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Abstract

Stresscan be considered asme of the most fundamental aspects in, ldad all living

organisms are constantly exposed t@aety of different stress situations. Thus, efficient

stress sensing and reaction mechanismscareial for their survival. Stress response
mechanisms are as diverse as the causative stimuli and oftentimebnkexs$orming a

versatile reaction netwkr, t o ensure the cel | s dNotablyr vi v al
stress response mechanisms play a major role in pathogenicity, virulence and disease.
Pathogenic Bacteria are permanently facing environmental pressure originating from the
host 6s sydtenfs errdsigtreatments, while mutations in eukaryotic stress response
systems have been shown to cause a large number of severe human diseases such as
di abetes, cancer or Par Aproioand maesulasknodvledye z h e i r
on the respetive mechanisms is thus the inevitable prerequitotgards a global
understanding of this fundamental aspect of life, paving the way for the development of

new drugs or therapeutic approaches.

Within this thesis, various aspects of stress response m&tisan three different systems
were investigatedsing stateof-the-art electron microscopy techniqué&srst, | set out to
solve the structure of th¥ibrio vulnificus stressosome complex, a key player in the
bacterial environmental stress response. €iily, there is no structural data available for
any grarmnegative stressosom@. mediuniresolutioncryo-electron microscopycryo-
EM) structure of the minimal complecould be obtaingdwhich featuresn exceptional
symmetry break originating fronts unique, regulatory stoichiometryBased on the
structural data, it was possible to proposeaativation mechanism and to pinpoint a
number of significant differences in comparison to gfasitive stressosome complexes.
Undoubtedly the structurecontributes a major piece of information necessary to
understandtress sensing and signal transductiothis human pathogeithis study was
complemented by maumberof physiological and phylogenetic experimeoctsitributed by
our co-workers,and published recent{i/I1l. PUBLICATION 1).

The secondproject focused orthe grampositive soil bacteriumCorynebacterium
glutamicum a prime model organismfor investigations b the bacterial osmostress
response. Sensing of hypasnotic stress and regulation of the respective stress response

in C. glutamicumare simultaneously performed by BetRsoamformationallyasymmetrie

l|Page



trimeric secondary active transportable to importthe compatible solute betainéwo

stimuli areidentified to initiate the full osmostress response in BetP, namely an elevated
cytoplasmic K concentrattn and alooselyd e f i ned o6 membr ane sti mul u
availability of functional data oBetP regulationstructural information especially of the
downreguated state and the subsequent transition events are absent. Using single particle
cryo-EM analysis, | was able to providggh-resolution structures of the dowegulated

and a transition statevhich elucidateda number of importanstructural features at
described so far. It could be shown that deegulated BetP adopts a symneetr
arrangement stabilized bytaght cytoplasmic interaction network of the sensory domain,
further strengthenedy Cardiolipin molecules located at regulatory lipid bindintgssi

These constraints are released upon stress sensing, as demonstfateethbiransform
infrared ETIR) spectroscopynd molecular dynamics simulation (MBata contributed

by our coworkers, resulting in the welistablished, asymmetridmeric stuctures
previously known. The wealth of new data on the doegulated state allowed to propose

a detailed regulation mechanism and to further sharpen the previously vague picture of the
membrane stimulus. The data are summarized and presemedPREPRINTL.

A third topic of this thesis was the three dimensional investigatiamualaxis scanning
transmission electron microscop$TEM) tomographyof crystalloidER structures we
identified before inhuman embryoic kidney HEK) cells upon oveexpression of
polycystin2 (PCG-2). In this study presented iX. MANUSCRIPT1, | wasfurther able to
proof the presence of ER whorls, andotatain high-resolutionthreedimensional(3D)
reconstructions of the two different ER morphotypes. These data prowidedtched
insights into the cellular ER interactigrartnersand clearly demonstrated the dynamic
nature of the organelle even under stress situatfodstailed discussion dhe identified
morphological features in their respective cellular context finally alloviadthe

description of the organellar membrane architecturenaghdevel of detail

Lastly, the discussiomddressethe electron microscopy techniques andtruments used
and contains aautlook on further perspectives for the proje€gerall, this thesis yielded
intriguing mechanistic insights inthe versatilebacterial and eukaryotic stress response

mechanismgeflecting their manifold nature ultimatelymeerging to a common outcome.
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Zusammenfassung

Stress stellt einen fundamentalen Bestandes| Lebengn sichdar, und alle Lebewesen

sind kontinuierlichden unterschiedlichsten StreSguationen ausgesetzt. Ein effizientes
Erkennen von Stress und digeweiligen Reaktionen darauf sind daher
Uberlebensnotwendidie Stressantworten sind dabei so vielféltig wieeatiessprechenden
Stimuli und oftnals eng miteinander verflochten; so entsteht ein hdchst wirksames
Reaktionsnetzwerk, welchedas Uberlebervon Organismenin kritischen Situationen
sicherstellt. Insbesondere in Bezug auf Patinitgt, Virulenz und Krankhe#ipielen solche
Mechanismen eine grof3e Rolle. Beispielsweise werden pathogene Bakterien permanent
von Abwehrmechanismen des Wirtsorganismus aldech medikamentdse Behandlung

unter Druck gesetzZudem istbekanntdass Mutationen in eukaryotischen Stressabwehr
Systemen schwere Krankheiten wie Diabetes, bestimmte Formen von Krebs, Alzheimer
oder di e Parkinsono6sche Kllularegshverstdndnia des | ° s e r
zugrunde liegenden Mechanismehdaher denotwendigeerste Schritauf dem Weg zur

Entwicklung neuer Wirkstoffe oder therapeutischer Anséatze.

Im Rahmen dieser Arbeit wurden verschiedene Aspekte von Stressalt@aranismen

in drei Systememit Hilfe aktuellster elektronenmikroskopischer Technikertersucht.

Zuerst ist es gelungen, die Struktur des StressdSamplexes ausVibrio vulnificus
aufzuklaren, einem zentralen Komplex der bakteriellen Umweltsénesgort.
StrukturelleDaten grarmegativer StressoseKiomplexe waren bis zu diesem Zeitpunkt
nicht verfugbar. Die erzieltekryo-EM Struktur mittlerer Auflosung des Minimal
Komplexes zeigt einen auRergewdhnlichen Symmé&nizh, welchemn dereinzigartige
Stéchiometrie mit@gulierender Funktiobegrindetst. Basierend auf den strukturellen
Daten konnten ein Aktivierungdechanismus vorgeschlagen, sowie signifikante
Unterschiede zu graspositiven Stressosoiomplexen aufgezeigt werdeBomit stellt

die Struktur unzweifelhafteinen bedeutsamen Beitrag zum Verstandnis der Stress
Wahrnehmung und Signalibersetzung in diesem humanpathogenen Bakterium dar. Die
Studie konnte durch eine Reihe physiologischer und phylogenetischer Experimente unserer

Mitautoren ergénzt und kurzlich \@fentlicht werden Y 11l. PUBLICATION 1).

