.
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Introduction

Abstract

Heme is a multifaceted molecule. While serving as a prosthetic group
for many important proteins, elevated levels are toxic to cells. The
complexity of this stimulus has shaped bacterial network evolution.
However, only a small number of targets controlled by heme-
responsive regulators have been described to date. Here, we used a
genome-wide approach to monitor the in vivo promoter occupancy of
HrrA, the response regulator of the heme-regulated two-compenent
system HrrSA of Corynebacterium glutamicum. Time-resolved
profiling revealed dynamic binding of HrrA to more than 250 different
genomic targets encoding proteins associated with heme
hiosynthesis, the respiratory chain, oxidative stress response and cell
envelope remodeling. By repression of sigC, which encodes an
activator of the cydABCD operon, HrrA prioritizes the expression of
genes encoding the cytochrome bc;-aa: supercomplex. These data
describe for the first time the systemic response strategy that bacteria
have evolved to respond to the versatile sighaling molecule heme.

Heme (iron bound protoporphyrin IX) is a
versatile molecule that is synthesized and used
by virtually all aerobic eukaryotic and
prokaryotic cells' because it serves as the
prosthetic group of hemoglobins,
hydroxylases, catalases, peroxidases, and
cytochromes? and is thereby essential for many
cellular processes, such as electron transfer,
respiration  and  oxygen  metabolism?.
Furthermore, salvaged heme represents the
most important iron source for a variety of
pathogenic  bacteria®®, and also non-
pathogenic bacteria can meet their iron
demand by degradation of environmental
heme. This becomes evident from the diverse
set of heme uptake systems and heme
oxygenases that catalyze the degradation of
the protoporphyrin ring to biliverdin and the

concomitant release of carbon monoxide and
iron®.

While heme represents an essential
cofactor for a variety of proteins, this molecule
also exhibits severe toxicity at high
concentrations. Therefore, organisms have
evolved sophisticated regulatory networks to
tightly control heme uptake, detoxification,
synthesis and degradation * Several heme-
regulated transcription factors have been
described, including the heme activator protein
(Hap)} 1, which is an activator of genes required
for aerobic growth of the yeast Saccharomyces
cerevisive’; the transcription factor BACH1
(BTB and CNC homology 1), which is conserved
in mammalian cells®*’; and the rhizobial Irr
protein, which is a heme-regulated member of
the Fur family of transcriptional regulators®??,
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In Gram-positive bacteria, two-component
systems (TCSs) appear to play a prevalent role
in  heme-responsive  signaling®*,  as
exemplified by the heme sensor system HssRS
of Staphylococcus aureus and  Bacillus
anthracis, which controls the expression of the
hrtBA operon, encoding a heme efflux system in
hoth species™*®,

Remarkably, several members of the
Corynebacteriaceae family, including the
human pathogen Corynebacterium diphtheriae
and the biotechnological platform strain
Corynebacterium glutamicum, have two
paralogous TCSs, namely, HrrSA and ChrSA,
dedicated to heme-responsive control of gene
expression'”?. The kinases HrrS and ChrS were
recently shown to perceive transient changes
in heme availability by direct intramembrane
interactions with heme?>?. Heme binding
triggers autophosphorylation of the sensor
kinase, followed by transfer of the phosphoryl
group to the cognate response regulators HrrA
and ChrA. In C. glutamicum, significant cross-
phosphorylation was observed between the
closely related systems; however, this crosstalk
is proofread by a highly specific phosphatase
activity of the kinases toward the cognate
response regulators under non-inducing
conditions®. While the ChrSA system appears
to be mainly involved in rapid activation of the
HrtBA detoxification system®, previous data
suggest that HrrSA coordinates a homeostatic
response to heme!®, In recent studies, six direct
targets have been described for HrrA, including
genes encoding enzymes involved in heme
synthesis (hemE, hemA and hemH) and heme
utilization  (hmuQ, encoding a heme
oxygenase) and the ctaE-gcrCAB operon,
encoding the heme-containing cytochrome
bci-aas supercomplex of the respiratory
chain®.

C. glutamicum possesses a branched
electron transport chain comprising the
cytochrome bai-aas supercomplex {encoded by
ctaD, the ctaCF operon, and ctaf-gcrCAB) and
the cytochrome bd oxidase, encoded by the
first two genes of the cydABDC operon®.
Although both the cytochrome aas oxidase and
bd oxidase are involved in the establishment of
a proton-motive force (PMF), the aa; oxidase is
an active proton pump that is responsible for
the increased proton translocation number

(6H/2 e) of the cytochrome ba-aas
supercomplex compared to that of the bd
oxidase (2 H'/2 e)* The presence of the
cytochrome  ba-aas  supercomplex  was
previously shown to be a characteristic feature
of almost all Actinobacteria because members
of this phylum lack a soluble cytochrome ¢,
instead harboring a diheme cytochrome ¢; that
directly shuttles electrons from the b
complex to the gas oxidase??. Furthermore,
both terminal oxidases differ in heme content,
as the bci-aas supercomplex harbors six heme
molecules, while the bd oxidase harbors only
three. Surprisingly, not much is known about
the regulation of terminal oxidases in
C. glutamicum. In addition to the described
activation of the ctaf-gcr operon by HrrA, the
hydrogen peroxide-sensitive regulator OxyR
was described as a repressor of the cydABCD
operon®3 Furthermore, the extracytoplasmic
function (ECF) sigma factor SigC (o) was shown
to activate expression of the cydABCD
operon®?2_ For ¢f, a speculated stimulus is the
defect electron transfer in the aas oxidase®
and such a defect was observed under copper-
deprivation, which resulted in activation of the
o regulon®.

Interestingly, the regulons of prokaryotic
heme regulators described thus far comprise
only a low number of direct target genes, most
of which are involved in heme export (e.g.,
hrtBA) or degradation (hmu0). This picture of
prokaryotic heme signaling, however, does not
match the complexity of the stimulus. In this
study, we performed a time-resolved and
genome-wide binding profiling {ChAP-Seq) of
HrrAin C. glutamicum describing the transient
HrrA promoter occupancy of more than 250
genomic targets in response to heme. The
obtained results emphasize that HrrSAis a truly
global regulator of heme homeostasis, which
also integrates the response to oxidative stress
and cell envelope remodeling. Transcriptome
analysis (RNA-Seq) at different time points
after heme induction revealed HrrA to be an
important regulator of the respiratory chain,
which  coordinates the expression of
components of both quinol oxidation branches
as well as menagquinol synthesis and reduction.
Remarkably, HrrA was found to prioritize the
expression of operons encoding the

49



Results

HrrSA orchestrates a systemic response to heme

cytochrome  bci-aas  supercomplex by
repressing sigC expression.

Materials and Methods
Bacterial strains and growth conditions
Bacterial strains used in this study are listed in
Table S1. The Corynebacterium glutamicum
strain ATCC 13032 was used as wild type?” and
cultivations were performed in liquid BHI (brain
heart infusion, Difco BHI, BD, Heidelberg,
Germany), as complex medium or CGXII**
containing 2 % (w/v) glucose as minimal
medium. The cells were cultivated at 30°C; if
appropriate, 25 pg/ml kanamycin was added.
E. coli ([DH5a and BL21 {DE3)) was cultivated in
Lysogeny Broth (Difco LB, BD, Heidelberg,
Germany) medium at 37°C in a rotary shaker
and for selection, 50 pg/ml kanamycin was
added to the medium.

Recombinant DNA work and cloning
techniques

Cloning and other molecular methods were
performed according to standard protocols®.
As  template, chromosomal DNA  of
C. glutamicum ATCC 13032 was used for PCR
amplification of DNA fragments and was
prepared as described previously®t.  All
sequencing and synthesis of oligonucleotides
was performed by Eurofins Genomics
{Ebersberg, Germany). For ChAP sequencing,
the plasmid pJC1_Pysa-hrrSA-twin-strep Ppesa-
chrSA-his was constructed after amplification
of  hrrS-hrrA-twin-strep and  chrS-chrA-his,
including promoter (500 bp upstream of the
first gene) from stock plasmids, using the
primers indicated in Table S2. The fragments
were cloned into pJCl using the created
overhangs and Gibson assembly®’.

ChAP Sequencing — Sample preparation

The preparation of DNA for ChAP sequencing
was adapted from . The C. glutamicum strain
AhrrSAAchrSA was transformed with a plasmid
carrying genes for both TCSs encoding tagged
RRs (plC1_Puusa-hrrSA-twin-strep_Pipsa-chrSA-
his). A preculture was inoculated in liquid BHI
medium (25 pg/ml kanamycin) from a fresh BHI
agar plate and incubated for 8-10h at 30°Cin a
rotary shaker. After that, cells were transferred
into a second preculture in CGX!l medium
containing 2 % (w/v) glucose and O pM FeSO4
to starve the cells from iron. Protocatechuic

acid (PCA), which was added to the medium,
allowed the uptake of trace amounts of iron.
From an overnight culture, six main cultures
were inoculated to an ODggo of 3.0in 1 L CGXII
medium containing 4 M hemin as sole iron
source. For the time point t=0, the cells were
added to 1L fresh CGXIl containing no
additional iron source. AfterOh,0.5h,4h,9h
and 24 h, cells corresponding to an ODgog 0f 3.5
in 1 L were harvested by centrifugation at 4 °C,
5000 x g and washed once in 20 ml CGXII.
Subsequently, the cell pellet was resuspended
in 20 ml CGXIl containing 1% (v/v)
formaldehyde to crosslink the regulator
protein to the DNA. After incubation for 20 min
at RT, the cross linking was stopped by addition
of glycine (125 mM), followed by an additional
5 minutes of incubation. After that, the cells
were washed three times in buffer A (100 mM
Tris-HCI, 1 mM EDTA, pH=8.0) and the pellets
stored overnight at -80 °C. For cell disruption,
the pellet was resuspended buffer A containing
“complete” protease inhibitor cocktail {Roche,
Germany) and passed through a French
pressure cell (SLM Ainco, Spectronic
Instruments, Rochester, NY) five times at 207
MPa. The DNA was fragmented to ~500 bp by
sonication (Branson Sonifier 250, Branson
Ultrasonics Corporation, Connecticut, USA) and
the supernatant was collected after ultra-
centrifugation (150.000x g, 4 °C, 1 h). The DNA-
bound by the twin-5trep tagged HrrA protein
was purified using Strep-Tactin XT Superflow
column material {IBA Lifesciences, Gottingen,
Germany) according to the supplier’'s manual
(applying the gravity flow protocol, 1.5 ml
column volume). Washing of the column was
performed with buffer W {100 mM Tris-HCI, 1
mM EDTA, 150 mM NaCl, pH 8,0) and the
tagged protein was eluted with buffer E (100
mM Tris-HCI, 1 mM EDTA, 150 mM NaCl, pH
8.0, added 50 mM D-Biotin). After purification,
1% (w/v) SDS was added to the elution
fractions and the samples were incubated
overnight at 65°C. For the digestion of protein,
400 pg/ml Proteinase K {AppliChem GmbH,
Darmstadt, Germany) was added and
incubated for 3 h at 55 °C. Subsequently, the
DNA was purified as following: Roti-
Phenol/Chloroform/Isoamyl alcohol (Carl Roth
GmbH, Karlsruhe, Germany) was added to the
samples in a 1:1 ratio and the organic phase
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was separated using Phase Lock Gel (PLG)
tubes (VWR International GmbH, Darmstadt,
Germany) according to the supplier's manual.
Afterwards, the DNA was precipitated by
adding ice cold ethanol (to a conc. of 70 %) and
centrifugation at 16.000xg, 4 °C for 10 min. The
DNA was washed with ice cold 70 % ethanol,
then dried for 3 h at 50 °C and eluted in dH-0.
The resulting DNA was used for library
preparation and indexing using the TruSeq DNA
PCR-free sample preparation kit (lllumina,
California, USA) according to  the
manufacturer’s instructions, only skipping
fragmentation of the DNA. The resulting
libraries were quantified using the KAPA library
quant kit (Peglab, Bonn, Germany) and
normalized for pooling.

RNA Sequencing — Sample preparation

For RNA sequencing, C. glutamicum wild type
and the BhrrA mutant strain were cultivated
under the same conditions as described for
ChAP Sequencing. Both strains did not contain
any plasmids and, hence, were cultivated
without addition of antibiotics in biological
duplicates. After 0 h {no heme), 0.5h and 4 h,
cells corresponding to an ODgg of 3 in 0.1L
were harvested in falcon tubes filled with ice by
centrifugation at 4 °C and 5000 x g for 10
minutes and the pellets were stored at -80 °C.
For the preparation of the RNA, the pellets
were resuspended in 800 pul RTL buffer
{QIAGEN GmbH, Hilden, Germany) and the cells
disrupted by 3 x 30 s silica bead beating, 6000
rt/min (Precellys 24, VWR International GmbH,
Darmstadt, Germany). After ultra-
centrifugation (150.000 x g, 4 °C, 1 h), the RNA
was purified using the RNeasy Mini Kit (QIAGEN
GmbH, Hilden, Germany) according to the
supplier’s  manual.  Subsequently, the
ribosomal RNA was removed by running twice
the workflow of the Ribo-Zero rRNA Removal
Kit [Bacteria] (lllumina, California, USA) in
succession. Between steps, the depletion of
rRNA as well as the mRNA quality was analysed
using the TapeStation 4200 (Agilent
Technologies Inc, Santa Clara, USA). After
removal of rRNA, the fragmentation of RNA,
c¢DNA strand synthesis and indexing was
carried out using the TruSeq Stranded mRNA
Library Prep Kit (lllumina, California, USA)
according to the supplier’s manual. Afterwards,

the cDNA was purified using Agencourt
AMPure XP magnetic beads {(Beckman Coulter,
Indianapolis, USA). The resulting libraries were
quantified using the KAPA library quant kit
(Peglab, Bonn, Germany) and normalized for
pooling.

Sequencing and sequence analysis

Pooled libraries were sequenced on a MiSeq
{(llumina, California, USA) generating paired-
end reads with a length of 2 x 75 bases. Data
analysis and base calling were performed with
the lllumina instrument software and stored as
fastq output files. We then proceeded as
follows:

ChAP-Seq analysis

The obtained DNA fragments of each sample
{(up to 2 ug) were used for library preparation
and indexing using the TruSeq DNA PCR-free
sample preparation kit according to the
manufacturer’s instruction, yet omitting the
DNA size selection steps (lllumina, Chesterford,
UK). The resulting libraries were quantified
using the KAPA library quant kit (Peqglab, Bonn,
Germany) and normalized for pooling.
Sequencing of pooled libraries was performed
on a MiSeq (lllumina) using paired-end
sequencing with a read-length of 2 x 150 bases.
Data analysis and base «calling were
accomplished with the Illumina instrument
software and stored as fastq output files. The
sequencing data obtained for each sample
were imported into CLC Genomics Workbench
(Version 9, Qiagen Aarhus A/S) for trimming
and base quality filtering. The output was
mapped to accession BX927147 as
C. glutamicum reference genome
(www.ncbi.nlm.nih.gov/pubmed/12948626).
Genomic coverage was convoluted with
second order Gaussian kernel. The kernel was
truncated at 4 sigmas (that is all kernel values
positioned further then 4 sigmas from the
center were set to zero) and expanded to the
“expected peak width”. The expected peak
width was estimated via the following
procedure: 1) all the peaks higher than 3 mean
coverage were detected 2) Points at which
their coverage dropped below % of the
maximal peak height were found and the
distance between them was considered as a
peak width 3) The “estimated peak width” was
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set equal to the median peak width. The
convolution profile was scanned in order to
find points were first derivative changes its sign
from positive to negative (Figure 512). Each
such point was considered as a potential peak
and was assigned with a convolution score
(that is convolution with second order
Gaussian kernel centered at the peak position).
Further we explored the distribution of the
convolution scores. It appeared to resemble
normal distribution, but with a heavy right tail.
We assumed that this distribution is indeed
bimodal of normal distribution (relatively low
scores) representing ‘noise” and a distribution
of ‘signal’ (relatively high scores). We fit the
Gaussian curve to the whole distribution (via
optimize.fit function from SciPy package®¥) and
set a score thresholds equal mean + 4 sigmas of
the fitted distribution. Further filtering with
this threshold provided estimated FDR (false
discovery rate) of 0.004-0.013 depending on a
sample. Filtered peaks were normalized to
allow inter-sample comparisons. Sum of
coverages of the detected peaks was negated
from the total genomic coverage. The resulting
difference  was used as normalization
coefficient; that is peak intensities were
divided by this coefficient.

RNA-seq analysis

Sequencing reads quality was explored with
the FastQC ®° tool. Since reads appeared to be
of a good quality and didn’t harbor significant
fraction of adapters or overrepresented
sequences, no preprocessing was undertaken.
Identical reads were collapsed with a custom
script in order to prevent gene levels’
misquantification caused by PCR
overamplification. Reads were mapped to the
Corynebacterium glutamicum genome
(BX927147) with Bowtie2%. Bowtie2 was run
with the following parameters: bowtie2 -1
[path to the reads, 1st mate] -2 [path to the
reads, 2nd mate] -S [path to the mappings] —
phred33 -—sensitive-local -local —score-min
C,90 -rdg 9,5 =rfg 9,5 -a —no-unal -1 40 -X 400 -
no-mixed —ignore-quals.

The reads mapped to multiple locations
were split proportionally between parental
genes. That is if 3 reads are mapped to gene A
and gene B, expression of gene A is 10 and
expression of gene B is 5, then 2 reads will go

to gene A and 1 read to gene B. For each
C. glutamicum gene® we assign an expression
value equal to the average read coverage over
the gene region. These expression values were
then normalized to TPM (transcripts per
million) values®.

Furthermore, we analyzed which genes are
significantly differentially expressed between
conditions. We set combinatorial thresholds on
normalized GEC (gene expression change)
[|expri-expr? | /iexpri+expr2)] and  MGE
{mean gene expression)
[log2((expri+expr2)/2) ] where “exprl” is gene
expression for the first condition and “expr2”
for the second. Thresholds were setin a way to
achieve maximal sensitivity while keeping FDR
{false discovery rate) less than 0.05. FDR was
estimated as GECintra/{(GECintra + GECinter);
where GECintra is a number of genes passed
the thresholds based on intrasample GEC (that
is gene expression change between the
replicates for the same condition), GECinter is
anumber of genes passed the thresholds based
on intersample GEC (that is gene expression
change between two different conditions).
Threshold function for GEC was defined as: 1 |
if MGE < C; 2**(-A*MGE) + B | if MGE >= C;
where A, B, C are parameters to be adjusted.
Parameters A, B, C were adjusted with genetic
algorithm optimization approach to achieve
maximal sensitivity in discovery of differentially
expressed genes while keeping FDR below
0.05.

Accession numbers

All ChAP-Seq and RNA-Seq datasets were
deposited in the GEO database under the
accession number GSE120924.