Das zweite Projekt beschéftigte sich mit dem gpositiven BodenBakterium

Corynebacteriunglutamicumeinem Modellorganismwir Untersuchunglerbakteriellen
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Osmostresg\ntwort. In C. glutamicumwerden swohl de Wahrnehmung/on hyper
osmotischem Stresals auchdie Regulation der entsprechenden Antwort durctPBe
erreicht, einenkonformationellasymmetriscirimeren Sekundé&rtransporter welcher fir

den Import des kompatish Solutes Betain verantwortlich ist. Zwei Stimuli werden
bendtigt, um die vollstandige Stre8atwort augulésen eine erhdhte cytoplasmatische
K-Konzentration, Ssowi e eiSr i maTDazszahleeicheni er t er
Daten zur Regulation von Betehlenstrukturellen Informationen zum herunterregulierten
Zustand. Mithilfe der kryedeM Einzelteilchenanalyse konnte ich hochauflésende
Strukturen des herunterregulierten sowie eines Ubergamgiandes beitragendgie
wichtige strukturelle Details afklarten Es zeigte sichdass BetP im herunterregulierten
Zustand symmetrisch ist, und dass dieser Zustand durch ein enges, cytoplasmatisches
Interaktionsnetzwerk der Senddoménen stabilisiert wird, welches wiederum durch
CardiolipinrMolekule an regulatoschen LipidBindestellen verstarkt wird. Daten unserer
Co-Autorenbestatigten, dass dieser Zustamder Stressbedingungechrittweise geldst

wird, was in der bekannten, asymmetrischen Struktur resultiert. DieseiDaisammen

gefasst inX.PREPRINTLT sind die Basis fur einen detaillierten Regulatidschanismus

und ermdglickenaucheine genauere Definition des Membranstimulus.

Ein dritter Gegenstandlieser Arbeit bestand in der dreidimensionalen Untersuchang
durch PG2 Uberexpression in HERellen verursachten kristalloilR Strukturen mittels
DoppelachsetSTEM-Tomografie. In dieser Studie, nachzuleserXinMANUSCRIPT 1,
konnte ich zudem die Existenz von sog.\iforls nachweisen, sowie hochauflésende 3D
Rekonstruktionen der beiden Morphotypen erzielen. Diese Daten dewdahisher
unbekannte Einblicke in das intrazellulare Interaktibieszwerk und zeign klar die
hochdynamischen Eigenschaften dieses Orgarsigar unter Stressbedingungen, auf.
Eine préazise Darstellung der jeweiligen morphologischen Charakteristika in ihrem
zellularenUmfeld ermdglichte schlie3lich die Beschreibung der Membranarchitektur der
Organellermit einem bisher nichtekannten Detailgch

Schlief3lich beschéftigt sichdie Diskussion mit einem Vergleich derverschiedenen
elektronenmikroskopischen Techniken und Methoden, welaheh einen Ausblick auf
zukinftige Experimente erlaubt. Zusammengefasst war es im Rahmen dieser Arbeit
moglich, velfaltige Einblicke in unterschiedliche Stressantwdechanismen zu erhalten,

die schlussendlicfedocherfolgreich ein gemeinsames Ziel verfolgen.
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l. Introduction

l. 1 A focus on stress stress response mechanisms

Life isconstantadaptation ¢ the bacterial stress response

Environmental stress
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Figure 1: The bacterial stress response

Bacterial cells are constantlkgosed to different types
environmental stress. Thus, they possess versatile ¢
response mechanisms that are initiated upon sensing c
stress stimulus and help the cells to survive under cr

conditions.

As all

constantly exposed to stress situations.

organisms, Bacteria are
Altered environmental conditions, a
lack of resources or inteand intra
species competition represent only few
of the many possible threatening
settings. Congpiently, Bacteria have
a stong need for efficient sensing
integration and reaction to a number of
different stress stimuli; a fast stress
response is crucial for their survival
(FIGURE 1). This becomeswen more
important in  pathogens which
constantly have to cope with their
h o s tetelsse systems. Thus, stress
responsenechanismgplay an essential
role in virulenceand are also discussed

in the context of the del@pment of

multidrug resistancéHengge, 2000; Giuliodoet al, 2007) It should also be considered

that in most cases, not only a single cell but rather the whole bacterial community is

exposed to the same type of stress situation. From this pévepedt ot surprising that

aconsiderableatio of theoverallstress response in Bactecan be related to e.g. quorum

sensing or biofilm formatio(Giuliodori et al, 2007; Bremer & Kraemer, 2019)his may

ultimately result in a global effort of the bacterial community with the potential power to

subsequently transform their own environment, gig.targeted uptake or release of
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specific @mpounds, nutrients, or energ@chimel et al, 2007) In conclusion, stress
response systemsepresentkey players in the interaction of Bacteria with their
environment, andre consideredital for their survivalSome of the most prominent stress
responseystems includéhe two component syster{Stocket al, 2000) the cold shock
response initiating the transcription of nucleic acidding proteins and chaperones
(Giuliodori et al, 2007) or the general stress response system, characterized by the

contributionof a sigma factofGottesmann, 2019)

From a general perspective, the processstifess respons@an be described by three well
defined, subsequent steps, illustrate@FiBURE 1: 1) stress stimulus perception, 2ynal
transductionand 3)nitiatedstress responseowever, although the nature and conseeutiv

order of events are well defined, studying stress response systems remains challenging due
to the multitude of different settings and componemi®lved. Stress stimulcan be as

diverse as temperature changes, mechanical stress, desiccation, extreahgepHlight,
exposure to toxic substances, and many others. Stress sensing thus requires a number of
different receptors appropriate for the respective stimualod adapted to thdacterial
backgroundthe same timeNot only the type,but also the extet of stress needs to be
determined by the cell. This often requires the presence of multiple sensing systems
receiving different signals. Thus, an important feature of many stress response systems is
their ability to integrate various signalstroducedin more detail in chaptel. 2 THE
STRESSOSOMEA BACTERIAL SIGNAL INTEGRATION AND TRANSDUCTION HUB), tO Ccross

tal k with each ot her andTherespectvaeaddutnmuatbee t he ¢
reliably translated int@n intrinsic cellular respons8ignal transduction is often achieved

via protein phosphorylation or conformational changésnsequently bacterial stress
response mechanisms ananifold and not solely dependent on the stimulus, but atso o

the physiological properties of the cells. As an example, -gragative Bacteria are
considered more sensitive to osmostress caused by drought or hifartlitgr illustrated

in chapterl. 3 OSMOSTRESS REGULATIONIN CORYNEBACTERIUM GLUTAMICUM) than
grampositive Bacteria, which is attributed to the significantly different composaion

their respective cell walkschimelet al, 2007) A common theme in this respect is the co
operative action of regulated, osmosensory membrane transporters on the one hand, and
mechanosensitive channels on the other hand to mainteacetfiular solute homeostasis
(Wood, 2011)In case a fast response is required, reacbansoteinlevel such as the up

regulationof transporter®r activationof ion channelsare common. In contrast, lowgrm
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responses initiated by constant environmental pressure comprisanaiption of genes
e.g. encodng for ion channels, transpers or chaperonegKraemer, 2010; Bremer &
Kraemer, 2019)UItimately, theb a c t e resouroeé areerallocated from growth to
survival pathwaygSchimelet al, 2007) Finally, it should be considered that a single
stimulus may initiatemore than one responseesulting in a atwork d tightly

interconnected events.