Measurement of cell-associated hemin

The C glutamicum strain  AhrrSAAchrSA
{carrying the pJC1_Phpsa-hrrSA-twin-
strep_Puusa-chrSA-his plasmid) was cultivated
in 4 uM hemin as described above (see ChAP
Sequencing). To measure the cell-associated
heme pool, CGXII  minimal medium
supplemented with 2 % (w/v) glucose and 4 uM
heme was inoculated to an ODgo of 3.5.
Samples were taken 0.5, 2, 4, 9 and 24 hours
after addition of heme. Cells were harvested,
resuspended in 100 mM Tris-HCl (pH 8) and
adjusted to an ODso of 100. Cells cultivated in
4 uM FeS0O, supplemented medium were taken
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as a control and harvested at the same time
points. Absolute spectra of cells reduced with a
spatula tip of sodium dithionite were measured
at room temperature using the Jasco V560 with
a silicon photodiode detector in combination
with 5 mm light path cuvettes. Absorption
values at 406 nm were normalized by
subtracting the measured absorption values of
Fe-cultivated cells.

Electrophoretic mobility shift assays (EMSA)
The promotor regions of HrrA target genes
were chosen based on the ChAP-Seq analyses
and comprised 50 bp up- and downstream of
the maximal peak height (for primers see Table
52) . For quantitative measurements, the DNA
fragments were increased to 250 bp up- and
downstream of the peak maximum. Before
addition of DNA, HrrA was phosphorylated by
incubation for 60 min with MBP-HrrSA1-248 in
a ratio of 2:1 and 5 mM ATP. Binding assays
were performed in a total volume of 20 pl using
15 nM DNA and increasing HrrA concentrations
from 25 to 100 nM or 75 to 1500 nM,
respectively. The binding buffer contained
20 mM Tris-HCI (pH 7.5), 50 mM KCl, 10 mM
MgCl2, 5% (v/v) glycerol, 0.5 mM EDTA and
0.005% (w/v) Triton X-100. After incubation for
20 min at room temperature, the reaction
mixtures were loaded onto a 10% native
polyacrylamide gel and subsequently stained
using Sybr green | (Sigma Aldrich). The band
intensities of unbound DNA were quantified
using AIDA v.4.15 (Raytest GmbH, Germany)
and Kd values calculated using GraphPad
Prism 7.

Results

Genome-wide profiling of HrrA promoter
occupancy

In previous studies, a number of direct target
operons were described in C. glutamicum and
C. diphtheriae, emphasizing the important role
of the HrrSA TCS in the control of heme
homeostasis’ 2, In this study, we investigated
the genome-wide binding profile of HrrA by
chromatin affinity purification of twin-Strep-
tagged HrrA combined with DNA sequencing
(ChAP-Seq). A series of preceding experiments
revealed that plasmid-based expression of hArrA
is required for the envisaged analysis, as, for
instance, several known HrrA targets were

obscured when hrrA was expressed only from
one genomic copy. For this purpose,
C. glutamicum ATCC 13032 lacking both heme-
dependent  TCSs  (AhrrSAAchrSA)  was
transformed with a plasmid encoding the
particular systems under the control of their
native  promoters  (pJCl_Pansa-hrrSA-twin-
strep_Psa-chrSA-his). To obtain insights into
the stimulus-dependent DNA association and
dissociation, C. glutamicum cells starved of iron
(see Material and Methods) were grown in
iron-depleted glucose minimal medium, and
samples were obtained before (To) and 0.5, 2,
4,9 and 24 h after the addition of 4 pM hemin.
HrrA was purified, and the bound DNA
fragments were sequenced (Figure 1A). We
obtained substantial enrichment of known
HrrA targets in response to heme (e.g., 10-fold
hmu0, 33-fold hemE, 52-fold ctafE; Figure 1B, C,
D, respectively) and identified more than 250
previously unknown HrrA-binding sitesin the C.
glutamicum genome (Table S3).

As expected, the highest number of peaks was
identified at the first time point after the heme
pulse (0.5 h), with 272 peaks meeting our
applied threshold {peak maximal coverage >3-
fold average genomic coverage and a distance
of <700 bp to the next translational start site).
In comparison, 79 peaks were identified before
hemin addition (To). These data illustrate the
fast and transient DNA binding by HrrA in
response to heme. It has to be noted, that the
membrane embedded HrrS sensor kinase is
also activated by endogenously synthesized
heme (Figure 51 and Reference?!) and that the
addition of external heme led to a boost of the
HrrSA response. In general, the majority of the
discovered HrrA binding sites were close to
gene start sites (Figure S2). The binding of HrrA
to 11 selected targets was confirmed by
electrophoretic mobility shift assays (Figure
53), and a weak palindromic binding motif was
deduced from the tested DNA fragments
(Figure 54).

The HrrA binding patterns depicted in
Figure 1B-D are representative of many bound
regions. Thirty minutes after the heme pulse,
the average peak intensities increased
approximately 4.5-fold in comparison to those
at Ty (Figure 2A). After 2 h of cultivation in
hemin, the average peak intensity dropped 2.6-
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Figure 1: Genome-wide profiling of HrrA binding in response to addition of external heme. {A) ChAP-
Seq analysis on the C. glutamicum strain AhrrSAAchrSA {(pJC1_Ppesa-hrrSA-twin-strep_Pearsa-chrSA-his)
grown in iron-depleted glucose minimal medium before and after addition of 4 uM hemin. The
experimental approach is briefly depicted: Cells were harvested at different time points, twin-Strep
tagged HrrA was purified and co-purified DNA was sequenced to identify HrrA genomic targets. This
approach resulted in the identification of more than 250 genomic regions bound by HrrA upon addition
of hemin after 30 minutes. Exemplarily shown is the HrrA binding to regions upstream of operons
involved in (B) heme degradation (hmuQ), (C) heme biosynthesis (hemE) and (D) the respiratory chain
(ctaE).
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fold in comparison to that of the sample taken our approach, the HrrA peaks reached a
after 30 minutes, further decreasing for the minimum after 9 h of cultivation (Figure 2). This
sample taken after 4 h (7.1-fold decrease). In dissociation of HrrA from its target promoters



Results

HrrSA orchestrates a systemic response to heme

is caused by rapid depletion of heme, which
was confirmed by  spectroscopy of
C. glutamicum cells (Figure 2A, dashed line)
and was also obvious upon visual inspection
(Figure S5). However, a slight increase in HrrA
DNA binding was noted for cells in the
stationary phase, which was likely triggered by
the intrinsic heme pool and DtxR derepression
of the hrrA gene when iron sources become
limiting® (Figure 2A and D). Of all peaks, that
passed our threshold, 128 were upstream of
uncharacterized genes, while 144 could be
assigned to genes with known or predicted
function (Figure 2B).

A relatively high correlation between peak
intensities for the time points 0, 0.5, 2and 4 h
(Figure 2C) showed that, while the strength of
HrrA binding changed in response to heme
availability, the system reacted proportionally
for a majority of the binding sites. As expected,
the binding at 9 h exhibited the lowest
correlation to other time points (Figure 2C).
This sample was obtained during the early
stationary phase and the low correlation of
HrrA peak intensities demonstrated
overrelaxation and rewiring of the regulatory
network. Here, interference with other
regulators likely contributed to the significant
changes in the HrrA binding pattern.

The HrrSA TCS shapes heme homeostasis by
integrating the response to oxidative stress
and cell envelope remodeling

Our dataset confirmed the binding of HrrA to
all the targets identified thus far. HrrA was
found to bind to the upstream promoter region
of genes encoding components of heme
biosynthesis (hemE, hemH and hemA),
degradation (hmuQ), and export (hrtBA)
pathways and heme-containing complexes of
the respiratory chain (ctaE-gcrCAB operon and
ctaD). A comprehensive overview of all
identified HrrA targets is presented in a
separate, supplementary file (Table S3);
selected target genes are listed in Table 1.
Among the more than 250 novel targets
identified in this study, we observed HrrA
binding upstream of ctaB, which encodes a
protoheme X farnesyltransferase that
catalyzes the conversion of heme b to heme 0™
and upstream of ctaC, which encodes subunit 2
of the cytochrome aas oxidase. Remarkably,

HrrA binding was also observed upstream of
the cydABDC operon, which encodes the
cytochrome bd oxidase of the respiratory
chain. Altogether, this set of target genes
highlights the global role of the HrrSA systemin
heme-dependent coordination of both
branches of the respiratory chain. The HrraA
regulon appeared to cover also the aspect of
cofactor supply for the respiratory chain, as
several HrrA targets encode enzymes involved
in menaquinone biosynthesis (menA, menD,
and menG) and reduction (sdhCD, ldD and did).
Remarkably, HrrA binding was also observed
upstream  of gapA  (glyceraldehyde-3-
phosphate dehydrogenase) and tkt
(transketolase), encoding enzymes involved in
the central metabolism and previously
described as important hubs in the cellular
response to oxidative stress®. However, due to
the binding of HrrA in the intergenic region of
tkt and the divergently encoded cta8, as
described earlier, no further regulatory
function could be ascertained (Figure S6).
Additional genes involved in the oxidative
stress response were identified, including trx8
(thioredoxin reductase®), mpx (mycothiol
peroxidase), tusG (trehalose uptake system?®’)
and msrB {methionine sulfoxide reductase®).
These findings suggest that the HrrSA system
not only controls heme biosynthesis and
degradation but also integrates the response to
heme-induced oxidative stress.

A further important class of HrrA targets is
represented by genes associated with the
regulation or  maintenance  of  the
C. glutamicum cell envelope. The gene
products of these previously unknown Hrra
targets are, for instance, involved in the
synthesis of peptidoglycan (murd, mur8,
murF), lysine  (lysl, IysA, IlysC), the
peptidoglycan precursor meso-2,6-
diaminopimelate  (mDAP), inositol-derived
lipids (inol) and arabinogalactan {aftC). HrrA
also exhibited binding to the promoter region
of maiR, which encodes a global regulator
involved in stress-responsive cell envelope
remodeling (Hinnefeld & Frunzke, manuscript
submitted). In addition to malR, other genes
encoding global transcriptional regulators (e.g.,
ramA, ramB8, amtR and dtxR) were identified as
direct HrrA targets, adding a further level of
complexity to this systemic response to heme.
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Figure 2: ChAP-Seq analysis revealed HrrA to be a global regulator of heme homeostasis in
C. glutamicum. (A) HrrA binding in response to the addition of hemin. The bar plot reflects the average
peak intensities among detected peaks in ChAP-Seq experiments (peak maximal coverage > 3-fold
average genomic coverage and a distance of < 700 bp to the next gene start site). The binding was
correlated with the amount of cell-associated hemin (dashed line), measured at corresponding time
points by spectroscopy as described in Material and Methods. (B) Pie chart presenting the functional
categories of HrrA targets (total of 272 genes, among which, 128 encode proteins of unknown function,
e.g., several genes of the CGP3 prophage). For a complete overview of HrrA targets, see Table S3. (C)
For each peak that passed the threshold (peak maximal coverage > 3-fold average genomic coverage
and a distance of < 700 bp to the next ORF start site (TLS)) at time point A, the highest peak in the same
region (+ 50 nucleotides from the center of the peak) was selected for time point B and vice versa.
Thus ‘paired’ peaks for these two time points were obtained, and the Pearson correlation of the
intensities of all paired peaks was calculated for all six time points. (D) Peak intensities of selected HrrA
targets over time, as identified by ChAP-Seq.
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Table 1: Selected target genes of HrrA. Shown are the locus tag (cg number), the gene name and
annotation together with a) the distance of the HrrA binding peak, identified via ChAP-Seq, to the start
codon (translational start site, TLS) and b) the corresponding peak intensity (*indicate regions on the
pIC1_Pursa-hrrSA-twin-strep Ponsa-chrSA-his plasmid), c) relative ratios of the transcript levels in the
AhrrA deletion mutant compared to wild type (log: fold change). The values are derived from a
comparison between the two strains 0.5 h after hemin addition (in brackets are fold change values

after 4 h for BhrrA/wt). The log,{AhrrA/wt) value for was not determined for the hrrA gene {n.d.).

farnesyltransferase
10

Locus tag Gene name  Annotation Dist. Peak log:
TLS® | intensity®
(AhrrAfwi)e
RNA-Seq

Heme homeostasis/metabolism

cg2445 hmuO heme oxygenase 150 104 -3.1

cg0516 hemE uroporphyrinogen 60 33.7 3.1
decarboxylase

cg0497 hemA glutamyl-tRNA reductase 26 25.8 0.6 (1.0}

cg0517 hemY protoporphyrinogen 642 6.4 2.8
oxidase

¢g3156 htaD secreted heme transport- 151 17.3 -0.3
associated protein

cg3118 cysi sulfite reductase 498 3.7 -0.7 (3.1)
hemaoprotein

cgl734 hemH ferrochelatase 16 529 4.0

cg3247 hrrA Heme-dependent response 108 * n.d.
regulator

cg2201 chrs heme-dependent histidine 32 * -0.4
kinase {chrSA operon)

cg2202 hrtB heme exporter {hrtBA 78 * -1.0
operon)

Respiratory chain

cg2406 ctaE cytochrome aas oxidase, 324 52.9 -1.7
subunit 3

cg2780 ctaD cytochrome aas oxidase, 314 218 -1.1
subunit 1

cgl301 cydA cytochrome bd oxidase 177 17.9 -0.7 (-2.6)

cg2409 ctaC cytochrome aa3 oxidase, 259 16.1 -14
subunit 2

cg0645 crel part of a putative 678 5.1 -0.1(-1.3)
cytochrome P450 system

cgl773 ctaB(/tkt) protoheme [X 204 147.0 0.4 (-1.4)
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cg2403 gcrB cytochrome bel complex, 221 4.8 -1.8
cytochrome b subunit
cg3226 L-lactate permease, operon 622 5.5 -1.7
with #dD

cg0309 sigC(/katA) RNA polymerase o factor 38 25.4 2.1

Signal transduction

cg3315 malR transcriptional regulator, 91 5.2 1.1
MarR-family

cg0444 ramB transcriptional regulator, 224 26.7 -0.7
involved in acetate metabolism

cg2831 ramA transcriptional regulator, 42 5.0 -0.5
acetate metabolism, LuxR-
family

cg2103 dtxR master regulator of iron- 579 3.3 -0.4
dependent gene expression

Oxidative stress

€g3422 trxB thioredoxin reductase 5 5.8 -0.8

cg2078 msrB peptide methionine sulfoxide 282 3.0 -0.7
reductase-related protein

cg2867 mpx mycothiol peroxidase, GSH 56 5.6 -1.5
peroxidase-family

¢g0310 katA(/sigC catalase e 25.4 -0.7 (-1.2)

)

cgl774 tkt{/ctaB)  transketolase 16 147.0 0.0

cgl791 gapA glyceraldehyde-3-phos. 287 4.4 -0.3
dehydrogenase, glycolysis

cgl069 gapB glyceraldehyde-3-phos. 284 35 1.6
dehydrogenase,
gluconeogenesis

Cell envelope

€g3323 inol D-myo-inositol-1-phosphate 156 7.6 1.7
synthase

cg0337 whcA negative role in SigH-mediated 125 6.4 -0.5
oxidative stress response

cg2747 mepA putative cell wall peptidase 69 4.1 -0.2(-1.4)

cg0061 rodA putative FTSW/RODA/SPOVE- 389 8.7 -1.1
family cell cycle protein

cg0306 lysC aspartate kinase 40 12.2 0.7

cg2373 murfF D-alanine:D-alanine-adding 133 231 -0.2
enzyme

cg0423 murB UDP-N- 2 18.7 -0.3
acetylenolpyruvoylglucosamin
e reductase

Temporal dynamics of promoter occupancy
reveal hierarchy in the HrrA regulon

With this time-resolved and genome-wide
analysis of HrrA binding, we were also able to
visualize distinct binding patterns of HrrA in
response to addition and depletion of stimulus.
Consequently, we asked whether the binding

11

patterns (ChAP-Seq coverage) could provide
information  regarding the dissociation
constant (Ky) of HrrA to specific genomic
targets. We compared the in vivo binding
patterns of ctaf, cydAB and hmuO (Figure 1).
While a constitutively high peak was observed
upstream of the ctagE promoter, the relative
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increase upon the addition of exogenous heme
was smaller than that observed for other
targets (Figure 1D). In contrast, binding to the
promoter of AmuQ occurred with apparently
high stimulus dependency and appeared to be
very transient, as HrrA was fully dissociated
from this promoter 4 h after the addition of
hemin (Figure 1B). The addition of heme also
resulted in the appearance of secondary
binding sites in the ctaE, cydAB and hmuC
upstream  promoter regions, providing
evidence for cooperative binding and/or DNA
loop formation in response to high heme
levels. In general, we found that genes that
were not bound or only moderately bound
before the addition of a stimulus generally
exhibited higher fold increases in coverage
than constitutively bound targets (Figure 57).

Subsequently, we determined the in vitro
affinity of phosphorylated HrrA to the
promoter regions of ctaf, cydAB and hmuC
{Table 2, Figure 58). Consistent with the ChAP-
Seq data, we measured the highest affinity of
HrrA to P with an apparent Ky of 0.10 pM
{(x 0.003). We therefore hypothesize that the
ctaf promoter is a prime target that is
constitutively activated by HrrA to maintain
high gene expression of the operon encoding
the bci-aas supercomplex. In contrast, we
measured an almost 3-fold lower apparent Kqg
for Pyaas, which was consistent with the
relatively transient binding pattern observed
for this target. With an apparent Kg of 0.19 uM,
the in vitro binding affinity of HrrA to the hmuO
promoter was rather high considering the
genomic coverage measured in the ChAP-5eq
analysis. However, in vitro analysis does not
account for the widespread interference
among regulatory networks in vivo. In the
particular example of hmuQ, the pattern of
HrrA binding was likely the result of
interference with the global regulator of iron
homeostasis, DtxR, which has been previously
described to repress hmuQ expression by
binding to adjacent sites®’. Taken together,
these results show that in vivoe promoter
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occupancy is not only influenced by the binding
affinity of the regulator to the particular target,
but also significantly shaped by internetwork
interference. Consequently, high in vivo
promoter occupancy indicates high binding
affinity, but conclusions based on weakly
bound regions may be confounded by
competition with other binding factors.

HrrA activates the expression of genes
encoding components of both branches of the
quinol oxidation pathway

To evaluate how HrrA binding impacts the
expression of individual target genes, we
analyzed the transcriptome (RNA-Seq) of the
C. glutamicum wild type strain (ATCC 13032) as
well as a AhrrA mutant. Analogous to the ChAP-
Seq experiments, RNA-Seq analysis was
performed prior to the addition of heme (Ty)
and 0.5 and 4h after the heme pulse {in
medium containing no other iron source).