Stress inEukaryotes

Naturally, eukaryotic cells feature a much higher degree of complexity than bacterial ones.
Primarily, this is evident from tlire cellular architecture and the presence of multiple
organelles subdividing eukaryotic cells into different compartmer8snilarly, a high

degree of complexity is also reflected in the assembly ofaatistitutingorgans or tissues,
usually consisting ofariouscell types with specialized functiorGonsequentlyglso stress
response mechanisms are more diverse in Eukaryeesors triggering a stress response

in eukaryotic cells are equally diverse @aah be of externalr internalorigin. Theyinclude

e.g. a lack of nutrients or essential amino acids, hypoaiadative streSSER stress
(discussed in chaptet. 4 MEMBRANE STRESS IN EUKARYOTIC CELLS) or altered
environmental temperatures, but also infection by pathegeflammation or drug
treatment Remarkably, the r@®nses to latypes of stimuliconverge ina common
mechanism, the tegrated stress response (I3Rdn, 2002; Pakegebruckeet al, 2016)

Its core elementithep hosphoryl ation of the eukaryoti.
which results in a general dowagulation of protein biosynthesis, while certain genes
supportingthe regeneration of the cell are-upgulatedLu et al, 2004) These measures
target to restore cellular homeostasis; however, under extended stress conditions, they may
ultimately initiate apoptosisThe overwhelming variety of factorsfluencing the
eukaryotic stress response renders it nearly impossible to draw a complete, global picture
of the ISR and itslownstream effect®r an entire organisnOn the other hand, a detailed
understanding of the underlying mechanisms is keyffog development or treatment of

the many diseases caused by imbalances in thesl®R a®.g.diabetes, various forms of
cancer,or arthritis In conclusion, studying single aspects of the ISR in the cellular or
organellar contexis considere@ good stategy towards a molecular understanding of the

eukaryotic stress response.

7|Page



|. 2 The stressosome, a bacterial signal integration and transduction hub

The general stress response Bacillus subtilis

The general stress responséhaf grampositiveBacteium B. subtiliscan be divided into

three major parts, defined by the type of stress stimulus that the cell experiences. The first
part comprises the reaction to low temperatures, but is hardly invest{Baigalla et al,

2003; Heckeet al, 2007) The second branch of the stress response pathway is activated
in threatening situations caused by energy depletion. Under such conditions, the protein
RsbQ provides a efactor necessary for the maturation of RsbRict in turn activates a
partnerswitching cascadeia de-phosphorylation of Rsb{Kanekoet al, 2005; Heckeet

al., 2007; Gottesmann, 2019)Ynder environmental stress conditions, the same partner
switching casade isorchestratedy the stressosome, a higiolecular weight complex
composed of the proteins RsbR {@atagonist), RsbS (antagonist) and RsbT, a kinase
(FIGURE 2). For RsbR, five paralogs are known today, nanRspRA, RsbRB, RsbRC,

Environmental stress

lﬁ:

RNA polymerase

I

Environmental stress iB. subtiligs sensed and transduced by the stressosome, a macromolecular cc
built from the proteins RsbS, RsbR and RsbT. Upon stress perception, RsbT phosphorylatepléean:
dissociates. Free RsbT, in turn, activates RsbU, which results in the formation of a RsbV:RsbW cc
i KA a Bdisgoriates from RsbW and finally activates the RNA polymerase, to initiate the full dowr
stress response.

Figure 2: The environmental stress response pathway. isubtilis
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RsbRD (Kim et al, 2004b; Delumeawt al, 2006) ard the bluelight receptor YtvA
(Gaidenkoet al, 2006) Immunofluorescence localization studiesEnsubtilisrevealed

the presence of a constant number of ~20 stressosome complexes per cell both under non
stressed and stressed conditiMsrlesWright et al, 2008) It was thus concluded that

the stressosome functions as versatile signaling hub, with the cap&bikense and
integrate different types of stress stim{(MarlesWright et al, 2008; MarlesWright &

Lewis, 2008, 2010)

The stressosome itself is activated by a nstige phosphorylation cascade of highly
conserved Threonine and Serine residues upon perceiving a stressiERgbRER) (Kim

et al, 2004a; Heckeet al, 2007) In the absence @nvironmental stress, only Thrl71 in
RsbR is phosphorylated. Upamderatestress, Ser59 in RsbS is phosphorylate&®sbT,

and under severe stress conditions, Thr205 in RsbR is being phosphorylated additionally
(Heckeret al, 2007; Eymanret al, 2011) Consequently, these phosphorylation events
result in the dissociation olfi¢ switch kinase RsbT from the complex, which in turn leads

to the activation of the environmental phosphatase Rstddkeret al, 2007; Marles

Wright & Lewis, 2010) Subsequently, dghosphorylation of RsbV by RsbU allows for

the formation of an RsbV:RsbW complex, resulting inrtdease of the transcription factor
Sigma®B {dom Rs b W.BtoBhe RNA polgmerase dBlsubtilis finally
initiates the transcription of over 150 dovent r e a m g e®megudon, adcomplishing U
the <cell s envi r omMnagysistoh the chromosomal orgaeizatpmo n s e .
downstream the regulator tife sigmaoperon in many bacterial genera points to diverse
roles of the stressosome e.g. in the regulation of aerotaxis, biofilm formation or secondary

messenger biosynthes{®larlesWright & Lewis, 2008) Resetting of theactivated

2

Thril7l

O I T >

Figure 3: Activation ofthe B. subtilisstressosome

In the absence of environmental stress, only Thr171 in RsbR is phosphorylated. At increasing stre
Ser59 in RsbS gets phosphorylated by RsbT as well, and under extreme stressnsoAdit205 in RsbF
ultimately being phosphorylated as well, which initiates the full stress response.
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stressosome is achieveda dephosphorylation of the complex by the feedback
phosphatase RsbX, which counteracts the kinase R#dkeret al, 2007; MarlesNright

& Lewis, 2010)(FIGURE 2). | n ¢ o n cBlcantsols a versatilé stress response system
in B. subtilis but it is also conserved at a variable degree in other-geoaitive Bacteria.