At T,, before the addition of heme, already
158 genes showed a more that 2-fold altered
expression level in wild type cells compared to
AhrrA cells (AhrrAfwt). In contrast, directly
after the addition of stimulus, the expression of
274 of the significantly affected genes (Figure
3A, orange dots) changed more than 2-fold. Of
these genes, 120 were upregulated and 154
were downregulated in the hrrA delstion
strain. 4 h after addition of heme, only 118
genes exhibited a greater than 2-fold increase
or decrease (scatter plots for additional time
points are presented in Figure S9).

The hrrA expression decreased after 0.5 h
upon the addition of heme, which was likely
caused by DtxR repression in response to
increased intracellular iron levels (Figure 3B). In
contrast, after 4 h of cultivation, hArrA levels
significantly increased, reflecting the depletion
of heme as an alternative iron source and
dissociation of DtxR. Furthermore, differential
gene expression analysis revealed HrrA to be
an activator of all genes encoding components
of



Results

HrrSA orchestrates a systemic response to heme

60

Table 2: Apparent Ksvalues of HrrA to the promoters of hmuO, ctaE, sigC and cydA. The affinity of

phospharylated HrrA to the indicated regions was measured using purified protein in increasing
concentrations and its ability to shift 15 nM DNA fragments covering 250 bp up- and downstream of
the maximal ChAP-Seq peak height (for detailed information, see Figure S8).

Promoter Function Apparent K; value (pM) Peak intensity after hemin
addition (ChAP-Seq)
Pamuo Heme oxygenase 0.19 £ 0.013 10.4
Peroe Cytochrome aas oxidase 0.10+0.003 52.9
Psige ECF sigma factor o© 0.27 £0.012 25.4
Poya Cytochrome bd oxidase 0.26 £ 0.007 17.9
the respiratory chain (ctaf, ctaD, ctaF and expression  exhibit  significantly  higher

cydA) and as a repressor of heme biosynthesis
(hemA, hemE and hemH) (Figure 3C).
Additionally, !dD, encoding a lactate
dehydrogenase contributing to the reduced
menaguinone pool, was downregulated more
than three-fold upon deletion of ArrA.
Remarkably, we identified HrrA as a repressor
of sigC, encoding an ECF involved in the control
of the branched respiratory chain in response
to cytochrome aas deficiency®.

In addition to the considerable differences
between the wild type and the AhrrA mutant,
we also observed slightly decreased mRNA
levels of genes involved in the oxidative stress
response {e.g., mpx, mycothiol peroxidase) or
cell envelope remodeling (e.g., malR, murB) in
the AhrrA mutant, suggesting HrrA to be an
activator of these targets. In many cases,
promoter occupancy by HrrA did not result in
altered expression levels of the particular
target gene (e.g., genes involved in
peptidoglycan biosynthesis or the
transketolase tkt) in a AhrrA mutant under the
tested conditions (Table 1). This finding is,
however, not surprising considering the
multiplicity of signals and regulators affecting
gene expression under changing
environmental conditions.

Correlation between promoter occupancy and
differential gene expression is higher for
repressed targets

In nature, all relevant stimuli for a specific gene
act as inputs, and therefore, the output and
adaptation of gene expression is affected by a
multitude of parameters. We examined how
HrrA binding (ChAP-Seq) translates to changes
in expression of target genes (RNA-Seq) and
found that binding and differential gene
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correlation for repressed targets than for genes
activated by HrrA (Figure 3B). This
phenomenon can be attributed to a generally
high hierarchical position of repressors and can
be demonstrated for the transcriptional
control of the heme oxygenase HmuO. While
HrrA binds to Pymuo directly after addition of the
stimulus, the iron-dependent regulator DtxR
also binds to this promoter and represses
AmuO. As a result, HrrA binding does not
instantly translate to increased expression but
is delayed until DtxR dissociates (see Figure S10
for mRNA levels of AmuC in wild type and
AhrrA cells). In cases where HrrA represses
expression, such as of hemEf/hemY, binding is
apparently enough for heme-dependent
inhibition, just as DtxR-mediated repression of
hmuO overwrites the activation of this gene by
HrrA.

HrrA determines the prioritization of terminal
cytochrome oxidases by repression of sigC

The results from ChAP-Seq and RNA-Seq
experiments highlight the important role of
HrrA in the control of the respiratory chain,
including cofactor supply. Our data revealed
that HrrA activates the expression of genes
encoding the cytochrome bcai-aas
supercomplex (ctaoE-gcrCAB, ctaD, ctaFC,
Figure 4} and of cydAB, encoding the
cytochrome bd branch of the respiratory chain.
In both cases, multiple HrrA peaks were
identified in ChAP-Seq experiments; however,
the association of these multiple peaks with
the control of particular target operons
remains to be studied. Remarkably, the mRNA
profiles of the corresponding operons
exhibited significantly delayed activation of
cydAB in response to heme, which was
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abolished in the AhrrA mutant (Figure 4). In
contrast, ctaE expression was significantly
higher in wild type cells, even before hemin

A

addition {To), and reaches a plateau 30 minutes
after stimulus addition. In this context, notably,
we also observed binding of HrrA upstream of

B
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Figure 3: Differential gene expression analysis of wild type C. glutamicum and a AhrrA mutant.

(A} Differential gene expression analysis (RNA-Seq} revealed 120 upregulated and 154 downregulated
genes in the hrrA deletion strain compared to the wild type (in transcripts per million, TPM} after 30
minutes of cultivation in iron-depleted glucose minimal medium containing 4 uM heme. (B} Expression
levels of ArrA (TPM) 0, 0.5 and 4 h after the addition of hemin. A scheme depicts HrrA autoregulation
and iron-dependent DtxR repression. {C} Impact of ArrA deletion on the transcript levels of six selected
target genes at three different time points {0 h, 0.5 h, 4 h; orange: HrrA acts as a repressor, turquoise:
HrrA acts as an activator). {D) ChAP-Seq and RNA-Seq experiments demonstrate higher correlation of
ChAP-Seq peak intensities and impact on gene expression (RNA-Seq, AhrrA/wt) for targets where HrrA

functions as a repressor instead of an activator

sigC, which encodes an extracytoplasmic sigma
factor that was shown to be involved in the
activation of the cydAB operon®’. The mRNA
level of sigC increased maore than two-fold in
the AhrrA mutant, indicating HrrA to be a
repressor of this gene (Figure 4). Consistent
with this hypothesis, sigC expression was
slightly decreased in response to the addition
of heme, which correlated with increased HrrA
peak intensity (Figure 4E). Additionally, the
higher cydAB expression, abserved in the AhrrA
strain before addition of stimulus {Figure 4C) is
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likely a byproduct of increased sigC expression
(Figure 4B} and the subsequent o activation of
the cydAB operon in the same strain.
Dissociation of HrrA from Pggc at a later time
point {4 h after heme pulse} led to
derepression of sigC and concomitantly
increased expression of cydAB in the wild type.
Because cydAB levels were constitutively low in
the AhrrA mutant in response to heme, we
hypothesized that activation by HrrA together
with an additional boost by SigC (Figure 5} leads
to delayed activation of cydAB after the heme
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pulse. Thus, the cells were able to channel most
of the available heme pool into the more
efficient cytochrome bci-aas supercomplex.
The lower apparent Ky of HrrA for the ctaE
promoter {0.1 uM) than for PcydAB (0.26 uM)

or PsigC (0.27 uM) also reflects this
prioritization of HrrA targets. Consequently,
this almost 3-fold decrease in affinity (apparent
Kq) increases the threshold for HrrSA activity to
control these targets.
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Figure 4: HrrA prioritizes the expression of genes encoding components of the be¢i-aas supercomplex.
Depicted are HrrA binding peaks as identified by ChAP-Seq analysis {Figure 1 and 2) in comparison to
the normalized coverage of RNA-Seq results (wild type and the AhrrA mutant) for the genomic loci of
ctak (A, D), sigC (B, E) and cydA (C, F). D-F: HrrA binding (max. peak intensities measured by ChAP-Seq
experiments) and the mRNA levels (in transcripts per million, TPM) of the respective genes in the AhrrA
strain as well as in wild type C. glutamicum cells 0, 0.5 and 4 h after the addition of hemin.

Discussion

In this study, we used a genome-wide approach
to identify more than 250 genomic target
regions of the “heme-responsive regulator”
HrrA in C. glutamicum. This intriguingly diverse
set of target genes, encoding enzymes involved
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in  heme biosynthesis, heme-containing
proteins, components of the respiratory chain,
oxidative stress response proteins and proteins
involved in cell envelope remodeling, provided
unprecedented insight into the systemic
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response to heme coordinated by the TCS
HrrSA.

In Gram-positive bacteria, TCSs appear to
play a central role in transient heme sensing,
and heme-responsive systems have been
described in several prominent pathogens,
including C. diphtheriage, 5. aureus and
B. anthracis®*?®. For all prokaryotic heme
regulatory systems, however, only a small
number of target genes have been described to
date, focusing on targets involved in
degradation  (hmu0™3%), heme export
(hrtBA™*) or heme biosynthesis (hemA™™),
Systems orthologous to HrrSA are found in
almost all corynebacterial species, and the high
amino acid sequence identity shared by
response regulators (87 %, between
C. glutamicum and C. diphtheriae HrrA, Figure
511) suggests that the important role of HrrSA
in the control of heme homeostasis is
conserved.

Coping with heme stress

While being an essential cofactor for many
proteins, heme causes severe toxicity to cells at
high levels*. In mammalian cells, the BACH1
regulator is inactivated by heme binding and
plays a key role in maintaining the balance of
the cellular heme pool®*. Heme oxygenases
are targets of various heme-dependent
regulators!®*?®  and consistent with this
principle, the mammalian HMOX1 gene,
encoding an NADPH-dependent oxygenase, is
regulated by BACH1*. Other identified BACH1
targets are involved in redox regulation, the
cell cycle, and apoptosis as well as subcellular
transport processes’, and the regulon includes
genes encoding thioredoxin reductase 1, the
iron storage protein ferritin®* and NAD(P)H
menadione oxidoreductase 1%.

Although neither the regulator nor the
constitution of the regulon is conserved, the
responses of BACH1 and HrrSA share a similar
logic. Analogous to eukaryotic BACH1, we
observed HrrA-mediated activation of trxB
(thioredoxin reductase), mpx (mycothiol
peroxidase), and katA (catalase), which appear
to be required to counteract oxidative stress
caused by elevated heme levels. Additionally,
HrrA binds to the intergenic region between
the divergent genes ctaB and tkt, the latter
encoding a transketolase. While BACH1 has
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previously  exhibited regulation of a
transketolase (TKT)®, the effect of HrrA on the
expression of tkt could not be conclusively
determined in this study (see Table 2). Notably,
however, transketolase, an important enzyme
of the nonoxidative part of the pentose
phosphate pathway (PPP), was recently shown
to be required for cancer cell growth, helping
the cells meet the high demand for NAPDH3S,

Remarkably, HrrA binding was also
observed upstream of both gapA and gapB,
which encode glyceraldehyde-3-phosphate
dehydrogenases (GapDHs) and are involved in
glycolysis and gluconeogenesis, respectively.
Previous studies have revealed that oxidative
stress may block glycolysis by inhibiting
glyceraldehyde-3-phosphate  dehydrogenase
(GapDH) in baker’s yeast and mammalian
cells®4 Furthermore, GapDH of C. diphtherice
was recently shown to be redox-controlled by
S-mycothiolation®. Slight activation of gapA by
HrrA may thus counteract an impaired
glycolytic flux under conditions of heme stress.
Furthermore, several HrrA targets play a role in
the biosynthesis and remodeling of the
corynebacterial cell envelope, including mepA
(a putative cell wall peptidase®); ino1, which is
required for the synthesis of inositol-derived
lipids®®; and malR, encoding a MarR-type
regulator that is possibly involved in stress-
responsive  cell  envelope  remodeling
(Hinnefeld & Frunzke, manuscript submitted).
Taken together, these insights emphasize the
important role of the HrrSA system in the
control of heme stress responses.

Coordinated control of the respiratory chain
Among the most significantly affected targets
in the AhrrA mutant were many genes
encoding components of the respiratory
chain?®, including all the genes constituting the
cytochrome bci-aas branch of the respiratory
chain (ctaF-qcrCAB, ctaCF and ctaD)®; genes
encoding the cytochrome bd branch (cydAB*);
ctaA*® and ctaB*® encoding enzymes
responsible for heme a synthesis; and ldD and
did, encoding lactate dehydrogenases that
contribute to the reduced menaguinone
pool®,

In a recent study, Toyoda and Inui described
the ECF sigma factor ¢ to be an important
regulator of both branches of the
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Figure 5: Model of heme-responsive control of components of the respiratory chain by HrrSA. The
results of this study reveal HrrSA as a global regulator of heme homeostasis coordinating the
expression of genes involved in heme biosynthesis, oxidative stress responses and cell envelope
remodeling. An important part of the HrrA regulon is comprised by genes encoding the compcnents
of the branched respiratory chain of C. glutamicum. While HrrA acts as an activator of all compaonents
(ctaE-qerCAB, ctaA, ctaB, cydAB), it represses transcription of the sigC gene encoding an important
sigma factor required for cydAB expression. This regulatory network architecture consequently confers
pricritization to the synthesis of the more efficient proton pump, the cytochrome bci-aas
supercomplex. Bordered boxes, b, ¢, a, d: heme b, heme ¢, heme g, heme d.

C. glutamicum respiratory chain. The ctaE-
gcrCAB operon was shown to be significantly
downregulated after o“ overexpression due to
binding of the sigma factor to the antisense

strand of the promoter®?, Here, we
demonstrated that this repression is
counteracted by HrrA, which not only

represses sigC but also activates ctaE-qcrCAB
expression. While the two proteins have
antagonistic effects on the expression of the
supercomplex, both of and HrrA positively
regulate the c¢yd operon, encoding the
cytochrome bd branch of the respiratory chain
(Figure 5).

Interestingly, a hierarchy in the regulon was
reflected by the differences in the apparent K4
values of HrrA with Pgea and P, which were
two-fold lower than those with the promoter

of ctaE. These findings were also consistent
with the ChAP-Seq experiments, where the
peaks upstream of ctgE and ctaB were among
the highest peaks at To and after 0.5 h (Figure
4A). These data suggest that under conditions
of sufficient heme supply, production of the
cytochrome bci-aas supercomplex is preferred,
which is highly effective but requires the
incorporation of six heme cofactors.
Repression of sigC by HrrA and the relatively
low affinity to the cydAB promoter results in
delayed production of the bd branch. At high
cell densities (mid-exponential phase),
available heme is thus first channeled to the
cytochrome bci-aas supercomplex before the
cytochrome bd oxidase is used, which is less
efficient but has a higher oxygen affinity.
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There is further overlap between the HrrA
and o regulons in the case of ctaB, which
encodes a farmesyltransferase, catalyzing the
conversion of heme b to heme o. Because both
Hrrd and o positively regulate ctaB, the
expression of this gene parallels that of the cyd
operon, exhibiting delayed induction (Figure
S6) in response to heme. This phenomenon is
counterintuitive because the conversion of
heme b to heme a is needed to fulfill the heme
a requirement of the bey-gos supercomplex. In
general, only a few studies have examined the
transcriptional regulation of heme a synthesis
in prokaryotes. In 8. subtilis, ctad and ctaB are
regulated by the ResDE TCS in an oxygen-
dependent but heme-independent manner™,
Furthermore, upon production of CtaA and
CtaB of 8 subtilis in Escherichia coli, the in vivo
formation of a physiologically relevant complex
was suggested that efficiently catalyzed the
heme b to heme o conversion with heme o as
intermediate®. In C glutamicum, further
studies are needed to unravel the
stoichiometry of this complex. For now, one
can only speculate that cellular heme a stock is
used to meet the initial cofactor demand of the
bci-aay supercomplex. Subsequently,
upregulation of the cduaB-ctod synthesis
pathway is needed to replenish these stores.
This concept would foster a rapid response to
potentially available external heme sources
and may represent an important adaptive trait
of pathogenic species.

Interference with other regulatory networks

Deletion of the hrrd gene led to more than 2-
fold wpregulation of 120 genes, while 154
genes were downregulated after the addition
of heme. Several other genes were significantly
affected but to a lesser extent. Remarkably,
among the direct target genes controlled by
Hrrd, we identified several prominent global
regulators, including the regulators of acetate
metabolism ramA and ram8**"; malR, which is
involved in  cell envelope remodeling
(Hinnefeld & Frunzke, manuscript submitted);
and dtxR, encoding the global iron-dependent
regulator in corynebacterial species*®®. This
finding is intriguing because it reveals the close
association and reciprocal control between
Hrrd and DtxR. While DtxR represses hrrd
transcription under conditions of sufficient iron
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supply™, HrrA  slightly upregulates dtxR
expression (~1.5-fold) in response to heme.

Conclusion

Genome-wide analyses of targets controlled by
prokaryotic transcription factors will change
our view on many systems we believe to know.
In this study, we provide an unprecedented
insight into the systemic response to heme
coordinated by the HrrSA TCS. Given the many
properties of this molecule, the complexity of
this response is actually not surprising but
paves the way for further functional analysis of
HrrA targets with so far unknown functions.
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4 Discussion

4.1 Biogenesis of cytochrome oxidases

Energy transduction is crucial for survival and reproduction of living organisms. Utilization of
PMF generated by a terminal oxidase to drive the ATP synthesis via the F1Fo-ATP synthase is
ubiquitous in all aerobic kingdoms of life (Boyer, 1997; Borsch and Duncan, 2013; Griber et
al., 2014). Albeit being such a common process and using similar enzymes, differences
especially in regards of biogenesis of terminal oxidases make transfer of knowledge across
species difficult.

In this thesis, a major aim was the identification of proteins involved in the assembly of
the cytochrome bci-aas supercomplex of C. glutamicum, the main branch for aerobic
respiration in this organism. The cytochrome aas oxidase of the supercomplex is a typical
member of the heme-copper oxidases and requires a Cua center in subunit Il (CtaC) and
heme a and the heme a3-Cug center in subunit | (CtaD) for activity. We addressed two
aspects in the biogenesis of the oxidase, which were the search for proteins involved in
formation of the copper centers and the characterization of a Surfl homologue as a

candidate protein for insertion of heme a into cytochrome aas oxidase.
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Figure 6: Predicted copper-delivery routes to Cuan and Cus of the cytochrome aas; oxidase in
C. glutamicum. Cg1883 and Cg0520 are secreted lipoproteins presumed to be involved in biogenesis
of Cua, which due to its localization in CtaC (subunit Il) of the cytochrome aas oxidase is likely formed
in the periplasm. Regarding the Cug formation, different modes for copper-insertion are conceivable:
Either copper ions are transferred from CopC towards CtiP in a yet unresolved manner or CtiP
directly binds copper in the periplasm. Subsequent CtiP-dependent Cus-loading can either occur via
the periplasm (blue arrow), inner membrane (red arrow) or succeeding cytoplasmic transfer (green
arrow).
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4.1.1 Essential function of CtiP as a cytochrome bci-aa3 supercomplex assembly factor

As an approach to discover proteins involved in copper insertion and therefore biogenesis
of the bci-aas supercomplex, investigation of the copper-deprivation stimulon of
C. glutamicum was performed, leading to the discovery of CtiP (Morosov et al., 2018). Loss
of CtiP resulted in a strong growth defect on BHI agar plates, in BHI complex medium and in
standard glucose medium conditions containing 1.25 uM CuSOa, resembling the aas oxidase-
deficient ActaD strain (Morosov et al., 2018). In copper-deprivation medium growth of the
ActiP strain was comparable to that of the wt, whereas in copper excess medium the
deletion strain grew better than the wt, indicating a putative copper-importing function of
CtiP (Morosov et al., 2018). This observation coincides with transcriptome analyses of the
ActiP mutant revealing the upregulation of genes of the copper-deprivation stimulon
(Morosov et al., 2018). Moreover, loss of CtiP led to the failure of purification of the bci-aas
supercomplex, suggesting an important copper-related function of CtiP in the assembly of
the supercomplex. Bioinformatic analyses revealed the occurrence of CtiP in all
actinobacterial species with the exception of the mostly anaerobic Actinomycetales and
Bifidobacteriales, further implying an important supercomplex-associated function (Morosov
et al., 2018). As a result of the described data, a CtiP-mediated copper-insertion into either
the Cua center or the Cus center is conceivable. However, due to the localization of Cug in
the membrane rather than peeking into the periplasm as in the case of Cua, the necessity for
an integral membrane protein such as CtiP in the biogenesis of Cug is more likely.
Nevertheless, the route of copper delivery and insertion into subunit | of the cytochrome aas
oxidase of C. glutamicum is still unclear; however, three possibilities can be envisaged:
(i) direct copper insertion via the periplasm, (ii) transfer of copper through the membrane or
(iii) copper-import into the cytoplasm followed by insertion into apo-CtaD (Figure 6). While
an initial copper import into the cytoplasm pre-insertion into subunit | cannot be ruled out,
several arguments oppose this possibility. Firstly, although CtiP shares sequence similarity
with the copper-transporter CopD, this domain within the sequence of CtiP only covers a
small portion of the CopD protein of P. syringae, thus questioning identical function of CtiP
and CopD (Morosov et al., 2018). Besides, in C. glutamicum unbound copper in the
cytoplasm is sensed by the repressor CsoR with a very high affinity to copper ions which
causes de-repression of its target genes (Schelder, 2011; Teramoto et al., 2015). Analysis of

transcriptome data of a ActaD mutant did not exhibit a decreased repression of CsoR target
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genes, indicating no unbound copper in the cytoplasm (Koch-Koerfges, 2011). This suggests
that a putative copper-importing function of CtiP either has to be coupled with insertion into
subunit | of the aas oxidase or copper-transport via CtiP follows subsequent binding to
further copper-chaperones. Latter is highly speculative and there is no evidence for
additional chaperones involved.

The copper-insertion into subunit | of the aas oxidase is presumably achieved by the CtaG
domain of CtiP. Initial analyses of CtaG concerning copper center biogenesis were performed
in B. subtilis where CtaG was reported to be involved in delivering copper to Cua (Bengtsson
et al.,, 2004). Loss of CtaG led to a decrease in protein level and enzyme activity of the
cytochrome caas oxidase, possessing Cua and Cug. Growth analyses of a strain additionally
lacking cytochrome bd oxidase genes resulted in a comparable growth to the parental bd
oxidase deficient strain. As growth of this strain was believed to be dependent on the
cytochrome aas quinol oxidase, lacking Cua but harboring a heme-Cug center, CtaG was
postulated to function as a Cua biogenesis chaperone (Bengtsson et al., 2004). However,
DNA sequence analysis of B. subtilis predicted a forth terminal (quinol) oxidase encoded by
the ythAB genes, which could be responsible for the unaffected growth of the double
deletion (Winstedt and von Wachenfeldt, 2000), questioning the conclusion that CtaG
affects Cua assembly.

Although the characterization of CtiP in C. glutamicum points towards an involvement in
Cug formation rather than in formation of Cua, latter cannot be excluded completely. As
copper insertion requires direct interaction of apo-protein and insertion-chaperone, protein-
protein studies have to be performed to demonstrate interaction of CtiP to either CtaD

(subunit 1) for Cug formation or to CtaC (subunit Il) for biogenesis of Cua.

4.1.2 Role of CopCin the assembly of the cytochrome bci-aas supercomplex

The analysis of the copper-deprivation stimulon led to the discovery of the copper-resistance
protein CopC, encoded by cgl1884 (Morosov et al., 2018). Analysis of the AcopC strain
resulted in no observable growth defect in glucose minimal medium with 1.25 uM CuSOs or
under copper-starvation conditions. However, a similar growth defect to ActiP strain was
exhibited in BHI liquid medium and on agar plates which indicates an important function of
CopC solely under these conditions (Morosov et al., 2018). The increased copper-tolerance

of the AcopC strain compared to the wt additionally suggests the involvement of CopC in
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copper import. Moreover, the inhibited co-purification of cytochrome bci-aas supercomplex
subunits after loss of CopC suggests a copper-insertion function either into Cua or Cug of the
cytochrome aas oxidase (Morosov et al., 2018). Structural evidence and bioinformatic
analyses of CopC family members have been shown to harbor predominantly Cu(ll) binding
sites (Lawton et al., 2016), which are also conserved in C. glutamicum (Morosov et al., 2018).

In P.syringae CopC was first described as a copper-importer due to phenotypic
characterization revealing a hypersensitivity towards copper upon overexpression of copD
together with copC (Cha and Cooksey, 1993). Furthermore, the copper content increased by
40% in these hypersensitive cells expressing the copCD genes compared to cells harboring
the empty vector. Overexpression of either copC or copD alone did not lead to observable
differences in copper tolerance, therefore suggesting an interaction between CopD and
CopC and an involvement in cellular copper uptake (Cha and Cooksey, 1993). An interaction
between these proteins is supported by the corresponding genes being located together in
one operon, which in P. syringae further includes copA, encoding a periplasmic multicopper
oxidase, and copB, encoding an outer membrane protein (Arglello et al.,, 2013). Gene
clustering analyses revealed that copC most commonly occurs in a genomic neighborhood
related to copper homeostasis and almost exclusively preceding copD, not seldomly even as
a copCD gene fusion (Lawton et al., 2016). In C. glutamicum an interaction between CopC
and the CopD domain of CtiP is also conceivable. Based on the above-mentioned growth
analyses in C. glutamicum it could be hypothesized that CtiP sufficiently binds copper
directly in CGXIl minimal medium but is dependent on CopC-mediated copper-loading in BHI
medium (Figure 6). The necessity for different modes of copper-acquisition could be
explained by the differences in copper content of the media, which although measured
approximately the same copper concentration (CGXIl: 1.25uM Cu, BHI: ~1 uM Cu;
unpublished data) likely differ in their bioavailability of copper ions. To test this hypothesis,
affinity measurements of CtiP and CopC towards copper have to be performed to assess
putative differences which would suggest the need for a more sensitive copper-binding
protein under copper-limited conditions. Furthermore, protein-protein interaction studies

could clarify a mechanistic cooperation of CtiP and CopC.
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4.1.3 (Cg1883 and Cg0520 are putative Cua biogenesis chaperones

The copper-deprivation stimulon of C. glutamicum further includes a gene of significance
concerning biogenesis of the supercomplex, namely cg1883, which is also part of the o¢
regulon (Toyoda and Inui, 2016; Morosov et al., 2018). This gene encodes a PCuaC
homologue shown to be involved in Cua biogenesis in other bacteria (Figure 6) (Abriata et al.,
2008; Thompson et al., 2012). In C. glutamicum cg1883 is part of the copC operon, further
including cg1881, which codes for a secreted Dyp-type heme peroxidase. Deletion of cg1883
exhibited no growth defect under copper-sufficiency, copper-limitation or copper-
deprivation and is therefore not crucial for the formation of the supercomplex, or more
specifically the aas oxidase (Morosov et al., 2018). PCuaC proteins only occur in bacteria and
bind Cu(l) in a 1:1 stoichiometry which is then transferred to subunit Il of the heme-
Cu oxidase to form the Cua center (Banci et al., 2005; Abriata et al., 2008; Thompson et al.,
2012). A common copper-binding motif for PCuaC is (H/M)X10MX21HXM, although in
actinobacterial homologues this sequence varies with the motif being HXsMX2:HXM (Banci et
al., 2005; Morosov et al., 2018).

Formation of the Cua center presumably underlies a different mechanism of copper-
insertion than Cug formation, as Cua in subunit Il is located towards the periplasm and is not
embedded in the membrane as Cug in subunit | (Gong et al., 2018; Wiseman et al., 2018).
Therefore, biogenesis of Cua is likely to take place in the periplasm and thus requires
periplasmic proteins or membrane proteins with a copper-binding periplasmic region.

The most intensively characterized chaperones involved in Cua formation are the Sco
proteins. First described in yeast, these membrane-bound chaperones are able to transfer
one Cu(l) or Cu(ll) ion to subunit Il (Schulze and Rodel, 1988; Nyvltova et al., 2017).
Additionally, Sco proteins are members of the thioredoxin superfamily and were predicted
to have a disulfide reductase activity for reduction of the cysteine residues involved in
complexing the copper ions in the Cua center. However, this function was also attributed to
TlpA of Bradyrhizobium japonicum, suggesting an involvement in direct metalation of Cua
(Abicht et al., 2014). Moreover, this membrane-anchored protein was shown to specifically
reduce Scol (Mohorko et al., 2012). In C. glutamicum a homologue for Scol is missing, but
two homologue candidates for TIpA were found, namely Cg0354 and Cg0520. Cg0354 may
contain a signal peptide but lacks a predicted transmembrane domain and its involvement in

Cua reduction appears unlikely but cannot be excluded. Cg0520 is a more likely functional
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TIpA homologue as it is a secreted lipoprotein harboring a domain of the AhpC/TSA family
shown to be related to alkyl hydroperoxide reductases (AhpC) and thiol-specific antioxidants
(TSA) (Chae et al., 1994). Furthermore, its corresponding gene is located in a cluster involved
in cytochrome c¢ biogenesis (Bott and Niebisch, 2003). To characterize the function of
Cg0520, analysis of supercomplex formation in a ¢cg0520 deletion strain has to be performed

coupled with further biochemical analyses.

4.1.4 Surfl is crucial for cytochrome bci-aas supercomplex assembly

Besides copper, heme is an important prosthetic group of the cytochrome bci-aas
supercomplex and is essential for functionality of the enzyme. Within this thesis, further
investigations were performed to find chaperones involved in biogenesis of the
supercomplex, which resulted in the discovery of Cg2460, a homologue of the putative heme
a insertion chaperone Surfl (Davoudi et al., 2018). Loss of C. glutamicum Surfl led to a
strong growth defect both under copper-sufficiency and under excess copper stress. The
former was comparable to that of a cytochrome aas oxidase-deficient strain. Cytochrome
measurements of CtaDs: purified from the Asurfl strain showed the loss of wild-type
cytochrome peaks and exhibited only a small peak at 594 nm suggesting a disturbed heme
environment (Davoudi et al., 2018). Similar to CtiP and CopC, loss of Surfl prevented co-
purification of supercomplex subunits, which indicates a crucial function in supercomplex
assembly. Interestingly, CtaC was co-purified with CtaDs; in the Asurf1 background, which is
in contrast to the ActiP strain, where co-purification of further aas oxidase subunits was not
observed (Davoudi et al., 2018). This proposes the prevention of supercomplex formation
rather than of aas oxidase assembly upon loss of Surfl in C. glutamicum, whereas
impairment of copper-insertion also causes failure to form a stable aas oxidase.

The role of Surfl has been analyzed in eukaryotic and prokaryotic homologues and it has
been described to be involved in cytochrome biogenesis (Poyau et al.,, 1999; Mick et al.,
2007). Functional characterization of Rhodobacter sphaeroides Surfl demonstrated the
inability of a corresponding gene deletion strain to form a heme a3-Cus center without
affecting heme a or Cua. It was therefore postulated that Surfl is involved in heme a3
insertion into the active site of the terminal oxidase (Smith et al., 2005). For
Paracoccus denitrificans, which possesses two Surfl variants, the proteins were shown to

bind heme with Kp values of 0.3 — 0.6 uM (Bundschuh et al., 2009). These variants
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additionally exhibited specificity towards a particular terminal oxidase (Bundschuh et al.,
2008; Bundschuh et al., 2009). In P. denitrificans, analysis of the architecture of Surfl
revealed a periplasmic loop harboring two heme-binding motifs (WQ and YXXXW) shown to
differentiate between heme types and are located at either side of the transmembrane
helices (Hannappel et al., 2011). These characteristic features of the Surfl architecture are
also conserved in C. glutamicum (Davoudi et al., 2018). The specificity of Surfl towards
heme a was described to serve as a heme filter discriminating between heme types and
directly transferring heme a from the heme a synthase CtaA to the active site of the terminal
oxidase (Bundschuh et al.,, 2008; Hannappel et al.,, 2011; Hannappel et al., 2012). In
agreement with previous data, direct interaction of subunit | of the cytochrome ¢ oxidase
and Surfl was detected in Saccharomycces cerevisiae and P. denitrificans (Khalimonchuk et
al., 2010; Hannappel et al., 2012). Albeit the size of the heme a molecule which could be
assumed to be structure-defining and therefore promoting oxidase stability, studies in
R. sphaeroides deficient in heme a synthesis demonstrated accumulation of the apo-form of
the oxidase (Hiser et al., 2000). Nevertheless, it is possible that Surfl interaction with
subunit | of cytochrome oxidase could not only lead to the insertion of heme a3 but also to
the stabilization of the subunit until a complex with subunit Il is formed (Hannappel et al.,
2012). Whether Surfl is involved only in heme as insertion or also in heme a insertion is still
unresolved.

In humans, yeast and bacteria Surfl deficiency results in a drastically decreased
cytochrome c oxidase activity but, in contrast to C. glutamicum (Davoudi et al., 2018), was
never shown to eliminate it (Mashkevich et al., 1997; Zhu et al., 1998). It is conceivable that
the remaining oxidase activity could be due to CtaA directly inserting synthesized heme a
into subunit | which would have to occur in a less efficient manner than with Surfl. This is
supported by the observation that in P. denitrificans overexpression of ctaA restored the
cytochrome c oxidase activity after loss of both Surfl variants (Hannappel et al., 2012). In
C. glutamicum a similar approach by overexpressing native ctaA failed to restore aas oxidase
activity, deduced by the unaltered growth defect of a Asurfl strain harboring the ctaA
expression plasmid or the empty vector (Figure $6.4.1).

While only heme-associated properties were described for Surfl homologues, an effect of
Surfl on the copper homeostasis could be observed in C. glutamicum. The Asurf1 strain not

only exhibited a strong growth defect under copper-excess conditions but transcriptome
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analyses also revealed the induction of the copper-starvation stimulon after loss of Surfl
(Davoudi et al., 2018). Although also human Surfl was described to potentially be involved in
copper homeostasis (Stiburek et al., 2009), a direct involvement of Surfl in copper
regulation is unlikely and presumably is a result of secondary effects. However, Surfl
potentially interacts with other copper-dependent chaperones involved in cytochrome ¢
oxidase maturation. Co-purification experiments in yeast showed that Surfl transiently
interacts with the Cug biogenesis chaperone Cox11 (Khalimonchuk et al., 2010). As CtiP
harbors a CtaG domain postulated to be involved in Cug formation an interaction with Surfl
could be possible. In an attempt to find Surfl interaction partners, plasmid-based expression
of a surfl variant encoding a Strep-tagged Surfl protein in the C. glutamicum Asurf1 strain
background and subsequent StrepTactin affinity purification among others resulted in the
identification of bci-aas supercomplex subunits CtaC, CtaD, Ctak, QcrA and QcrB (Table
S6.4). However, in this approach the complete elution fraction was used for LC-MS analysis,
leading to the identification of more than 200 proteins, making the interpretation of the
data difficult. To further investigate a potential interaction of Surfl with CtiP and/or
supercomplex subunits, a genomically encoded Surfl variant has to be constructed and
analyzed in more detail. Several attempts to construct a strain genomically encoding a C-

terminally twin-Strep tagged Surfl variant were unsuccessful.

4.2 Regulation of terminal oxidases

As heme is an important prosthetic group in various proteins including respiratory
complexes, another aim of this work was the investigation of a global response towards a
heme stimulus. For this purpose, the major focus was a kinetic target gene profiling of the

heme-sensing TCS HrrSA.

4.2.1 HrrSA-dependent heme distribution to terminal oxidases

Conclusions about regulatory mechanisms are typically based on single time point studies,
which allow only a glimpse on the dynamic nature of gene regulation and adaptation. In this
work, time-resolved ChAP-Seq analyses using a plasmid-encoded HrrA variant coupled with

time-resolved RNA-Seq analyses of an hrrA mutant compared to the wt aided in the
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broadening of the HrrSA regulon (Keppel et al., 2019). Crucial conditions for this study were
the absence of iron, as the regulator DtxR represses hrrA expression upon binding of iron, as
well as the presence of heme to ensure HrrA activation (Wennerhold and Bott, 2006;
Frunzke et al., 2011). Under these conditions it was found that upon stimulus HrrSA
regulates more than 250 genes involved in heme biosynthesis, oxidative stress, cell envelope
remodeling and the respiratory chain (Keppel et al., 2019). HrrSA is highly conserved in
Actinobacteria and the ability to sense heme is not only crucial for iron acquisition but is also
vital for pathogenic organisms (Bibb et al., 2007; Stauff and Skaar, 2009; Stauff and Skaar,
2009; Frunzke et al., 2011). The closely related C. diphtheriae HrrSA not only shares high
sequence identity with C. glutamicum HrrSA but was also shown to activate similar targets
(Bibb et al., 2007; Frunzke et al., 2011). The current knowledge about heme homeostasis and
heme-dependent regulation includes genes involved in heme degradation, biosynthesis and
export (Bibb et al., 2007; Bibb and Schmitt, 2010; Frunzke et al., 2011; Heyer et al., 2012;
Burgos and Schmitt, 2016). Interestingly, heme import is still poorly understood but was
attributed to an HrrA-regulated ABC-transporter, encoded by the hmuTUV operon (Drazek et
al., 2000; Schmitt and Drazek, 2001; Frunzke et al., 2011). However, reporter analyses in a
AhmuTUYV strain cultivated under iron-limitation and supplemented with 2.5 uM heme did
not result in an altered HrrA signal output, suggesting either the existence of a yet
uncharacterized importer or a passive transport through the membrane due to its lipophilic
characteristics (Hentschel, 2015).