The latter was also shown for the RsbRST mo¢dkrkeret al, 2007; MarlesWright &

Lewis, 2010) R e c &isdlsb discussid in the light of oxidative stress prote¢Tican

& Bonilla, 2021) From a more global perspective, sigma factors are also key players the
general stress response in graegative Bacteria; however, their regulation is igigantly
different(Gottesmann, 2019)

The grampositive stressosome structure and assembly

By far the most intensely studied stressosome complex is the one found in theograve

soil bacteriumB. subtilis The selfassemblyof macromolecular complexes by tH.
subtilisRsbR and RsbS proteins was first described in 200&8. Chenret al, 2003) The
stoichiometry of then vitro complex was reported to be 3:1 (RsbR:RsbS). The study also
showed hat only the oligoraric RsbRS complex is able to bind the kinase RsbT, while
RsbR or RsbS alone do nétnalysis of the formed RsbRS and RsAR&mplexes by
negative stain electron microcopy revealed the presence-tdldisymmetric, spherical
particles with a diameter approximately 20 nm. Notably, Chand ceworkerswere also

able to sbw complex formation of RskRin vivo. A number of following studies revealed
the formation of O6mixedd complexes, consi sti
RsbR paralogues, naty purified RsbRA:RsbRB:RsbS complex@sim et al, 2004b)
RsbRBRsbRC:RsbRD:RsbS complexes detedteditro (Delumeauet al, 2006) and
RsbRA:RsbRB:RsbS:YtvA complexg§aidenkoet al, 2006) In summary there is
comprehensive evidence that esubtilis stressosome complex is formed by the STAS
domain protein RsbS in combination with one or more RsbR paralogs. Consequently, it
was reasoned that the resulting, mphbtein complexes would feature a certain degree of
flexibility and that the RsbRI-terminal domair{N-RsbR)may play a role in stress sensing
(Delumeatet al, 2006)

10|Page



Structural investigations revealed that thée@ninal part of RsbR and the entire RsbS
protein adopt the Sulfate TransportedaAnti-Sigma factor antagonist (STAS) domain
fold. This ancient and highly conserved domain architecture was destriB@@0and is
characterized by four beta strands, forming the scaffold of the domain, and a typical,
handlelike C-terminal region FIGURE 4a; (Aravind & Koonin, 2000). STAS domains are
found in a variety of proteins with remarkably different functions, includingsagina
factor antagonists, nucleotidending, sensing, ntabolism, nutrient transport, kinases or
transcription factors. They are either found as STAS doimiiy proteins (e.g. RsbS), or
multi-domain proteins fused to other domains of variable functions (e.g. RSb&)meet

al., 2011) N-RsbR adopts the globin fold, as revealedlby. Murrayand ceworkers
Their crystal structure of thB. subtilisN-RsbR dimer is depicted IAGURE 4b, and was
found to exhibit structural similares to hemoglobins, globins and the gleboupled
sensor protein HemAT frorB. subtilis(Murray et al, 2005) Despite these structural
parallels, however, no evidence was found for heinding d N-RsbR. Indeed, the
characteristic hembinding pocket found e.g. in HemAT is not pronouneedrtually
locked- in N-RsbR. In addition, it lacks a number of conserved amino acids commonly
found in bacterial hemoglobins, including a hepmeximal histidne residugMurray et
al., 2005) Furtherevidence for dimerization of the-RsbR domain was also provided for
theM. thermoacetic&N-RsbR domairfQuinet al, 2012) The norheme globin fold is also
adopted by the other-RsbR paralogues, with YtvA being the notable exceptioilét
does exhibit the characteristiet€&minal STAS domain fold, the-drminal part of thé.
subtilis YtvA was shown to contain a bldight sensing LOV (light' oxygeni voltage)
domain(Losi et al, 2002; Avla-Pérezet al, 2006; Gaidenket al, 2006; Engelharet al,

Figure 4: Protein components of the minimal stressosome complex

a) A single monomer of théloorella thermoaceticaRsbS pratin (PDBD: 2VY9) is depicted from t
viewing angles. The four characteristic, central beta strands are colored in red, two hairpin helices ir
The Germinus forms a typical, handlé&e domain shown in green. b) TBe subtilidN-RsbR domain (FE
ID: 2BNL) is shown as a dimer from two viewing angles. The protein adopts a globin fold, with tt
interface formed by the two @rminal helices depicted in different shades of blue.
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2013) The Gterminal STAS domain and the-tdrminal sensory domain of the RsbR
paralogs are interconnected by two parallel alpha helices. A studytvA signaling
provided evidence for smgl transduction from the sensory domeaia the linker helices
towards the STAS domain. However, theioteinconstruct did not comprise the STAS
domain itself, so the exact signal trangthrt mechanism remains elusiygloeglich &
Moffat, 2007)

A first, prototypic structure for the entiia vitro B. subtilis stressosome complex was
publishedoy J. Marleswright and ceworkers in 2008KIGURE 5). Using cryGEM single
particleanalysis (SPA), they were able to determine the structure of the RsbRS complex
core to 6.5, the minimal RsbRS complex to & @nd the ternary RsbRST complex to
8.3A, respectively. The study further revealed the presence 8f @nd 5fold symmetry

in the compleXMarlesWright et al, 2008; MarlesNright & Lewis, 2010) The resolution

in the complex core was sufficientftoM. thermoaceticiRsbSmonomers ito the density

and it could be shown that the stressosome core is formed by RsbS and RsbR STAS domain
dimers arranged in pseudtmsahedral symmetry. The cHgEM density map of the
minimal complex revealed the positions of the tulilez N-RsbR domainsrptruding from

Figure 5: Molecular architecture of thB. subtilisstressosome

a) The cryeEM density map of the icosahedisfmmetricB. subtiliRsbRS STAS domain core at a resol
of 6.5A is depicted with 60 RsbS monomers docked into the density map. b) THeNmazonstruction
the minimal RsbRS oplex reached a resolution of 8.0A. The complex core is depicted in blue;Rsbl
turrets (yellow) are arranged in a D2 symmetric fashion. c) The ternary RsbRST complex reached a
of 8.3A. Additional densities for RsbT (purple) are observeitipned above the RsbS dimers. Reprodt
from (MarlesWright et al., 2008)
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the core arranged in D2 symmetry. It was thus concluded that the stoichiometry of the
complex is 20:10 RshffersRSbSimers (MarlesWright et al, 2008; MarlesVright &
Lewis, 2008) The density of the ternary complex finaligvealedthe localizationof 20
RsbT proteins, positioned above the RsbS monofiveadesWrightet al, 2008) A recent
cryo-EM study on theB. subtilisRsbRA:RsbS minimal complex confirms these results,
and highlights the observation of a mixture of symmetries originatimg fine stressosome
assembly in the STAS domain cadiewon et al, 2019) Until 2021, wurther structural
information on stressosome complexes is restricted to anotherpgigitive organism,
Listeria monocytogenedhe structure of the RsSbRST complex was solved to .88
icosahedral symmetry ammnfirmed the general complex architecture as describesl. for
subtilis (Williams et al, 2019) Lastly, the structure of the close relativisteria innocua
was contributed in 202@Miksys et al,, 2022) Structural information on architecture and

assembly of the graspositive stressosome complex are further summarizédsne 1.