Besides regulation of heme homeostasis, an intriguing finding was the extended
involvement of HrrSA in the activation of respiratory chain genes (Keppel et al., 2019).
Coinciding with previous data, HrrA-mediated activation of cytochrome bci-aas
supercomplex genes comprises ctaD and the ctaE-qcrCAB operon (Frunzke et al., 2011) and
was now shown to further include the ctaCF operon (Figure 7) (Keppel et al., 2019).
Moreover, HrrA additionally activates the cyd genes of the cytochrome bd branch (Keppel et
al., 2019). This activation is retarded towards the mid-exponential growth phase with
decreasing heme concentrations and coupled with depression of sigC, encoding the activator
of the cyd operon o (Toyoda and Inui, 2016; Keppel et al., 2019). As c¢ was described to
simultaneously be a repressor of the ctaE-qcrCAB operon (Toyoda and Inui, 2016) HrrA not
only functions as a direct activator for respiratory chain genes under iron limitation and

simultaneous presence of heme, but is responsible for altering between respiratory chain
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complexes depending on heme availability (Figure 7) (Keppel et al., 2019). In contrast to
heme-sufficiency, under heme-limitation conditions the less heme-demanding cytochrome
bd branch is favored (Figure 7). Therefore, this work seems to have unraveled a complex
mechanism of HrrSA-mediated heme distribution prioritising the more efficient bci-aas
branch emphasizing the pivotal function of the TCS on the respiratory chain when iron is
limiting (Keppel et al., 2019).

Selectivity between respiratory branches has been extensively researched and can have
various causes. On the one hand, limited copper-availability can be a reason to switch to a
copper-independent respiratory branch (Morosov et al., 2018), but also oxygen-limitation
demands a shift from aerobic to anaerobic growth. Besides the TCS ArcAB, shown to sense
the redox state of the quinone pool and regulate terminal oxidases in response to oxygen
levels (Gunsalus and Park, 1994; Georgellis et al., 2001), the key regulator mediating these
shifts was shown to be FNR first described in E. coli (Spiro and Guest, 1991; Spiro, 1994). This
global transcriptional regulator contains a [2Fe-2S]?* cluster and was described to function as
an intracellular redox sensor targeting a vast number of genes in an oxygen-dependent
manner (Spiro, 1994; Unden et al., 1995; Kiley and Beinert, 1998). However, transcript
profiling in Herbaspirillum seropedicae revealed that FNR in presence of oxygen controls the
composition of the aerobic respiratory chain to optimize energy transduction via terminal
oxidases (Batista et al., 2013).

A heme-dependent regulation of respiratory complexes was previously described for the
translational activator Mss51 of S. cerevisiae (Perez-Martinez et al., 2003; Soto et al., 2012).
Besides the essential function of specifically promoting COX1 mRNA translation and further
aiding in the biogenesis of the cytochrome ¢ oxidase, Mss51 was shown to harbor two CPX
motifs and exhibited in-vitro heme-binding which was required for correct Mss51
functionality (Soto et al., 2012). It was therefore postulated that biogenesis of the

cytochrome c oxidase is severely dependent on heme-sensing by Mss51.
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Figure 7: Working model of HrrSA-mediated respiratory chain gene regulation in response to heme
under iron-limiting growth conditions. During the early growth phase (0.5 h after addition of 4 uM
hemin) with an abundance of heme HrrA activates all genes encoding subunits of the cytochrome
bci-aas branch (ctaD, ctaCF, ctaE-qgcrCAB) and the cytochrome bd branch (cydAB) while repressing
sigC expression. Decreasing heme concentrations (4 h after hemin addition) lead to derepression of
sigC resulting in a further upregulation of the cyd genes and simultaneous repression of the ctaE-
gcrCAB operon (modified from (Keppel et al., 2019)).

Although the findings in this work shed light on the complex regulation of respiratory
chain branches via HrrSA in C. glutamicum and presumably many other Actinobacteria, there
is still a lot of investigation needed to completely understand the different layers of control.
As our approach only focused on heme-dependent regulation through HrrSA, interference by
the orthologous TCS ChrSA was not analyzed. Due to the overlap of HrrSA and ChrSA target
genes (Heyer et al.,, 2012), analysis of the complete ChrSA regulon could broaden the
understanding of heme homeostasis. Further, this work had to be performed under iron-
limitation, thereby neglecting regulatory influences of DtxR, which under iron-sufficiency
represses hrrA (Wennerhold and Bott, 2006). Moreover, to enable assertions about
physiological target binding without overproduction of plasmid-based hrrA, ChAP-Seq

analyses have to be performed with a strain harboring genomically encoded tagged HrrA.

4.2.2 How is the activity of the ECF o factor ¢® controlled?

As mentioned above, o® is an important regulator of respiratory chain genes and as it is well
conserved in all species of Corynebacteria (Patek and Nesvera, 2011), understanding of the
regulatory processes controlled by o¢ should be of high value for the genus. Regulation of o¢
is still unknown, however the discovery of genes regulated by o¢ allows deduction of
potential mechanisms (Toyoda and Inui, 2016). Of the 16 upregulated genes (threshold >3)
within the copper-deprivation stimulon found in this work (Morosov et al., 2018), 12 genes
are part of the o regulon described in C. glutamicum R (Toyoda and Inui, 2016). The only

gene missing from the regulon is cgR_0144, seemingly a paralogue of cgR_1719, which is a
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homologue of cg1884 (copC). Coinciding with previous data (Toyoda and Inui, 2016), the bd
oxidase genes as well as ctaA, encoding heme o monooxygenease (heme a synthase), and
ctaB, encoding protoheme IX farnesyltransferase (heme o synthase), were found to be
upregulated under copper-deprivation in C. glutamicum (Morosov et al., 2018). Interestingly,
the copper-deprivation stimulon comprises a number of upregulated genes which are not
part of the o regulon and therefore have to be regulated in a different manner. These genes
encode cation-transporting ATPases, an amino acid exporter, siderophore transporters, as
well as ctiP (Morosov et al., 2018). However, an overlap of different ECF o factor regulons is
not uncommon and was already described for o® and o' in C. glutamicum (Dostalova et al.,
2019). A similar mechanism between o¢ and another o factor is therefore not unlikely.

It was suggested, that the o reponse is induced by oxidative stress, due to an inefficient
aas oxidase under low oxygen conditions and the presumable formation of superoxide
anions (Toyoda and Inui, 2016). This hypothesis coincides with previous studies, showing
catalase activity of the bd oxidase of E. coli as well as H,0; sensitivity of bd oxidase-deficient
strains of E. coli and M. smegmatis (Wall et al., 1992; Lindqvist et al., 2000; Borisov et al.,
2013; Lu et al., 2015). Furthermore, the genomic location of C. glutamicum sigC is directly
divergent to katA encoding a catalase, suggesting a potential link (Kalinowski et al., 2003).
Interestingly, in contrast to an aas oxidase-deficient strain, in which the o® response can be
observed, analysis of o¢ targets in a bc: complex-deficient strain did not show upregulated
MRNA levels (Toyoda and Inui, 2016).

Conversely to the hypothesis of an oxidative stress-dependent stimulus, examination of
transcriptome studies stored in our in-house C. glutamicum microarray database suggests an
induction of the ¢ stimulon occurring at any time the bci-aas supercomplex is affected. As
seen in Table 1, upregulation of o targets can be observed if the supercomplex is disturbed
directly (e.g. copper-deprivation) or indirectly (e.g. anaerobic conditions) (Michel, 2014;
Morosov et al., 2018) (Table 1). Intriguingly, the lacking upregulation of ctaA and ctaB under
anaerobic conditions suggests competition with another regulator (Table 1). It is important
to point out that also a C. glutamicum strain expressing the supercomplex genes ctaE-
gcrCAB, ctaCF, and ctaD under control of the tac promoter rather than under their native
promoters (C. glutamicum SCP"“) (Platzen, 2012) leads to the ¢ response (Table 1). The most
common regulation of ECF ¢ factors is the inhibition through a cognate anti-o factor.

Therefore, the o¢ response in C. glutamicum SCPY could hint towards an inhibitory
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mechanism of o¢ by supercomplex-associated proteins (Cg2211, Cg2444, Cg2949) potentially
acting as putative anti-o factors. In the absence of a o¢ inhibitor the o¢ targets, including the
cyd genes, would be induced (Toyoda and Inui, 2016). Overexpression of the cydABDC genes
was shown to lead to a growth defect in C. glutamicum (Kabus et al., 2007). Deletions of the
genes ¢g2211, cg2444, and cg2949 encoding the supercomplex-associated proteins in
C. glutamicum did not result in an observable growth defect (Niebisch and Bott, 2003),
although o®-mediated cyd activation is not expected to be as high as plasmid-based cyd-
overexpression. However, a plasmid-based cyd promoter fusion to a venus reporter gene to
measure cyd promoter activity revealed a comparable fluorescence output in the deletion
strains as in the wt, thus a o%specific anti-o function of these proteins is unlikely
(Figure S6.5.1). As positive control the ActaF strain was used.

This promoter fusion construct was further tested in single gene deletion strains of the
copper-deprivation stimulon, which resulted in wild-type fluorescence output in all deletions
with the exception of the Acg2750 strain where the specific fluorescence was 30% higher
than in the wt (Figure S6.5.2). The cg2750 gene codes for an integral membrane protein with
a molecular mass of 13 kDa, which harbors a DUF3187 domain and three predicted
transmembrane helices with a putative cytoplasmic N-terminus and a periplasmic C-
terminus. Loss of Cg2750 resulted in wild-type growth in CGXIl liquid medium but in a
growth defect on CGXIl and BHI agar plates (Figure S6.5.3), in BHI liquid medium and under
copper-excess (Figure S6.5.4). Plasmid-based expression of cg2750 in the Acg2750 strain
successfully complemented the growth defect (Figure S6.5.5). Further investigation of the
Acg2750 strain using reporter fusions of other known o¢ target promotors (copC, cg2556)
resulted in the same observation of an increased promotor activity compared to the wt,
suggesting an induction of the o¢ regulon (Figure S6.5.6). Purification of plasmid-encoded
twin-Strep tagged Cg2750 among others revealed the co-purification of QcrB of the bci
complex as well as supercomplex-associated proteins (Cg2211, Cg2444), indicating a direct
interaction with the supercomplex (Table S6.5). It could therefore be hypothesized that
Cg2750 binds o and simultaneously interacts with the bci complex functioning as a sensor
for correct supercomplex assembly. Under conditions where supercomplex assembly is
impaired Cg2750 might be degraded, thereby releasing o¢ to activate target genes.

Therefore, interaction of Cg2750 with o has to be further investigated. Moreover, to ensure
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an induction of the o¢ response in the Acg2750 strain, microarray or RNA-seq analysis have
to be performed.

A deletion of sigC was previously described for C. glutamicum R, but resulted in
inconclusive growth effects, presumably due to spontaneous mutations (Toyoda and Inui,
2016). Characterization of the ATCC 13032 sigC deletion strain exhibited wild-type growth in
standard CGXIl glucose medium but showed no growth under copper-deprivation, indicating
that o¢ is the only activator of the cyd operon under this condition (Figure S6.5.7).
Furthermore, to initiate the investigation of o® interaction partners, a strain harboring a
genomically C-terminally twin-strep-tagged sigC was constructed to perform co-purification
experiments. Besides this direct approach the constructed strain could also be used for o¢
localization. Harvesting of cells under copper-starvation conditions as well as under copper-
sufficiency and subsequent Western Blot analysis of cell fractionations could give insights
into a potential membrane-association of 6%, which would suggest a membrane-bound anti-

o factor responsible for o regulation.



Discussion 82

Table 1: Transcriptome levels of upregulated ¢ target genes induced under different conditions.
Values depicted originate from the in-house C. glutamicum microarray database. The median of
three individual experiments (p value < 0.05) is shown or otherwise labeled with the number of
available experiments in the database. If not stated otherwise, strains were cultivated under aerobic
conditions in standard CGXIl glucose medium (1.25 uM CuSQ,). Not identified transcripts are listed as
n.a.

wt,
wt, Cu- anaerob,
Locus deprivation/ ActiP/ Asurfl/ SCP“*/ ActaD/ 120 min/
tag Gene Function wt wt wt wt? wt? wt¢
€g1298 cydC ABC-type transport 27.79 8.79 2.80 3.34 n.a. 1.532
system, ATPase
component
€gl1299 cydD ABC-type transport 10.54 16.09 5.76 6.00 n.a. 3.042
system, ATPase
component
cgl1300 cydB Cytochrome d 14.55 12.55 6.26 6.29 2.08 2.09?
terminal oxidase
polypeptide subunit
cg1301 cydA Cytochromed 14.99 14.03 6.62 6.44 2.36 2.162
ubiquinol oxidase
subunit |
cgl769 ctaA Heme a synthase 2.75 5.90 1.71 1.52 n.a. 0.78
(heme o
monooxygenase)
cgl773 ctaB Heme o synthase 8.49 5.83 2.23 5.30 3.15 0.63
(protoheme IX
farnesyltransferase)
cgl881 Putative iron- 12.84 15.37 3.95 10.26 n.a. 3.972
dependent
peroxidase
cg1883 Hypothetical protein 12.01 16.49 3.74 9.02 2.63 3.262
cgl884 copC Putative secreted 12.94 16.99 4.12 9.07 2.99 2.852
copper resistance
protein
cg2556 Uncharacterized 10.04 6.49 2.39 8.40 3.53 1.942
iron-regulated
membrane protein
cg2750 Putative membrane 6.88 6.28 2.07 3.43 3.19 2.352

protein

a, performed by Laura Platzen; b, performed by Abigail Koch-Kérfges; ¢, performed by Andrea Michel

The cytochrome bci-aas supercomplex of C. glutamicum is a model for homologous
complexes in Actinobacteria. In this work, the complex biogenesis of this supercomplex was
investigated which requires multiple chaperones involved in copper and heme a insertion.
Moreover, this work revealed an intricate regulation of respiratory branches upon

environmental cues which is essential for optimal cellular growth.
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6 Appendix

6.1 Supplement “The copper-deprivation stimulon of Corynebacterium
glutamicum comprises proteins for biogenesis of the actinobacterial
cytochrome bci-aas supercomplex”

TABLE S1. Oligonucleotides used in this study.

Oligonucleotide Sequence (5° — 3°) and properties®
Construction of deletion plasmids and PCR analysis of the resulting C. glutamicum deletion mutants

¢g2699-1-for TATACTGCAGCAATCCATAAGGTAGAGGCTATATG

¢g2699-2-rev CCCATCCACTAAACTTAAGTAGAGAAGAAACTCCACCAGAACCC
¢g2699-3-for TACTTAAGTTTAGTGGATGGGCTACCAGGAAACCTTCGAGCCC
cg2699-4-rev TATAGAATTCTGTAGTGGTTCATGTCAATGCCGA

¢g2699-out-for ATGTGCTCGCAGCATGTTTATG

¢g2699-out-rev CITGTAGGAGCGGGAGCTGG

cg1884-1-for CCCATCCACTAAACTTAAGTATTTTAGATTCTTCTCTGAAGCCACAT
cg1884-2-rev TATAAAGCTTGATCCACCACAAACCAGGCTGG

cgl1884-3-for TACTTAAGTTTAGTGGATGGGGCAAAGAATCGTAACCAGAAATAAG
cgl884-d-rev TATAGAATTCCTCGATTGGGTTCGCAAGCCC

cg1884-out-for AGGTCATTCAGGCGGCTGG

cg1884-out-rev ATGTCGCTCCTTATATATAGTGG

cg0569-1-for CAAGCTTGCATGCCTGCAGGTCGACTTCACTTCATTCATCGCCATTG
cg0569-2-rev TGTTTAAGTTTAGTGGATGGGGTACAGGCTTCCCTTGGCAAGG
cg0569-3-for CCCATCCACTAAACTTAAACACAGGGTAACCTAAATGTCGTG
cg0569-4-rev ATTCGAGCTCGGTACCCGGGGATCCAACTTTGCCATCCGAATCGG
cg0569-out-for CATGGCCAATGCCTTCGCAC

cg0569-out-rev GGGATCGGGCTTCTTCTGTTTC

cgl744-1-for CAAGCTTGCATGCCTGCAGGTCGACGGATATGATTGCGATCCCTGGCGAC
cgl744-2-rev TGTTTAAGTTTAGTGGATGGGGACGACACCTAAAACAGACCTTTC
cg1744-3-for CCCATCCACTAAACTTAAACACTTTGCGGTCGTTGAAACCG
cgl744-4-rev ATTCGAGCTCGGTACCCGGGGATCCCACCCTTGAAAAGTGAAAACATC
cgl744-out-for GGTTCGCACAGGAGCAATTTC

cgl744-out-rev TTGCCTCTAAAACCATCGCC

cg1832-1-for CAAGCTTGCATGCCTGCAGGTCGACTAACAGTGCACCAGGAAGGG
cgl832-2-rev TGTTTAAGTTTAGTGGATGGGGAGAAAACACTAACACTCAAATGATC
cg1832-3-for CCCATCCACTAAACTTAAACAGGAGCACCCTTCCTCCTG

cg1832-4-rev ATTCGAGCTCGGTACCCGGGGATCCTGGAGATTTGTGACCAGACATC
cg1832-out-for GAAATAAATCCCCGCCCACAC

cgl832-out-rev ACGTTCCTTCAACGTTGCAATG

cg1833-1-for CAAGCTTGCATGCCTGCAGGTCGACGTTGTTCTGGCTGCTTGGATC
cgl833-2-rev TGTTTAAGTTTAGTGGATGGGCCAGGGGAAGGGCTAATTTACG
cg1833-3-for CCCATCCACTAAACTTAAACACCGTCGATGGCCTAGAAAAAATC
cgl833-4-rev ATTCGAGCTCGGTACCCGGGGATCCGTACGAGTGCTCGTGCGATG
cgl833-out-for CTTGTTGATGTCCGGCGTAG

cg1833-out-rev CGTGGAGGACGATGATGGAAC

cg1881-1-for CAAGCTTGCATGCCTGCAGGTCGACAGTGATTCCACCTCCACGAG
cgl881-2-rev TGTTTAAGTTTAGTGGATGGGGTCGCTCCTTATATATAGTGGCCG
cgl881-3-for CCCATCCACTAAACTTAAACACCCGCCACGCGGTAGGATG
cg1881-4-rev ATTCGAGCTCGGTACCCGGGGATCCCGGATTACTGCGCGGCCG
cg1881-out-for GTCGCAGGTGCTGTACTGAG

cg1881-out-rev GATGCCCAACTTGGTTCCTG

cgl883-1-for TATACTGCAGAGCAATGCGGATTCCGGAGAGG

cg1883-2-rev CCCATCCACTAAACTTAAGTATGCGACAAAAAACTTCTTCATGGTG
cg1883-3-for TACTTAAGTTTAGTGGATGGGACTGAAGGCCACGAGGGCCAC
cg1883-4-rev TATACCCGGGTCACGTCGAAAAGCGAAGCACC

cg1883-out-for AGGTCATTCAGGCGGCTGG

cgl1883-out-rev CTGCTGCACCCACCGCGT

cg2556-3-for CCCATCCACTAAACTTAAACAGAACACCAAACCACACCGC
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cg2556-4-rev
cg2556-out-for
cg2556-out-rev
cg2750-1-for
cg2750-2-rev
cg2750-3-for
cg2750-4-rev
cg2750-out-for
cg2750-out-rev

ATTCGAGCTCGGTACCCGGGGATCCCGTGTATTCAAATTCCCAGAAGCAG
TCATCGCCAATGAGCACGAG

TGTCGGACTCATCGTGTITCG
CAAGCTTGCATGCCTGCAGGTCGACAAGGCAAGTCACATTGTICITICITC
TGTTTAAGTTTAGTGGATGGGGCAACTCTTCCTTCAAAAATAAAATAG
CCCATCCACTAAACTTAAACATTAAATACACAAAAACCTCCCCGTC
ATTCGAGCTCGGTACCCGGGGATCCATCGCCACGATCGCCGATG
CGCTTATCGTAAATCAGCAGGTAG

ATACGACGAGCCGATCGAAG

Construction of pEKEx2-citP

PEKEX2-cg2699-for

TATACTGCAGAAGGAGGGGCATGGATGAGCAGGTCG

PEKEx2-cg2699-rev. TATAGAATTCTITATTCTTTGTCTITTGTCTTITGTCTITTG

2 Overlaps for overlap-extension PCR or Gibson assembly are written in bold letters. Restriction sites are

underlined.
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Figure S1. Dithionite-reduced spectra of C. glutamicum WT cells and Acg2699 mutant

cells cultivated either in standard CGXII medium or in copper-deprived CGXII medium.
Cytochromes ¢, b, a and d are indicated at the wavelengths 552 nm, 562 nm, 600 nm and 630

nm, respectively.
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Figure S2. Complementation of the growth defect of the ActiP mutant by plasmid-based
expression of c¢#iP using plasmid pEKEx2 ctiP carrying cfiP under control of the P
promoter. The strains were cultivated in CGXII medium with 4% (w/v) glucose supplemented
with 25 ug ml*! kanamyein in a Biolector microcultivation system. Growth was followed online
as backscatter at 620 nm. All backscatter values were normalized by setting the maximal
backscatter value of the WT/pEKEX2 culture as 1. Mean values and standard deviations of three

biological replicates are shown.



Appendix

7104 1.0
C s
B B
Bos. 8 05
% 2
H - WT E - WT
ob - Acg0569 oo - Acg1744
"o 5 10 15 20 25 "o 5 10 15 20 25
Time (h) Time (h)
10 310
a &
£ £
3 0.5 8 0.5
] 2
H - WT E - WT
] ]
- Acg1832 - Acg1833
0.0 T r r T 0.0 T r T r
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
31 3
) )
B ]
ﬁ 0.5- ﬁ 0.5
£ 2
§ - WT E - WT
-~ Acg1881 - Acg1883
0.0 . r r : 0.0 T r . r
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
1.0 =S - 101
3 S
£ 8
g 0.5- g 0.5-
o - WT S - WT
@ @
- AcopC - Acg2556
0.0 . r r T 0.0 T r r
0 5 10 15 20 25 0 5 10 15 20 25
Tims (h) Time (h)
7104 1.0
8 s
=) =
2 £
g 0.5+ g 0.5
g - [ - WT
@ wr P
- ActiP - Acg2750
0.0 v r v v 0.0 y . v v
0 5 10 15 20 25 0 5 10 15 20 25

Time (h) Time (h)

Figure S3. Growth of the wild type (black squares) and the indicated C. glutamicum
mutants lacking individual genes of the copper deprivation stimulon (red circles) under
standard copper conditions (1.25 pM CuSO4). Precultures were first prepared in BHI
medium and subsequently in standard CGXII minimal medium with 2% (w/v) glucose. The
main cultures inoculated to an initial ODsop of 1 were performed in FlowerPlates™ with 800 pl
standard CGXII minimal medium with 2% (w/v) glucose using the Biolector®
microcultivation system. Growth was followed online as backscatter at 620 nm every hour. All
backseatter values were normalized by setting the maximal backscatter value of the wild-type
cultures used for comparison as 1. Mean values and standard deviations of three biological
replicates are shown. The growth data for the Act7iP mutant and the W'T are identical to those
shown in Fig. 3A and are repeated here for comparison with the other mutants.
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Figure S4. Growth of the wild type (black squares) and the indicated C. glutamicum
mutants lacking individual genes of the copper deprivation stimulon (red circles) under
copper deprivation conditions. Precultures were first prepared in BHI medium and
subsequently in CGXII minimal medium with 2% (w/v) glucose to which no CuSO, had been
added. The main cultures inoculated to an ODeoo of 1 were performed in FlowerPlates™ with
800 pl CGXII minimal medium with 2% (w/v) glucose supplemented with 150 uM BCS and 1
mM ascorbate using the BioLector® microcultivation system. Growth was followed online as
backscatter at 620 nm every hour. All backscatter values were normalized by setting the
maximal backscatter value of the wild-type cultures used for comparison as 1. Mean values and
standard deviations of three biological replicates are shown. The growth data for the ActiP
mutant and the WT are identical to those shown in Fig. 3B and are repeated here for comparison
with the other mutants.
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Figure S5. Growth of the wild type (black squares) and the indicated C. glutamicum
mutants lacking individual genes of the copper deprivation stimulon (red circles) under
copper excess stress. Precultures were first prepared in BHI medium and subsequently in
standard CGXII minimal medium with 2% (w/v) glucose and 1.25 uM CuSQO4. The main
cultures inoculated to an ODsoe of 1 were performed in FlowerPlates™ with 800 pl CGXII
minimal medium with 2% (w/v) glucose supplemented with 100 pM CuSOs using the
BioLector® microcultivation system. Growth was followed online as backscatter at 620 nm
every hour. All backscatter values were normalized by setting the maximal backscatter value
of the wild-type cultures used for comparison as 1. Mean values and standard deviations of
three biological replicates are shown. The growth data for the ActiP mutant and the WT are
identical to those shown in Fig. 3C and are repeated here for comparison with the other mutants.
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Ps-CopC 1 HPKLLSSTPAEGSTV-QAPEKIELNFS----EKLTT----QFSGAKLIMT 41
[ I I I Irrrr i Il
Cg-CopC 1 HDVVVDSNPENGSVVDEFFETIELEFSGIPQDLFTTVALSNADSGEVLTS 50

Ps-CopC 42 EMPGM-STHSPMGVKASVSGGADPKMMVISPTTSLTPGTYKVEWRAVSSD 90

| I | I 11 I [
Cg-CopC 51 GTPQLEGQHLSYEVPSDVQTGA——-———————————— GNYILGFQITSSD 85

Ps-CopC 91 THPITGSVIFKVK 103

[ [ I I
Cg-CopC 86 GHATKGSISFEVT 98

Figure S6. Sequence alignment of CopC of P. syringae and CopC (Cgl1884) of C.
glutamicum. The residues involved in Cu(Il)- and Cu(I)-binding the P. syringae CopC protein
are indicated in red and green, respectively. Identical amino acids are indicated by dashes.
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6.2

Supplement “Identification of Surfl as an assembly factor

cytochrome bci-aas supercomplex of Actinobacteria”

C. glutanicum
M. tuberculosis
M. smeginatis

P denitrificans
R. sphaeroides

C. glutamicum
M. tuberculosis
M. smegmutis

P. denitrificans
R. sphaeroides

C. glutamicum
M. tuberculosis
M. smeginatis

P. denitrificans
R. sphaeroides
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M. tuberculosis
M. smegmatis

P. denitrificans
R. sphaeroides

C. glutamicum
M. tuberculosis
M. smegmatis

P. denitrificans
R. sphaeroides

C. glutamicum
M. tuberculosis
M. smegmatis

P, denitrificans
R. sphaeroides

C. glutamicum
M. tuberculosis
M. smegmatis

FLSPGWIISALLIVYS
LLRPGWLALALVVVA
LLRPQWLALIVVVLA
---MRRYLFPLIVGV

I MDSKVNSPSGIIDKIIDVSSRYSGNSRSRTKPKGW

51 ESYAAISM
2 FTYLCFTV
122 FAYLCFTV
13 YGCAIL ISEGM

TEAFERDV
RYSLDTPP
ANSLQAEP
QQRIEGRP
EARVAAPP

LHKDDDIVARNEQ
LGKNAKTSRENQQ
LGKNTKTSRENSQ
LQRLDWKEGL I AQ
VOQRLQWKEG VL AD

PYAELFDASGQIPS
PLKTLLPQQDSSAP
PLTDILPHQDSTS -
PLPAAV - - - - - NP S
TEPEAP - - - - - EAA

ELENGQ I VIBVN
VVDGGPT VEVD
AVEGGIPT ITIEVD
VTDDGERR TET. D

ETDE@RRITE D

101 SQEFFR
77 DAQWRR
71 DDQWRR
53 -MKYMP
59 RDRYLP

SLT
TAT
TAT
I.VS
TVS

OQYLPDSEVLLRLRPVDSGPAFQSLTP
OYLPDVQVLARLRVVEGDQAFEVLAP
RYI.PHGQVT,ARI,RVlF.GF.PAFFVT,TP
QTTG-QEIDVI.SGTREAGGGYQMVSG
RFTG-EHIDVLTSRKDRGAGYRMIS A

ISIGYE -SSEGTIVPEIEPAPSTPVTITGFARKNEG -LPGSAPMEDSGYTQVY
122GYVRPQVGSHVPPIPRLPVQTVTITARLRDSEPS VAGKDPRF VRDGFQQVY
RIGYVRPVEGSGVPAIDPPPTDTVS ITARLRDSEAVATGKERF RADGALQVY
106 GF VDQDHKR - - - - - APRPPVRLEVAGNLHWPDE - KGSATBE PNLTENVWE
W GBFLPQEDRG - - - - - LPRTAVGAGLTGNLAWPAE -VDSFTBIS PDPVSG IWF

* %

WGINTEQISDVTGLDLGTDYVQVAEGEPGVLNPMPLPQMDR -GNHES NG FQ
172 SINTGQVAALTGVQLAGSYLQLIEDQPGGLGVLGVPHLDP -GPFESEG 10Q
171 SINTGQVSQLTGTPLAGSYLQLVDNQPGGLGAIPLPHLDA-GPFESNG 10Q
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Fig. S1. Amino acid sequence alignment of Surfl homologues. Depicted are variants of

C. glutamicum (Cg2460), M. tuberculosis

(Rv2235), M. smegmatis

(MSMEG _4311),

P. denitrificans (Pden 4316) and R. sphaerocides (RSP 1830). For the analysis Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/)  was

used

and visualized using Jalview

(http://www.jalview.org/). Purple shade indicates identical amino acids in at least three

sequences with a darkening of the color following the degree of conservation among the

alignment. Conserved residues shown to be involved in heme a binding are indicated in red
font and an asterisk. Red dotted boxes specify the two anticipated transmembrane helices.
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6.3 Supplement “HrrSA orchestrates a systemic response to heme
determines prioritisation of terminal cytochrome oxidase expression”

Strains, plasmids and oligonucleotides used in this study.

Table S1: Bacterial strains and plasmids used in this study. Oligonucleotides used for the

construction of the plasmids are listed in Table S2.

Strain Relevant characteristics Reference

Escherichia coli

DH5a fhuA2  lac(del)U169  phoA glnV44 @80’ Invitrogen
lacZ(del)M15 gyrA96 recAl relAl endAl thi-1
hsdR17; for general cloning purposes

BL21(DE3) B F ompT gal dcm lon hsdSg(rsms) AMDE3 [locl !
lacUV5-T7p07 indl sam7 nin5]) [malB'l1a(A%);
overexpression of proteins.

Corynebacterium glutamicum

C. glutamicum ATCC13032  Biotin-auxotrophic wild type strain

C. glutamicum bhrrA Derivative of ATCC13032 with in-frame deletion of the *
hrrA gene

C. glutamicum AhrrSA Derivative of ATCC13032 with in-frame deletions of *

AchrSA the hrrS (cg3248) and hrrA (cg3247) genes and the

chrSA (cg2201-¢g2200) operon.

Plasmid

Name Resistance Source
plCl Kanamycin 5
pJC1_Parsa-hrrSA-twin- Kanamycin This study

strep_Pcarsa-chrSA-his

and
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Table S2: Oligonucleotides used in this study.

# |Name Sequence

1 |hrrSA-twin-strep-fw | TTTTGCGTTTCTACAAACTCTTITGTTAGAGACCAAGATTCTGG
CTGTAAAACGACGGCCAGTACTAGTCTATTTTTCGAACTGCGGGTG

2 | hrrSA-twin-strep-rv

3 | chrsA-his-fw CAGCGACGCCGCAGGGGGATCCCTACTACACTACATCATGCGCAGTAG

4 | chrSA-his-rv AGTAATCCAGAATCTTGGTCTCTAACAAAAGAGTTTGTAGAAACG

5 | Pamuo (EMSA) fw GAGAAATCCTCACGCTCAC

6 | Prmuo (EMSA) rv GGTGGGAGCCCCAAAGTTG

7 | Perae (EMSA) fw CCCAAAGTGGTTTCCGCAGG

8 |[Petor (EMSA) rv ACGCCTTTTATTCGGGTTC

9 | Ppex (EMSA) fw CTTTCTATGGAGATGATCG

10 | Ppex (EMSA) rv CGATTTAAATGGACCCTAAAC

11 | Prams (EMSA) fw CCTGCGCAAAGTTGCTCCCTG

12 | Proms (EMSA) rv CTCACAGGATACCGATCCGAAC

13 | Peyios0 (EMSA) fw CGCTCCTCTGTGGGATTTGTC

14 | Peyioso (EMSA) rv GCCTTCACTCCCTCAAAC

15 | Peerc (EMSA) fw CTTAGGCTTGCCTCACACAC

16 | Pyrc (EMSA) rv AATGCGGAAATGCCATAAAACC

17 | Pegaao2( EMSA) fw CATAGGGGTATAGCCTTGAG

18 | Peg3so2 EMSA) rv CAGTGTGCGCAGGTCATGCC

19 | Perac{ EMSA) fw GGAATACCTAAAGTCTAGGC

20 | Poac(EMSA) rv GTAGGAACGTAGGGGGTAAG

21 | Poigcaara(EMSA) fw GGTCACCATAAAGGTGTGTAG

22 | Psigcaara(EMSA) rv GCCACCAAATAATCAGCCC

23 | Poyg (EMSA) fw GTTCCCGCTCACAGCTTAAC

24 | Py (EMSA) rv GGTGACTTGTCAACAAGGGG

25 | Pyps(EMSA) fw GACTTGTTTACCCAAGCAATAC

26 | Pups (EMSA) v CCGGTGAGGCAACATTTACC

27 | Phran (EMSA) fw GTCATGATGGCGTCTCGGGC

28 | Ppraa (EMSA) rv GTAATCAACGCACAAATG
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Table S3: Partial Dataset of genome wide HrrA binding (CHAP-Seq) and time resolved transcriptome analysis of
C. glutamicum wild type and AhrrA (RNA-Seq). For CHAP-Seq analysis, the strain C. glutamicum AhrrSAAchrSA harboring the
plasmid pJC1_PhrrSA-hrrSA-twin-strep_PchrSA-chrSA-his was cultivated in CGXIl minimal medium supplemented with 2% (wiv)
glucose and 4 yM hemin and was harvested at different time points as described in Figure 1. For RNA-Seq, wild type cells and a
AhrrA were cultivated accordingly and harvested O h, 0.5 h and 4 h after hemin addition. For RNA-Seq analysis strains contained
no plasmids and consequently no antibiotics were added to the medium. Column 1 and 2 show the locus and gene name and
column 3 indicates the distance of the peak maximum to the translational start site of the gene in column 1/2. For all known
transcriptional start sites, the distance to the TSS is indicated in column 4. In grey (5-10),ChAP-Seq peak intensities are indicated
at 0 h,05h, 2h, 4 h, 9hand 24 h after hemin addition. In green (11-13) and red (14-16), the measured mRNA levels of the
corresponding genes in the wild type strain (green) and a AfrrA strain are shown (in transcripts per million, mean of two biological
replicates). All further information can be found in the full Table in Keppel ef a/. (2019).