Tablel: Architedure and assembly of grapositive stressososmes

organism reference symmetry resolution RsbRuimers: RSbSiimers
(Marles- I 6.5A /1 8.0A
B. subtilis Wright et al, 20:10
2008) D2 8.3A
(K t al | 417 20:10 (D2)
- won et al, :
B. subtilis 2019) D2 7.3A 22:8 (C1)
C1 9.1A
L. monocyte (Williams et I 3.38A
20:10
genes al., 2019) c1 4.48 A
. | 3.45A
L. innocua (Zl\éllzkzsys etal, 20:10
) D2 3.87A

The gramnegative stressosome

In contrast to the wealth of structural and functional knowledge on the-mpaitive
stressosome complex, information @8 gramnegative count@art are sparse. The
presence on RsbRST module for members of the geMiisrio was reported in 2005
(PanéFarréet al, 2005) The first example for a graimegative stressosome complex was

describedn 2016 by X. Jiand ceworkers They investigated thia vitro assemble®ibrio
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brasiliensisRsbRS complex, a close relative of the human pathogdmio vulnificus
Dynamic light sattering DLS) experiments pointed to a significantly larger complex of
30.2 nm in comparison to th& subtilisRsbRS stressosome. Another striking difference
wasproposedvith respect to the putative phosphorylation sites: no phosphorylation could
be shaevn for RsbS(Jia et al, 2016) Altered/shifted phosphorylation sites were also
reported in 2005 for th¥. vulnificusRsbSprotein (PanéFarréet al, 2005) The STAS
domain oftheV. brasilienseRsbRproteinalso seems not to by phosphorylated, while two
phosphorylated residues (Se8land Thrl82) werereportedin the linker helices
connecting the STAS domain and theRSbR sensor domairgJia et al, 2016)
Analogously to the grarpositve stressosome complex, phosphorylation of the
V. brasiliensisRsbRS complex is presumably achieved the kinase RsbT. The sensory
N-RsbR domain was demonstrated to bind heme, and the presenceveds—shown to
significantly increase the overall kireactivity of RsbT. From the results, it was concluded
that NRsbR most likely represents arp ®@ensor, and that stressosome signaling in
V. brasiliensisis O.-dependent(Jia et al, 2016) Hemebinding senseglobin RsbR
proteins are present in all members of Yhebrasiliensisclade, while norheme globin
domain proteins are found in grgpositive bacteria, pointing towards significant
differences in theteessosome sensing and signaling process betweenpgstive vs
gramnegativeBacteriaon a more global viewDespite the abovmentioned studies,
however, information on the granegative stressosome complex is rare. In particular,
structural data arentirely absent. Further investigations, especially of the complex
structure and assembly, are thus of great interest and will allow for a mechanistic
interpretation of functional datblltimately, these informatisare required to pinpoint the
differences between the grajpositive and gramrmegative stressosome complexes, and

contribute to a global understanding of the bacterial environmental stress response.
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|. 3 Osmostress regulation i€orynebacterium glutamicum

Osmotic stress in Bacteria

Osmotic stess, i.e. a change of the extracellular osmolality, is considered one of the most
dangerous situations bacterial cells are frequently exposed to. The cellular hydration status
changes only within seconds after the initiation of an osmotic $Nifiod, 2011) Under
non-stressectonditions, the cytoplasmic solute concentration is significantly higher than
the extracellular one. The resulting osmotic gradient is therefore continuously
counterbalanced by the hydrostatic turgor pressure of the cell, preventing uncontrolled
water infux and maintaining homeostasis. From the cellular perspective, osmostress
manifests in two contrary scenarioSIQURE 6). Under hypeosmotic conditions, the
extracellular solute concentration decreases, e.g. cdnysadain shower. Analogously,
hyperosmotic conditions result in an increase of the extracellular solute concentration,
which can for instance be caused by draught. Both scenarios are equally threatening for the
cell, since they result in the instant andcontrolled flux of water across the cellular

membrane towards the compartment of higher osmotic presdgikshng homeostasis.

hyper-osmotic conditions c isotonic conditions \A! hypo-osmotic conditions

external osmolality

Figure 6: Osmostres@é Bacteria

From the bacterial point of view, osmostress manifests in two contrary scenarios:-bgpw®tic condition
(left panel) are caused e.g. by draught and result in water efflux from the cell. In contrastphyymtic
conditions (right panel) hamm e.g. after a rain shower and consequently lead to water influx.
scenarios are equally dangerous for the cell, since they cause immediate and drastic changes in h'
turgor pressure and intracellular solute concentration. Under homeostatiditions (middle panel), turg
pressure and water flux across the cellular membrane are in balance and kept constant by the c«
basal activity of membrane transporters and mechanosensitive channels (blue and orange ir
respectively). Under @sostress conditions, either transporters or channels argegulated to countefact
the respective threat.
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As the immediatendinevitable consequence, the cytoplasm would either shrink (hyper
osmotic stress) or swell (hygmsmotc stress). Both scenarios result in an altered cellular
turgor pressure as well as dramatic changes of the intracellular solute concentrations along
with disturbed molecular crowding. Bnyscenario the chemical nature of the respective
solute(s) is notalevant, but only their total concentrati@iuliodori et al, 2007) In every

case the described consequences of osmotic stress would severely impaid thedce

metabolic and catalytic activities.

Since Bacteria are not able to actively transport water across their mesmiboraiher
direction, they have developed a number of different strategies to evade critical situations
caused by osmostress. A hypsmdic shift requires a very fast reaction of the cell, since

it experiences the danger of bursting due to an increased turgor pressure. This process could
be happening within only a few millisecon@ooth, 2014) Owing to their fast response,
channel proteins such as mechanosensitive channels are considered the most important
emergency systems to initiate solute efflux under such conditions. In the opposite case, a
common strategy to counteract hyjasmotic conditions is the accumulation ofguatible

solutes in the cytoplasnsince Bacteria cannot actively-ingdrate by wateuptake.
Compatible solutes are small, highly soluble, elenotatral organic compounds such as
sugars, betaine, ectoine, amino acids or polyaith the property to copensate the lack

of water. In addition, they act as osmolytes and have a protective function for cellular
components. Naturally, they must be compatible with the cellular biochemistry. From an
energetic point of view, compatible solute uptake is stronglored overde novo
biosynthesis; e.dhe synthesis of one ectoine molecule consumes at least 20x more energy
than its uptakgBremer & Kraemer, 2019A similar strategy is the import of higbn
concentratios (e.g. K), which is primarily found insalttolerant microbes (Gunde

Cimermaret al, 2018)

Bacteria are not able to directly sense changes in external osmolality; thus, complementary
types of stimuli must be existe(@Bremer & Kraemer, 2019Suitable stimuli are sensed
either in the cytoplasm or in proximity of the cellular membrannittate the stress
response within the cell, and many proteins involved in the osmostress respondacre in
membrane proteins. Hence, a contribution of the cellular membrane or the respective
membrane lipids to stress sensing and/or regulation is logical. Different types of membrane
transmitted stimuli have been reported to regulate membrane proteinse Onetthand,

| i pids can act as O6bul kd on \(iaHateralenerbbeaded e d
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pressure or curvature. This is the case e.g. for mechanosensitive channels, with Piezol
being a wellstudied exampléHaslwandter & MacKinnon, 2018)Specific and direct
lipid-membrane protein interactions, in contrast, are less well investigated. One example
for such interactions is the osmosensing transporter PreRcoli, which has been found

to colocalize at the dwlar poles harboring an increased Qaligin concentration
(Romantso\et al, 2009; Romantsov & Wood, 201&)ther membrangransmitted stimuli

are reported to originate from the membrane compositiorchiage(Bremer & Kraemer,

2019) An intriguing concept was proposed by J. M. Wood, who suggested that the entire
cellul ar membr aréelo s mo$ @n s ie fVgoed 19O c2A1M)AG
increased total surface, amplifying the stress stimulus subsequently sensedlrameem

embedded osmosensory proteins.