mRNA  mRNAwt  mRNAwt | mRNA mRNA mRNA
wit=0 t=0.5 =4 AhrrA t=0 AhrrA 1=0.5 AhrrA t=4
cg0019 24 1.4 4.7 21| 13| 10 1.0 21.0 20.8 23.5 28.5 216 15.2
cg0046 129 1.3 =nl 10| 10| 10 1.0 273.3 179.3 181.8 171.5 177.1 256.8
cg0061 rodA 389 1.7 8.7 26| 10| 10 1.0 141.2 331.2 212.2 159.7 157.7 148.7
cg0074 203 2.6 12.1 4.1 2.9 1.0 1.0 7.0 1.5 9.2 4.9 2.2 6.3
cg0076 245 3.2] 18.9 82| 31( 1.0 1.5 217 5.7 ik 113 3.6 11.8
cg0104 codA 72 1.0 3.4 21| 10| 1.0 1.0 196.4 30.3 35.4 57.2 64.4 21.5
cg0109 Jipl 199 1.0 6.1 1.0 1.6 1.0 1.0 135.2 108.0 66.7 145.0 157.0 41.0
cg0113 ureA 585 32| 21.4 55| 19| 1.0 1.0 391.8 157.5 111.5 155.0 204.3 89.3
cg0134 abgB 76 1.0 3.8 13| 10| 10 1.2 96.7 63.7 2071 52.6 45.1 108.9
cg0142 SixA 253 1.0 4.4 1.0 1.7 1.0 1.0 32.9 29.5 42.2 36.2 40.2 32.2
cg0152 30 1.0 3.3 1.0| 10| 1.0 1.0 20.1 13.0 16.3 17.9 11.8 15.1
cg0153 hde 313 S 4.4 23| 16| 10 1.9 19.2 16.7 28.6 19.7 19.7 15.0
cg0163 438 24| 120 4.2 2.2 1.6 1.0 160.3 290.8 172.4 53.3 48.0 84.1
cg0204 jolG 246 35| 16.8 59| 30| 2.2 1.9 20.4 38.2 55.9 24.3 25.2 35.8
cg0219 251 11 3.9 20| 10| 1.7 1.0 40.8 40.5 35.4 49.1 66.8 22.9
cg0222 o3 41| 11.0 59| 30| 1.0 1.0 41.6 271 35.8 20.8 23.7 20.9
cg0222 30 1.0 3.8 20| 10| 1.0 1.0 41.6 271 35.8 20.8 23.7 20.9
cg0247 202 1.0] 17.2 46| 10| 1.0 1.0 38.8 20.2 27.0 35.1 32.9 22.3
cg0296 dnaZX 56 1.0 51 22| 10| 10 1.0 183.7 140.0 225.0 131.2 137.8 181.2
cg0306 IysC 40 =15 12.2 7.7 4.1 4.3 6.3 578.7 576.4 655.1 680.0 919.0 730.8
cg0309 sigC 38 unknown 78| 254} 12.8| 50| 7.1 4.8 375 28.1 79.5 74.8 124.4 118.7
cg0319 arsC2 (arsX) 70 1.0 6.8 29| 10| 10 1.0 83.0 1121 328 724 47.4 24.2
cg0335 a7 1.0 3.1 1.0 1.6 1.0 1.0 99.0 95.2 143.5 121.9 125.0 113.9
whcA
cg0337 (whiB4) 125 1.0 6.4 4.6 1.6 1.0 10| 11495 986.9 1054.7 709.3 702.9 648.4
cg0359 468 1.0 zhl 19) 10| 10 1.6 573.5 562.7 658.7 483.6 663.5 542.4
cg0382 259 0.9 7.8 25| 10| 1.0 1.0 23.7 44.3 21.9 21.0 27.2 11.7
cg0389 3 24| 15.2 4.7 1.7 1.0 1.0 368.0 157.6 247.8 2758 213.8 157.0
cg0390 387 3.5 6.6 35| 21| 1.0 3.0 92.6 92.5 52.4 55.5 85.7 41.9
cg0411 238 11 4.4 1.0 11| 10 1.0 150.3 72.0 32.7 59.9 80.3 341
cg0415 PIpA2 696 1.3 8.0 32| 10| 1.0 1.0 311.2 176.8 498.8 2724 229.8 476.3
cg0420 354 4.8 25.6 12.2 4.7 1.0 1.0 178.4 88.3 136.7 61.4 78.0 a45.7
cg0422 murA 701 3.0 141 62| 24| 10 2.8 221.0 151.3 206.6 223.7 136.7 196.5
cg0423 muiB 2 21| 18.7 54| 19| 1.0 2.1 219.5 148.5 240.5 205.2 122.3 210.4
cg0431 76 2.0 6.9 2.2 1.0 1.0 1.0 93.6 58.7 64.3 65.7 46.4 52.3
cg0432 49 38| 293 60| 19| 1.0 1.2 238.1 186.5 242.2 194.1 156.2 214.2
| cg0437 WZy 303 35| 303 101| 37| 21 1.3 149.3 115.5 201.3 83.3 117.4 153.8
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cg0438
cg0444
cg0453
cg0465
cg0475
cg0497
cg0500
cg0505
cg0505
cg0516
cg0517
cg0556
cg0557
cg0566
cg0612
cg0614
cg0617
cg0636
cg0636
cg0645
cg0656
cg0671
cg0673
cg0688
cg0752
cg0753
cg0778
cg0831
cg0842
cg0844
cg0875
cg0879
cg0880
cg0908
cg0928
cg0931
cg0931
0950
cg0951
cg0986
cg0996
cgl017
cgloaq
cg1050
cgl1052

cg1069

cgl076

ramB

hemA

gsuR

hemE

hemY

menG (ubiE)

gahT

dkg

creB

creB

creJ (cytP)

miQ

rpig

tusG

JkpA

accD3

amiR

CgIR2

metS

cmt3

gap8 (gapX)

almy

65

224

45

95

386

227

120

145

629

453

678

696

511

106

42

25

49

157

277

369

634

414

120

3

249

284

118

2.1 8.5 48] 15| 1.0 3.0 399.7 345.9 433.0 364.2 378.1 251.8
97| 267 180 71 (127 135 641.0 690.2 441.8 3291 413.1 301.9
2.1 5.4 38| 10| 1.0 1.6 2121 301.0 475.9 411.8 531.9 398.6
24| 10.4 40| 19| 1.0 1.7 5.5 1.1 8.3 3.8 1.0 10.8
138 | 344 16.7| 7.2| 83 12.0 588.0 681.2 1518.0 1042.4 1302.8 1540.3
64| 258| 146 55| 3.1 52 111.1 469.9 129.2 599.2 7213 263.6
43| 223 88| 36| 24 2.0 373 24.6 19.4 211 19.4 13.4
2.1 6.2 10| 13| 1.0 1.0 76.6 57.8 772 119.3 88.5 40.0
13 4.8 33| 13| 1.0 1.0 76.6 57.8 2 1193 88.5 40.0
108 | 337 196 79| 61 5.0 54.6 32.9 51.2 2753 273.6 249.9
3.0 6.4 39| 10| 10 1.0 63.5 36.3 91.7 202.5 244.4 284.7
2.5 6.8 10| 13| 1.0 1.0 1320 778 176.0 155.6 132.8 173.2
2.5 7.0 40| 24| 29 2 23.4 241 27.0 32.0 528 41.1
18 4.2 22| 10 10 11 sl 3.9 2l 28 33 31
15 4.8 10| 10/ 1.0 1.0 76.4 60.2 1371 95.1 1073 68.7
1.0 4.5 10| 10| 1.0 1.0 75.8 189.2 50.7 69.2 136.1 323
3.7| 153 55| 19 1.0 1.0 219.6 670.2 82.7 1458 343.0 518
44| 285 90| 30| 1.0 1.0 48.8 48.0 17.9 39.6 29.4 12.5
3.5] 122 471 19| 1.7 1.7 48.8 48.0 179 39.6 29.4 125
1.3 5.1 18| 10| 1.0 1.0 4.5 1.8 16.0 2.1 1.7 6.4
2.2 6.1 34| 16| 1.0 10 13231 721.0 2899.2 1339.1 1385.0 3899.9
3.8] 123 46| 18] 1.0 10 7.6 2.1 8.3 3.2 39 3.0
1.6 5.7 29| 10| 1.0 24| 1686.2 1495.2 3974.2 2555.6 2381.4 5428.0
51| 161 86| 40| 55 6.1 477 398 108.3 61.8 713 86.2
1.6 3.5 10| 10| 10 1.0 107.4 130.8 2711 148.5 177.2 371.0
771 29.0| 164| 57| 33 5.0 278.2 365.7 329.4 476.8 563.7 199.4
49| 15.2 85| 29| 1.0 21 126.0 777 108.5 141.4 115.5 1491
26| 234 66| 21| 09 1.0 140.9 125.0 428.3 122.7 122.0 385.2
1.0 3.3 10| 10/ 1.0 14 21.0 21.3 114.6 33.7 40.2 87.0
1.7 9.2 38| 19| 10 1.5 55.2 67.4 209.5 738 83.2 166.0
2.6 6.3 31| 19| 1.0 2.6 3.6 3.8 3.4 2.0 3.0 1.6
1.0 7.0 10| 10| 18 10 255 13.1 20.5 6.7 16.6 31.7
58| 13.2 52| 30| 1.0 4.7 64.3 43.1 59.8 724 67.2 49.3
18| 338 55| 10| 1.0 1.0 18.3 21.6 249 29.4 249 17.3
1.0 5.6 10| 12| 1.0 1.7 819.4 41.5 224.7 119.2 21.7 752.8
3.5 7.6 48| 10| 38 3.1 26.2 16.8 7.5 16.3 12.0 5.4
2.1 4.8 24| 15( 1.0 1.0 26.2 16.8 7.5 163 12.0 5.4
50| 124 44| 28| 1.0 4.8 662.5 526.2 1121.2 6718 902.83 1376.1
49| 259| 103| 27| 19 1.0 488.6 701.6 375.5 126.5 148.0 114.8
24| 135 33| 23| 1.0 1.0 2638 233.6 213 196.1 279.4 231.8
1.5 6.4 25| 13| 1.0 10 2211 218.7 193.3 207.2 204.4 1251
1.0 ST 10| 10| 1.0 1.0 612.9 545.6 419.0 551.7 132.2 3831
1.5 3.6 17| 10/ 1.0 1.0 2619 181.7 641.7 440.0 412.9 444.4
86| 246 133| 50 3.0 10 48,1 258 87.0 97.4 1111 1611
2.2 6.2 23| 19| 1.0 21 86.1 64.8 72.2 703 84.9 41.4
3.4 3.5 10| 10/ 1.0 28 728 92.4 509.6 84.1 288.5 481.9
1.0 3.8 10| 10| 1.0 1.0 285.1 226.7 718.8 249.7 330.3 665.7
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cglo77?
cgl0o77
cpl086
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14.7| 41.8| 189]10.5]15.4 13.6 4.3 2.8 6.8 21.7 243 20.4
1.0 7.7 10| 10| 10 1.0 4.3 28 6.8 21.7 243 20.4
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2.2 4.2 23| 16| 16 2.6 225 13.8 12.9 19.0 16.9 10.7
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1.5 3.9 17| 10] 1.0 1.0 553 70.7 64.7 69.6 5.9 37.3
1.0 3.8 10| 10| 11 1.0 553 707 64.7 69.6 759 373
1.0 4.2 10| 1.0] 1.0 1.0 978.8 1099.2 464.4 1055.0 1012.8 280.6
1.6 4.7 16| 1.0] 1.0 1.0 12.7 30.2 12.8 78 231 13.1
41| 10.7 43| 19| 43 2.8 80.2 28.5 331.7 728 38.8 312.0

103) 179] 125]| 52| 88 8.3 291 113.5 423.4 163.6 703 71.4
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1.0 1.7 30 13] 1.0 1.0 94.4 84.8 200.7 100.5 97.1 143.2
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1.0 3.7 10 15| 10 1.0| 5918.5 6455.9 54.8 4787.0 39721 476.6
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Figure S1: Global binding pattern of HrrA in the C. glutamicum genome in response to hemin
addition. Genomic coverage {number of reads covering a particular genomic position) was
normalized to the average coverage of the regions not harbouring binding peaks. Thus, depicted
peak intensities are comparable between different time points. The strain C. glutamicum AhrrSA
AchrSA harbouring the plasmid pJC1_Pupsa-hrrSA-twin-strep Pcnrsa-chrSA-his was cultivated in
CGXIl minimal medium (lacking FeSQa.) supplemented with 2% (w/v) glucose and 4 uM hemin
was added at 0 h. Cells were harvested at different time points as described in Figure 1.
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Figure S2: Distribution of distances from HrrA binding peaks centers to the closest gene start
site (translation start site, TLS). As a background (red color), random peaks of the same width
as real ones were generated. Random peak generation was performed 100 times and resulting
distance distributions were then averaged into a single background distribution.
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Figure S3: HrrA binding to selected target promotor regions. Protein-DNA interactions were
validated by electrophoretic mobility shift assays (EMSA) using 15 nM DNA fragments covering
50 bp up- and downstream of the maximal ChAP-Seq peak height and an increasing protein
monomer concentration of 0, 75 and 375 nM. The genomic location of the maximal peak height
found in the ChAP-Seq experiments is indicated by an arrow. As control, the promoter regions
of hmuO (positive control) and pck (negative control) were used.



Appendix

E-value: 6.7 x 10°

[ &
e
0_ _-—-.__'—_c._ o - ||
wn o N~ o (=]
- - - - - ~N
2 10

E-value: 1.3 x 10°

TcAAcCTTTQ

-

-]

it

-

1
il

Motif coverage
-y

N

o

=
]

Figure S4: Derivation of a HrrA binding motif revealed a weakly conserved palindromic
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position of identified motif sequences within the analysed peak sequences used in (B). The
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Figure S5: Visual inspection of C. glutamicum cells before and after addition of heme. Iron-
starved C. glutamicum wild type cells were cultivated in CGXIl medium (2 % {w/v) glucose,
without FeSQ4) and cells were harvested at different time points before and after the addition
of 4 uM heme. Cell pellets were subsequently resuspended in Tris-buffer (100 mM Tris-HCI,
1 mM EDTA, pH 8.0) and adjusted to an ODgoo of 3.5.
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Figure S6: HrrA coordinates expression of ctaA and ctaB in response to heme. Shown are the
ChAP-Seq (orange) and RNA-Seq (blue) results focusing on the ctaA and ctaB locus in the
genome of C. glutamicum. Depicted is the genomic region between mpth (cgl766) and tkt
(cgl774). For the cultivation, CGXIl medium supplemented with 2% (w/v) glucose and 4 pM
hemin was inoculated with iron starved cells from a stationary culture and adjusted to an ODsoo
of 3.5. Samples were analysed at the indicated time points as described in material and

methods.
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Figure S7: Dynamic range of HrrA association upon addition of external heme. ChAP-Seq
analysis revealed that targets that are moderately bound before stimulus addition show a
generally higher fold-change in HrrA association than targets sequences that showed already a
high coverage at To. The logz of the fold change of the normalized peak intensities was
calculated (To.sversus To) and plotted against the peak intensity at time point Ty (before stimulus
addition). For details on cultivation and ChAP-Sequencing, see material and methods and Figure
1.
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Figure S8: Binding affinity of HrrA to selected target promoters. Depicted are representative
images of quantitative EMSAs used for analysis of protein-DNA interaction and the calculation
of HrrA affinities to the different promoters. For the analyses, 15 nM DNA fragments covering
250 bp up- and downstream of the maximal ChAP-Seq peak height were used with an increasing
monomeric protein concentration. Determination of unbound DNA in EMSA studies allowed the
calculation of HrrA binding affinities to different target promoters. Quantification of unbound
DNA band intensities was performed using AIDA v.4.15 (Raytest GmbH, Germany) and K4 values
were calculated using GraphPad Prism 7.
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Figure S9: Time-resolved differential gene expression analysis. Shown is the log; fold change in
gene expression (AhrrA versus wild type) along with a log: mean expression (expression
averaged for AhrrA and WT samples) in transcripts per million (TPM). Orange dots represent
sighificantly differentially expressed genes with an empirical FDR <0.05 (see material and
methods). Wild type and AhrrA C. glutamicum strains were grown in CGXll medium (without
FeSQ4) supplemented with 2% (w/v) glucose and 4 uM hemin (Ty is prior addition of hemin; for
details on cultivation and sample preparation see material and methods).
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Figure S10: HrrA-dependent hmuOQO expression in response to heme. Shown are the ChAP-Seq
(orange) and RNA-Seq (blue) results focusing on the hmuO locus in the genomic region between
hmuQ (cg2445) and ginE (cg2446). For the cultivation, CGXIl medium supplemented with 2%
(w/v) glucose and 4 uM hemin was inoculated with iron starved cells from a stationary culture
and adjusted to an ODeoo of 3.5. Samples were analysed at the indicated time points as
described in material and methods.
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Figure S11: Alignment of HrrA orthologs of C. glutamicum and C. diphtheria. The aligment was
generated with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and visualized using
Jalview (http://www.jalview.org/). Indicated in purple are identical amino acids and in yellow
are the aspartate residues which become phosphorylated by HrrS.
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6.4 Supplementary materials — Further characterization of Surfl
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Figure $6.4.1. Impact of ctaA expression on the growth defect of C. glutamicum Asurf1. The
Asurfl strain harboring the ctaA expression plasmid pAN6_ctaA (green triangles) was
cultivated at 30 °C and 1200 rpm in a BioLector microcultivation system using FlowerPlates™
containing CGXIl minimal medium with 2% (w/v) glucose and either devoid of (A) or with
addition of 100 uM IPTG (B). As controls, the wt (black squares) and Asurfl strain (red
circles) harboring the empty plasmid were used. The Backscatter (620 nm) of biological
triplicates was measured every hour.
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Table S6.4. Identification of co-purified Surfl interaction partners. Depicted are peptides
(95% confidence) found in the elution fractions of purified Surfl-variants. Treatment of N- or
C-terminally Strep-tagged Surfl with 1 % formaldehyde (30 min) is indicated with a plus (+).
Analysis of the proteins was performed by LC-MS. Not identified peptides are listed as n.a.

Peptides (95%)

N- N- C- C-
Surflsy Surflse Surfls. Surflsg:
Locus tag Annotated function (+) (+)
cg2460 Hypothetical protein 64 33 14 10
cgl1368 AtpD, ATP synthase subunit B 30 28 32 30
cg0811 DtsR2, acetyl/propionyl CoA carboxylase, beta 24 23 22 18
subunit
cgl366 AtpA, ATP synthase subunit A 22 26 23 21
cg0802 AccBC, biotin carboxylase and biotin carboxyl 24 24 34 37
carrier protein
cg2361 DivIVA, essential role in cell elongation 23 27 15 13
cg2833 CysK, O-acetylserine (thiol)-lyase 13 19 12 16
cg2444 Hypothetical protein 8 4 10 11
cg0601 RpsC, 30S ribosomal protein S3 11 13 12 10
cg0446 SdhA, succinate dehydrogenase 13 21 18 18
cg0598 RplIB, 50S ribosomal protein L2 20 17 18 19
cgl1365 AtpH, ATP synthase subunit D 9 12 8 10
cgl531 RpsA, 30S ribosomal protein S1 21 21 20 16
cg0631 RpsE, 30S ribosomal protein S5 22 13 12 10
cg3177 PccB, propionyl-CoA carboxylase beta chain 18 16 8 8
cg0654 RpsD, 30S ribosomal protein S4 15 11 13 13
cg0583 FusA, elongation factor EF-2 25 21 18 20
cg3100 DnakK, molecular chaperone Dnak 18 24 22 27
cgl556 Hypothetical protein 13 12 11 10
cg2675 ATPase component of ABC-type transport system, 18 20 11 11
contains duplicated ATPase domains
cg0610 RplE, 50S ribosomal protein L5 6 9 7 7
cgl367 AtpG, ATP synthase subunit C 8 8 11 8
cg0957 Fas-IB, fatty acid synthase 59 50 34 45
cgl656 Ndh, NADH dehydrogenase 11 8 9 8
cgl737 Acn, aconitate hydratase 14 17 17 19
cg2151 sSmilar to phage shock protein A 17 12 9 10
cg2222 RpsB, 30S ribosomal protein S2 12 14 12 12
cg0417 CapD, probable dTDP-glucose 4,6-dehydratase 18 12 6 6
transmembrane protein
cg0596 RpID, 50S ribosomal protein L4 9 7 8 7
€g2120 PtsF, sugar specific PTS system, fructose/mannitol- 17 13 9 9
specific transport protein
cg0630 RpIR, 50S ribosomal protein L18 3 5 4 4
cg0674 Rpsl, 30S ribosomal protein S9 6 5 8 8
cg0414 Wzz, cell surface polysaccharide biosynthesis / 10 10 5 5
chain length determinant protein
cg2421 SucB, dihydrolipoamide acetyltransferase 7 3 4 7
cg2466 AceE, pyruvate dehydrogenase subunit E1 21 21 21 25
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cgl813
cg2977
cg0791
cgl537

cgl1586
cgl1307
cg3068
cg0572
cg2404
cg0652
cg0752
cg0587
cg0438
cg0597
cg2695
cg2403
cg0594
cg0573
cg2166

cg0629
cg0600
cg2780
cg0602
cg2262
cg1280
cg2743
cg0628
cg0949
cg0693

€g2840
cgl046
cg0867
cg0420
cgl787
cgl762
cgl730

cgl773
cg3018
cg2429
cg3114
cg3219
cg0582
cg0564
cg0737

cg0576

CarB, carbamoyl-phosphate synthase large subunit
Hypothetical protein

Pyc, pyruvate carboxylase

PtsG, glucose-specific enzyme Il BC component of
PTS

ArgG, argininosuccinate synthase
Superfamily [| DNA and RNA helicase

Fda, fructose-bisphosphate aldolase

RplJ, 50S ribosomal protein L10

QcrAl, rieske iron-sulfur protein

RpsM, 30S ribosomal protein S13

Putative secreted or membrane protein

Tuf, elongation factor Tu

Putative glycosyltransferase

RplW, 50S ribosomal protein L23

ABC-type transport system, ATPase component
QcrB, cytochrome b, membrane protein

RpIC, 50S ribosomal protein L3

RplL, 50S ribosomal protein L7/L12

Gpsl, putative polyribonucleotide phosphorylase /
guanosine pentaphosphatesynthetase