Osmostress regulation iCorynebacteriunglutamicum

The grampositive soil bacteriunCorynebacteriunglutamicumis considered a model
organism for studying the bacterial osmostress response. As a reaction tosmger
stress, it imports betaineia the transporter BetP, one out of five secondary active
transporters responsible for compatible solute uptake glutamicun{Ruebenhageet al,

2001) Even when dowategulated, BetP imports a certain amount of bet@otzenhardt

et al, 2004) The contrary process, betaine release from the cell, is performed by MscCG,
a mechanosensitive channel. It was shown that both procesaes saoailtaneously,
enablingfine-tuning d the steadystate cytoplasmic betaine concentra{iBoerngeret al,

2010) Notably, both the functions of an me-sensor and of an osnmtegulator are
synergized within BetPRuebenhagert al, 2000) ConsequentlyBetP is consideredn
excellent target to study thesmastress response. Under hypsmotic conditions, the
already established systexmmposed of BetP and MscG&able to react very fast and can
efficiently adapt to the extent of osmotic stress. Consequently, betaine transport in
C. glutamicumfollows the secalled pump and lealnodel(Boerngeret al, 2010)
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Two types of stimuli are

regulatory required to fully upregulate

| : :
e BetP. The primary stimulus

was identified to be an elevated
cytoplasmic K concetration,
which is in turn the
consequence of high external

)
‘eCatalytic =
e Cycle

osmolality  under  hyper
_‘ el osmotic conditions
Nt (Ruebenhagenet al, 2001;

Schiller, Kraemeret al, 2004;
Figure 7: Transport regulation in BetP Schiller, Ruebenhageret al,

The BetP catalytic and regulatory cycles are tightly coupled to 2004; Geet al, 2011) The
other. Transpa activity scales relative to the amount of hyg . .
osmotic stress sensed. While detailed information about subs second stimulus, however, is
transport are available, the mechanism of regulation is less |ags \well defined. From a
understood.

general point of view, it can be

attributed to changes in membrane properties. Membrane surface charge and lipid
composition have been shown to contribute to the stim{@akilleret al, 2006; Oezcan

et al, 2007; Maximovet al, 2014) Notably, theC. glutamicummembrae exclusively
consists of negatively charged lipiidoischen & Kraemer, 1990; Schillet al, 2006)

An altered lateral membrane pressure was similarly discussed in this contextehdhie
parameter is experimentally hardly accessiblaus the precise naturef the membrane
stimulus remains vaguely defined. Dowegulation and adaptation of BetP as a
consequence of the hypesmotic stress response @@orly understoodBotzenhardet

al., 2004) The collective stimuli are constantly fiening the magnitude of regulation in

BetP. Thissec al | ed O6regul atory cycled acts in turn
the protein, destbed by the catalytic cycld~(GURE 7). It should be emphasized that both
cycles act and react as a functional entity to facilitate stress sensing, signal transduction and
stress respong&iegleret al, 2010) Consequently, detailed information on both cycles is

the inevitable prerequisite for a comprehensive, mechanistic understanding of the hyper

osmotic stress responseGn glutamicum
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Structure and substrate transport of BetP in the uggulated state

Figure 8: Crystal structure of Betlh the upregulated state

a) The crystal structure of BetP (PR 4AIN(Perezt al, 2012) in the presence of betaine and Naveal:
the trimeric architectue and asymmetric nature of BetP. Only thée@ninal domain in protomer A (lig
blue) is fully extended, making contact to protomer C (navy blue). b) Topology model of a sin¢
protomer. The transporter core of the protein is formed by TMs 3, 4n@ @ (khaki/gold), the couplit
scaffold is built by TMs &7 and 10¢ 12 (blue). Helices attributed to the LeuT fold repeat 1 are color
bright shading, helices attributed to repeat 2 in dark color shading, reypectively. c¢) The binding
betaine (black) is formed by residues in TMs 4 and 8, forming a characteristic tryptophan box (
Trp374 and Trp377). Met150, located in the unwound glycine stretch in TM3 contributes to the
(purple sphere) Na2 binding site, together with residuwesated in TM10.

A number of crystal structures obtained under different conditions are available for BetP,
consistently showing the transporter assembling as an asymmetriettim@ioin an up
regulated stat (FIGURE 8a). Each BetP protomer consists of 12 tramesmbrane (TM)
helices (TMs I 12), an amphipathic helix (h7), the mostly unorderegishinal domain

an d -telical Gterminal domain, both located at the cytoplasmic side. Contact between
the protomers is méated by h7 at the periplasmic side of the trimer, TM2, and the C
terminal domains at the cytoplasmic side, respecti{ieRsslet al, 2009; Ziegleret al,

2010; Perez, Khafizqvet al, 2011; Korkmazet al, 2013. An overview ofselected
structural and functional elements identified in BetP is presenfBasrE 2.
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Table2: Structural and functional elements in BetP

Domain architecture
element location function(s) reference(s)
N-terminus N-term regulation modulator (Ottet al, 2008)
C-terminal C-term osmasensor &regulator; (Ruebenhagen et al,
domain trimer contact 2000)
(Schilleret al,, 2006)
(Ott et al, 2008)
(Ziegleret al, 2010)
transporter TMs 3, 4, 8,9 | concerted movement during| (Yamashiteet al, 2005)
core conformational cycling; (Khafizovet al, 2010)
transport TMs 5-7, substrag bindingsites locateq (Ziegleret al, 2010)
scaffold 10-12 at corescaffold interface C. Perez et al, 2012b
repeat 1 TMs 3-7 related by pseudtwofold | (Yamashiteet al, 2005)
repeat 2 TMs 8- 12 symmetry axis (Khafizov et al, 2010)
(Ziegleret al, 2010)
helix 7, TM2 | h7, TM2 trimer contact (Ott et al, 2008)
(Ziegleret al, 2010)
Glycine Gly149-Met150 | provides structuraléxibility | (Resslet al, 2009)
stretch Gly151-1le152 | during conformational (Ziegleret al, 2010)
Gly153 cycling (Perez, Koshy et al,
2011)
(Perezet al, 2012)
Substrate binding sites
element location function(s) reference(s)
S1 Trp373, Trp374, betaine binding (Resslet al, 2009)
Trp377* (tryptophanbox) (Ziegleret al, 2010)
(Perez, Koshy et al,
2011)
(Perezet al, 2012)
Na2 Alal47, Met150, Na* binding (Khafizovet al, 2012)
Phe464, Thr467 (Perezet al, 2012)
Ser468
Nalbé Thr246, Thr250, Na" binding (Khafizovet al, 2012)
Phe380Thr499 (Perezet al, 2012)

*. alongwith other aromatic residues in TM3 & TM8 lining the substrate pathway

BetP adopts the LeuT folfiYamashitaet al, 2005) with TMs 37 7 and TMs 8i 12
organized as two symmetrglated structurally homologoysnverted repeats. While TMs
3, 4, 8 and 9 represent the centmlrfhelix bundle harboring the substrate binding sites,
TMs 51 7 and TMs 10 12 form the stabilizing scaffold of the transporteiGURE 8b)
(Khafizov et al, 2010; Ziegleret al, 2010) The Gterminal domain protrudes into the

20|Page



cytoplasm and has both sensory and regulatory propéRiesbenhagert al, 2000;
Kraemer & Morbach, 2004; Schillet al,, 2006; Ottt al, 2008; Ziegleet al,, 2010) with

the osmosensory residues located within the terminéalZ2amino acid¢H. Peteret al,
1998) The asymmetry of the BetP trimer is primarily determined by thetatien and

t he de gelieakfoldoof the @erminal domains. While the helix is fully folded and
protruding towards the cytoplasm in protomer A, it exhibits a different orientation and
degree of order in the other protomers, respectifiegsslet al, 2009) The Nterminal
domain has been shown to modulB&tP regulationvia interactiors with the Gterminal
domain(Ott et al, 2008) and is oriented towards TM1 of the neighboring praofRessl|

et al, 2009) Direct interactions of the @rminal domain with the Nerminus were
demonstratedalong with interactions between thet€&minal domain and a number of
cytoplasmic loops, namely loop 2 (L2), loop(l#4) and loop 8 (L8)Ott et al, 2008)
Betaine uptake by BetP follows the-called alternatingaccess mechanis(rorrestet al,
2011) with the catalytiaccycle switching between outwafdcing, occluded and inward
facing statesHIGURE 7). Conformational cycling is thought to be largely facilitated by an
unwound segment in TM3, designated the Glycine st(&etezt al, 2012) The unfolded
section allows fomdependentilting and rotational movement of the upper and lower part
of the helix, resulting in a mutual openiagd closing of the upper and lower transporter
gates, respectivelf{Perezet al, 2012) Metl150, located in the Glycine stretch, is also
involved in sodium coordation, pointing to a key role of this structural element during
conformational cyclingoriginating from its conformational flexibilityPerez, Koshyet

al., 2011)

Substrate binding in BetP is mediated bsgidaes found in the transporter corérp373,
Trp374 and Trp377 form a tryptophan box coordinating the betaine trimethylammonium
group by catiofi -interactions FIGURE 8c) (Perezet al, 2012)and are elements of the
conserved signature sequence of the BCCT family meniKeargpeset al, 1996; Saier,
2000; Ziegleret al, 2010) Betane transport in BetP is driven by the membrane potential
and a sodium gradient, and both substrates are symported in a 1:2 (betdine:Na
stoichiometry(Farwick et al, 1995; Resskt al, 2009) Two Na" binding sites were
predicted from structural data amdsilico analysegKhafizov et al, 2012; Pereet al,

2012; Perezt al, 2014) The first site, named Naz2, is evident from a crystal structure
resolving the coordinated N&n (FIGURE 8c) (PDBID: 4AIN; (Perezet al, 2012), and

the presence of a Néon was additionally confirmed by molecular dynamics simulations
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and mutagenesiKhafizov et al, 2012) The second Nabi ndi ng si t B, named
formed by residues located in TMs 5, 8 and drid was proposeased on conclusions

drawn from the twofold pseudsymmetrc axis present in LeuT fold adopting proteins. In
addition, the predi ctibsoohe eXtadodirmed bygdutagegesisi t e co
of the involved residuesnd by MD simulation§TABLE 2) (Khafizov et al, 2012)

As pointed out beforaegulation of BetP requires a membrane stim{dszcanet al,

2005; Oezcaret al, 2007) In line with this observation, a number of palmitojgoyl
phosphatidyl glycerol (POPG) lipids could be resolved in one of the BetP crystal structures
(FIGURE 9) (PDB-ID 4C7R (Koshyet al, 2013). Theywere eithelocatedin the trimer
center, or as annular lipidst the trimer periphery. Several lipid binding sitesre
identified, a majority located at the @®rminal domains, the trimer interface in TM2 and
h7, and in the cytoplasmic part of TiMimicking the cellular membrane bilaydn
summary, most lipids werfound in close association with helices involved in transport
and/or regulation; notably, one fatty acid chain exhibitedect interaction wth Met150
(Koshyet al, 2013) In a follow~up studyusingFTIR spectroscopy, it was concluded that
the BetPlipid interactions alter significantly during the regulatory cy@Bueleret al,

2016) Taken together, these results once more highlight the role of lipids in the regulation
of BetP, and further emphasize the need for structata df the dowsregulated state.
While transport activity in BetP is structurally and functionally well characterized, detailed

data on the regulatorycle are largely missing.

Figure 9: Proteintlipid interactions in BetP

a) A POPG lipid (tan) was resolved at the Glycine stretch located in TM3 (khaki), coordinated by
(PDRBID: 4C7R(Koshyet al,, 2013). b) Another POPG lipid was found coordinated by residues in-
terminal domain of protomer A and in loops L2 and L8 in protomer C, regphct
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|. 4 Membranestress in eukaryotic cells

Stress in eukaryotic membrane systes

Unlike Bacteria, eukaryotic cells contain multiple, confined compartments and in general
feature a much highedegree ofcomplexity. Eukaryotic organelles, such as nucleus,
mitochondria or vacuoles, are separated from their surrounding by particuldoranes

In addition, the cell compriseseveral endogenous membrdnelt organelles e.g. the
endoplasmic reticulum (ER) or the Golgi apparaflise major functions of organellar
membranes are to maintain different chemical milieus tailored to the nemuiteof the
particularcompartment, and to provide a reaction platform for manifold cellular processes.
The extent, shape or number of the respective organellesdfustedt o t he cel |
requirements and can be adapted in response to altered envirorsonadtabns(Schuck

et al, 2009) Communication between organelles is achieved eittzedired fusion or
contact, orvia budding and fusion of membrane vesicles acting as shuttles for different
types of cargoNaturally, membraneonfinedorganelles are very sensitive to stress; thus,

it is not surprising that a network of versatile stress regporechanisms has evolved
Eukaryotesto maintain cellular homeostasis. One of the best studied examples is the
unfolded protein response (UPR), initiated upon ER stress caused by the presence of
incorrectly foldedproteins in the ER lume(reviewed byeg. (Schroeder & Kaufman,
2005). The ER isnot onlyresponsible folipid biosynthesis, but also fqrotein folding

and postranslational modificationsf all proteins entering the secretory pathwapon
protein biosynthesis. Properly folded proteins aentshuttled to the Golgi apparatus for
transport to their final destination, whilecorrectly folded proteins are marked for targeted
degradation(Ellgaard et al, 1999) or exported to the cytosol and degrddby the
proteasomeiathe ERassociatedegradtion (ERAD) pathwayM. H. Smithet al, 2011)