RplF, 50S ribosomal protein L6

RplV, 50S ribosomal protein L22

CtaD, cytochrome c oxidase polypeptide subunit
RplP, 50S ribosomal protein L16

FtsY, signal recognition particle GTPase

kgd, alpha-ketoglutarate decarboxylase

Fas-IA, fatty acid synthase

RpsH, 30S ribosomal protein S8

GItA, citrate synthase

GroEL, 60 KDA chaperonin (protein CPN60) (groel
protein) C-terminal fragment

ActA, butyryl-CoA:acetate coenzyme A transferase
Ppk2A, polyphosphate kinase
Ribosome-associated protein Y (PSrp-1)

Glycosyl transferase

Ppc, phosphoenolpyruvate carboxylase

SufC, Fe-S cluster assembly ATPase

Secreted protease subunit, stomatin/prohibitin
homolog

CtaB, heme o synthase

Hypothetical protein

GInA, glutamine synthetase |

CysN, sulfate adenyltransferase subunit 1

Ldh, L-lactate dehydrogenase

RpsG, 30S ribosomal protein S7

RplA, 50S ribosomal protein L1

ABC-type transport system, secreted lipoprotein
component

RpoB, DNA-directed RNA polymerase beta subunit

31 11 12 17
11 10 n.a. 0
39 28 40 39
6 8 6 6
13 8 5 7
20 11 10 12
3 7 5 7
7 9 7 8
13 16 11 9
7 6 9 6
21 18 7 8
7 18 22 23
10 5 3
4 3 3 3
12 9 8 9
8 8 6 10
8 7 10 9
12 10 8 9
16 11 15 16
4 6 9 8
7 7 7 7
6 5 4 5
6 4 4 4
8 7 4 5
17 15 25 31
28 20 6 15
4 4 3
3 6 6 5
8 12 7 8
13 14 13 17
8 4 5 6
7 5 5 6
11 5 1 n.a
16 9 10 12
6 3 2 3
10 8 7 8
4 5 n.a. n.a
15 8 6 6
3 8 9 8
4 8 6 9
7 8 7 6
9 6 8 7
7 8 9 9
4 6 1 1
12 10 17 16
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cgllll
cg0812

cg3011
cg2708

cg0766
cg0577
cg2963

cgl606
cg2862

€g2958

cg0488
cg3191
cg0603
cg2984

cg2786

cgl348
cg0237
cg0868
cgl791
cgll28
cgl1409
cgla37
cg0655

cgl354
cg0424
cg0448
cg0307
cg0653
cgl725
cg2167
cgl1603
cg2782
cg0928

cg3308
cg2705
cg2678

cg0165
cg0991
cglasl
cg2410

Eno, phosphopyruvate hydratase

DtsR1, acetyl/propionyl-CoA carboxylase beta
chain

GroEL, chaperonin groel

MsiK1, ABC-type sugar transport system, ATPase
component

Icd, isocitrate dehydrogenase

RpoC, DNA-directed RNA polymerase beta subunit
ClpC, probable ATP-dependent protease (heat
shock protein)

PyrG, CTP synthetase

PurL, phosphoribosylformylglycinamidine synthase
subunit II

ButA, L-2,3-butanediol dehydrogenase/acetoin
reductase

Ppx1, exopolyphosphatase

Predicted glycosyltransferase

RpmC, 50S ribosomal protein L29

FtsH, cell-division protein (ATP-dependent Zn
metallopeptidase)

NrdE, ribonucleotide-diphosphate reductase alpha
subunit

Membrane protein containing CBS domain

Short chain dehydrogenase

SecA, translocase

Gap, glyceraldehyde-3-phosphate dehydrogenase
Similar to ribosomal protein S2

PfkA, 6-phosphofructokinase

IlvC, ketol-acid reductoisomerase

RpoA, DNA-directed RNA polymerase alpha
subunit

Rho, transcription termination factor Rho
Putative glycosyltransferase

Hypothetical protein

Asd, aspartate-semialdehyde dehydrogenase
RpsK, 30S ribosomal protein S11

MutA, methylmalonyl-CoA mutase, subunit

RpsO, 30S ribosomal protein S15

Hypothetical protein

Ftn, ferritin-like protein

ABC-type cobalamin/Fe3*-siderophores transport
system, ATPase component

RpsF, 30S ribosomal protein S6

AmyE, maltose-binding protein precursor
ABC-type dipeptide/oligopeptide/nickel transport
systems, secreted component

ABC-2 type transporter

RpmB, 50S ribosomal protein L28

SerA, phosphoglycerate dehydrogenase

LtsA, glutamine-dependent amidotransferase

8 11
8 4
11 13
5 10
4 16
9 12
6 8
8 4
7 11
4 6
10 4
10 5
6 4
12 10
9 5
9 8
5 5
8 13
6 4
3 2
6 3
4 4
7 5
12 7
6 4
1 1
2 2
3 3
3 3
3 3
8 6
3 2
5 1

3
5 8
2 5
5 n.a
4 4
4 10
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cg0435
cg0229

cg2091
cgl369
cg2496
cgl1408
cg3255
cg2141
cg2424
cg0518

cg0418
cg2994
cg3244
cg2137
cg3115
cgl84l
cg3049

cg0156

cg2366
cg2647
cgl362
cgl1269
cg2235
cg0359
cg2218
cg0691

cg2291
cg3264
cg2087
cg2811

cg0528
cgl629
cg0248

cg1248
cgl463
cgl565
cg0998
cg0781
cg0161
cg0810
cg0683
cg0441
cg1838

UdgA1, UDP-glucose 6-dehydrogenase
GItB, glutamine 2-oxoglutarate aminotransferase
large SU

PpgK, polyphosphate glucokinase

AtpC, ATP synthase subunit epsilon
Putative secreted protein

Hypothetical protein

UspA3, universal stress protein family
RecA, recombinase A

Hypothetical protein

Heml, glutamate-1-semialdehyde
aminotransferase

Putative aminotransferase

Putative secreted or membrane protein
Hypothetical protein

GluB, glutamate secreted binding protein
CysD, sulfate adenylyltransferase subunit 2
AspS, aspartyl-tRNA synthetase

FprA, putative ferredoxin/ferredoxin-NADP
reductase

CysR, transcriptional regulator involved in
sulphonate utilisation

FtsZ, cell division protein FtsZ

Tig, trigger factor

AtpB, ATP synthase subunit A

GlgC, ADP-glucose pyrophosphorylase
RplS, 50S ribosomal protein L19
Hypothetical protein cg0359

PyrH, uridylate kinase

GroEL', 60 KDA chaperonin (protein CPN60)
(HSP60)-N-terminal fragment

Pyk, pyruvate kinase

Hypothetical protein

Hypothetical protein

ABC-type transport system, involved in lipoprotein
release, permease component

Putative secreted protein

SecA2, translocase

Putative ABC-type polysaccharide/polyol
phosphate export sytem, ATPase

GTPase involved in stress response

GltX, glutamyl-tRNA synthetase

RpIT, 50S ribosomal protein L20
Trypsin-like serine protease

Membrane protein

Putative secreted or membrane protein
Hypothetical protein

Permease

Lpd, dihydrolipoamide dehydrogenase
AlaS, alanyl-tRNA synthetase
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cg2176
cg3141
cg3017
cg0783
cgl867
cg0007
cg0952
cgl344
cgli2l
cg2474

cg2428
cg2521
cg2923
cg3138

cg2644

cg3189
cgl551

cg0419
cg2861
cgl133
cg2812

cg2406
cg2417
cg0673
cglligl
€g2280
cgl165

cg2192
cg1338
cg0845
€g2160
€g2498
cg3429

cg0838
cg2779
cg2214
cg2891
cg2594
cg1109
cg2201
cgl433
cgl844
cg3192

InfB, translation initiation factor IF-2

Hmp, flavohemoprotein

Hypothetical protein

Hypothetical protein

SecD, protein export protein SecD

GyrB, DNA topoisomerase IV subunit B
Putative integral membrane protein

NarG, nitrate reductase 2, alpha subunit
Permease of the major facilitator superfamily
NagD, putative phosphatase in N-
acetylglucosamine metabolism

Hypothetical protein

FadD15, long-chain fatty acid CoA ligase
Putative rRNA methyltransferase TRMH family
PpmA, putative membrane-bound protease
modulator

ClpP2, ATP-dependent Clp protease proteolytic
subunit

Hypothetical protein

UspA1l, universal stress protein UspA and related
nucleotide-binding proteins
Glycosyltransferase

Membrane protein, hemolysin Il homolog
GlyA, serine hydroxymethyltransferase
ABC-type transport system, involved in lipoprotein
release, ATPase component

CtaE, cytochrome c oxidase subunit Ill

Short chain dehydrogenase

RplIM, 50S ribosomal protein L13

Hypothetical protein

Gdh, glutamate dehydrogenase
Gamma-aminobutyrate permease or related
permease

Mqo, malate:quinone oxidoreductase

ThrB, homoserine kinase
Superfamily I DNA/RNA helicase, SNF2 family
Hydrolase of metallo-beta-lactamase superfamily
Hypothetical protein

Putative inner membrane protein translocase
component YidC

Helicase

SerB, phosphoserine phosphatase

Predicted Fe-S-cluster redox enzyme

PoxB, pyruvate dehydrogenase

RpmaA, 50S ribosomal protein L27

PorB, anion-specific porin precursor

Signal transduction histidine kinase
Hypothetical protein

Membrane protein

Putative secreted or membrane protein
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cgl763 SufD, Fe-S cluster assembly membrane protein 3 2 2 5
cg3020 Hypothetical protein 1 1 1 n.a.
€g2492 GImS, D-fructose-6-phosphate amidotransferase 3 5 9 5
cgl1007 Hypothetical protein 2 3 n.a. n.a
cg2467 ABC transporter ATP-binding protein 2 3 1 0
cg2657 Putative membrane protein-fragment 2 1 3 1
cg3365 UlaA, ascorbate-specific PTS system enzyme IIC 1 2 2 1
cg3079 ClpB, probable ATP-dependent protease (heat 2 3 4 10
shock protein)
cg2781 NrdF, ribonucleotide-diphosphate reductase beta 3 2 2 1
subunit
cg0593 RpsJ, 30S ribosomal protein S10 3 1 4 4
cgl4a04 GatA, glutamyl-tRNA amidotransferase subunit A 1 4 0 3
cg2412 Hypothetical protein 5 0 2 2
cgl1283 AroE, shikimate 5-dehydrogenase 1 0 n.a n.a
cg0063 Secreted protein 1 1 n.a
cgl753 ATPase component of ABC transporters with 3 0 3 3
duplicated ATPase domains
cg0047 Hypothetical protein 1 3 3 4
cg0841 Hypothetical protein 2 2 2 2
cgl075 PrsA, ribose-phosphate pyrophosphokinase 1 2 2 1
cg0840 Hypothetical protein 2 0 1 n.a
cgl081 ABC-type multidrug transport system, ATPase 1 1 1
component
cgl793 Hypothetical protein 2 1 1 1
cg3301 Permease of the major facilitator superfamily 1 1 n.a. n.a.
cg2611 HscA, molecular chaperone, HSP70 family 2 0 n.a. 0
cg0375 CyaB, adenylate cyclase 1 0 n.a. n.a.
€g2500 Bacterial regulatory proteins, ArsR family 1 0 0 1
cg1806 MetK, S-adenosylmethionine synthetase 1 0 n.a. n.a.
cg0373 TopA, DNA topoisomerase | 3 0 3 1
cg3340 DadA, putative D-amino acid dehydrogenase 1 n.a. n.a. 0
(deaminating)
cgl1865 SecF, protein export protein SecF 2 3 1 n.a.
€g2409 CtaC, cytochrome c oxidase chain Il 3 1 1
cg3404 ABC-type cobalamin/Fe3+-siderophores transport 2 1 1 n.a
system, secreted component
cg2198 Map2, methionine aminopeptidase 5 1 4 3
cg2850 Hypothetical protein 2 1 2 3
cg0464 CtpA, copper-transporting ATPase 2 n.a 0 0
cg3242 Hypothetical protein 4 0 n.a. 0
cg0310 KatA, catalase 2 2 4 2
cg2111 HrpA, put. ATP-dependent RNA helicase protein 1 n.a 1 1
cg0848 WhbbL, putative rhamnosyl transferase WbbL 1 n.a 0 1
cg2597 Rne, probable ribonuclease E (RNase E) protein 1 n.a. n.a. 2
€g2964 GuaBl, inositol-5-monophosphate dehydrogenase 6 n.a. n.a. n.a.
cg2321 DNA polymerase Il epsilon subunit 1 1 1 1
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6.5 Supplementary materials — Characterization of Cg2750 and c©
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Figure S6.5.1. Activity analysis of the cyd promoter in C. glutamicum strains. Strains

5 10 15 20 25

Time (h)

carrying the pJCl1-Pyqg-venus reporter plasmid were cultivated

microcultivation system at 30 °C and 1200 rpm using FlowerPlates™ in CGXIl medium with
2% (w/v) glucose. Backscatter values (620 nm) and Venus fluorescence output (excitation

510 nm/emission 532 nm) of biological triplicates were measured every hour. Depicted is

wt
Acg2211
Acg2444
Acg2949
ActaF

in the Biolector

the mean and S.D. of the specific fluorescence (absolute fluorescence/backscatter).
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Figure S6.5.2. Activity analysis of the cyd promoter in C. glutamicum strains. Strains
carrying the pJCl1-Pyqg-venus reporter plasmid were cultivated in the Biolector
microcultivation system at 30 °C and 1200 rpm using FlowerPlates™ in CGXIl medium with
2% (w/v) glucose. Backscatter values (620 nm) and Venus fluorescence output (excitation
510 nm/emission 532 nm) of biological triplicates were measured every hour. Depicted is

the mean and S.D. of the specific fluorescence (absolute fluorescence/backscatter).
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BHI

CGXII

Figure S6.5.3. Growth properties of C. glutamicum copper-deprivation stimulon gene
deletion strains. Construction of the deletion strains was based on a selection of an at least
3-fold increased gene expression level under copper-deprivation (150 uM BCS, 1 mM
ascorbate) compared to copper-sufficiency (1.25 pM CuSOa). Cells were spotted on BHI and
CGXII agar plates with 2% (w/v) glucose in serial dilutions (3 ul each, 10° to 10°) adjusted to
an ODegoo of 1 and diluted in 0.9% (w/v) NaCl. The wt strain, ActaD, AqcrCAB and AcydAB

were used as controls. Incubation of the plates was performed at 30 °C for 48 h.
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Figure S6.5.4. Growth properties of the C. glutamicum Acg2750 strain (red circles)
compared to the wt (black squares). The cultivations were performed at 30 °C and 1200 rpm
in a BioLector microcultivation system using FlowerPlates™ containing BHI medium with
2% (w/v) glucose (A) or CGXIl minimal medium (2% (w/v) glucose) supplemented with

100 uM CuSOs4 (B). Mean and S.D. of hourly backscatter measurements at 620 nm of

biological triplicates are depicted.
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Figure S6.5.5. Complementation of the growth defect of the C. glutamicum Acg2750 strain.
The cultivations were performed at 30 °C and 1200 rpm in a Biolector microcultivation
system using FlowerPlates™ containing CGXIl minimal medium with 2% (w/v) glucose.

Backscatter (620 nm) of biological triplicates was measured every hour.
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Figure S6.5.6. Activity analysis of the copC and cg2556 promoter in C. glutamicum Acg2750.
The Acg2750 strain and wt carrying the (A) pJC1l-Pcopc-venus or (B) pJC1l-Pcgasse-venus
reporter plasmid were cultivated in the Biolector microcultivation system at 30 °C and
1200 rpm using FlowerPlates™ in CGXIl medium with 2% (w/v) glucose. Backscatter values
(620 nm) and Venus fluorescence output (excitation 510 nm/emission 532 nm) of biological
triplicates were measured every hour. Depicted is the mean and S.D. of the specific

fluorescence (absolute fluorescence/backscatter).
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Table S6.5. Identification of co-purified Cg2750 interaction partners. Depicted are peptides

(95% confidence) with 50% or 95% coverage found in cut out protein bands of N-terminally

Strep-tagged Cg2750. Analysis of the proteins was performed by LC-MS.

Locus Tag Annotated function Peptides(95%) %Cov(50) %Cov(95)
cg1368 AtpD, ATP synthase subunit B 8 18.63 18.63
cgl366 AtpA, ATP synthase subunit A 4 6.58 6,58
cg0802 AccBC, biotin carboxylase and 4 8.12 8.12

biotin carboxyl carrier
cg2403 QcrB, cytochrome B, membrane 2 6.12 3.90
protein
cgl367 AtpG, ATP synthase subunit C 3 13.23 10.46
cg1368 AtpD, ATP synthase subunit B 4 10.35 8.28
cgl365 AtpH, ATP synthase subunit D 4 13.65 13.65
cg444 Hypothetical protein 2 22.50 12.50
cg3186 Cmt2, trehalose corynomycolyl 1 3.23 3.23
transferase
cg2052 Putative secreted protein 1 4.29 4.29
cgl364 AtpF, ATP synthase subunit B 0 6.92 0.00
cg2211 Hypothetical protein 2 14.29 14.29
cg2750 Hypothetical protein 3 19.87 19.23
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Figure S6.5.7. Growth properties of C. glutamicum deletion strains compared to the wt.
The cultivations were performed at 30 °C and 1200 rpm in a Biolector microcultivation
system using FlowerPlates™ containing 800 ul CGXIl minimal medium with 2% (w/v)
glucose. In (A), standard medium with 1.25 uM CuSO4 was used. For (B), the medium was
devoid of added CuSQO4 and supplemented with 150 uM BCS and 1 mM ascorbic acid. Mean

and S.D. of hourly backscatter measurements at 620 nm taken of biological triplicates are

depicted.
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