The unfolded protein response (UPR) pathway

The excessiveaccumulation of misfolded proteirisggers stres$ and consequently the
corresponding stress resporisen the ER(FIGURE 10). Three differentproximal stress
sensor proteins are present in the ER membrane, which undstrassedonditions bind

the chaperone Bi(binding immunoglobulin protein)n the pesence of unfolded proteins,
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BiP dissociates from the sensors which in turn renders them adtwdastest response is
initiated by the sensor protein PERK (PHike ER kinase). Upon dissociati of BP,

PERK dimerizesand autephosphorylategHarding & Ron, 2002) The subsequent
signaling cascade has two major outputs: on the one hand, translation of most proteins is
rapidly attenuategwith the aim of reducing the burden of unfolded pra@mthe ER. On

the other hand, PERHKCctivationinducesthe translationof ATF4, which in turnregulates

the expression of apoptosislated proteinsn a longer timescal&chroeder & Kaufman,

2005; Walter & Ron, 2011)Similar to PERK, also the second sensory protein IRE1
(inositol requiring 1) dimerizeand autephosphorylgesupon BP dissociationThe IRE1
pathway is found in all eukaryotes, which emphasizegldbal importance in stress
regulation. In mammals, activated IRE1 affects expression of the transcription factor XBP1
(X-box binding protein 1yia splicing of the XBP1 mRNA(Harding & Ron, 2002)The
downstreamREL1 i XBP1 pathway aims at increasing the ER capacity byagulating

the transcription of genessponsible foER growth, lipid biosynthesisprotein maturation

and export from the ERWValter & Ron, 2011; Brown & Naidoo, 2012)he third UPR

stress response pathway is controlleadttyvating transcription factor 6 (AT8JponBiP

release ATF6 migrates to the Gol gi apparatus
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Figure 10: The unfolded protein stress response

Under normal conditions, proteins are folded and ptsinslationally modified in the ER, and conseque
transported furtherviathe Golgi apparatus (left). If misfolded peins accumulate in the ER lumen, the |
is initiated (right). BIP binds the unfolded proteins, liberating the transmembrane proteins IRE1, P
ATF6, and thereby initiates a manifold ER stress response (see main text).
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fragment enters the nucleus and initiatesresgion of chaperones suchB®. Thus, the
purpose of the ATF6 pathway is to enhance the overall ER protein folding ¢Ofada

et al, 2002) H. P. Harding and D. Ron ranked the three UPR response pathways according
to their reaction rate and output as follows: the fast and immediate resptms&R upon

UPR is an attenuation of protein synthesis to reduce the folding burden on the ER (PERK).
At a second stage and longer timescale, protein expressiomegulpted with the aim to
globally enhance ER performance (IRE1, ATF6). Under continsedere UPR stress
conditions, however, apoptosis can be initiated to ultimately protect the organism (PERK
T ATF4) (Harding & Ron, 2002)P. It wasconcludedhat the regulation of UPRduced
transcrigion factors in higher Eukaryotes exhibits a agrtdegree of redundancy, which

can beattribuied to thenecessit of the cell to carefullypalance globaER activity(Walter

& Ron, 2011) This is further emphasized by the fact that Udficient cells are not able

to maintain ER homeostagiSchucket al, 2009)

ER morphology

Within eukaryotic cells, the ER is in charge ofariety of different task such adipid
biosynthesis, protein folding and pdsdnslational modification, protein quality control or
Ca&* storage Consequently, the ER divided into several functional sudomains, and it
could be demonstrated that these occur simultaneoiisiynthe same cell, fulfilling their
different taskgBorgeseet al, 2006) It is thus not surprising that@nsiderablenumber

of remarkablydiverse morphologies have been desctife this single organellé first
distinction of different ER types is generatlgterminedy its localizationBasically, the
perinuclear ERcomprises the nuclear envelope, while the peripheral ER is found
throughout the cytoplasifVoeltz et al, 2002) According to the presence or absence of
ribosomes attached to the cytosolic ER membrane leaflet, the ER can be classified into
rough (ribosomelecorated) or smooth (ribosoffree) ER (rER and sER)espectivelyln

most cell types, tree two distinct ER forms are not spatially separated and@uoc
simultaneouslyBorgeseet al, 2006) In many cases, rER is formed by ER sheets|ewvhi
SER oftentimes exhibits a tubular shgfehucket al, 2009) Due to its role in protein
biosynthesisthe presence of ribosomes at the rER surface isumptisirg. As described
above, under homeostatic conditions protein synthesis, folding,-trpastational

modification and transfer to the Golgi apparatus are well balanced. In respores&/RRh
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INTRODUCTION

however, protein

biosynthesis is
attenuated while the
global ER capacity is

expanded. This is

lamellar

achieved via the

synthesis  of large

continuous ER sheets

located in the cytoplasm,
which can later be

transformed into tubular

tubular

structuresand vice versa

Both morphotypes have
Figure 11: OSER morphology been found to be equally

o , suitable toalleviate ER
OSER can be subdivided into two categories: lamellar (top row) and t

(bottom row) ER structures. Examples for lamellar OSER are karme Stress. (Schuck et al,
and whorls (b), while tubular OSER can exhibit sinusoidal (c) or crys
(d) shaps. Scale bars (a, ¢, d) = 200 nm, (b) = 600 nm; N = nuclet 2009) Corsequently, tie
mitochondria, * = ER luminal space. Reproduced and modified ER membrane is able to
(Borgeseet al., 2006)

remodel and adapt

dynamically to the new situatiprand multiple morphological typesf the secalled
organized smooth ER (OSERpave been describg@FIGURE 11) (Snappet al, 2003)
Stacked sERisternae are categorized with respect to their subcellular localization as either
karmellae (located at the nuclear envelope) or lamellae (located else(Wdgtt et al,

1988) while @ncentrically arranged ER membrane sheets are denominated whorls
(Koning et al, 1996) Besides the lamellar morphotypes, also tubular OSER structures are
found. Ordered arrays dfinusoidal,tubular OSER carfeature cubic or hexagonal
symmetries exhibiting extreme membrane curvatarel are thus called crystalloid ER
(Yamamotoet al, 1996) Most notably, different types of OSER hawa onlybeen found

in cells undewariousstress situations, such as dtogatment or protein overexpression,
but also under physiological growth conditiofSnapp et al, 2003) Thus, (re)
organization of the ER is ngblelyan indication for stress, but also reflects the ability of
the cell to adapt to different physiological situations.
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Shaping theER

The wealth of different ER morphologies (as described above), in combination with the
observation of a continuous -oeganization of the different ER swomains raises
guestions about the mechanism(s) of ER shapind stabilization of the resulting
structures Especiallyfor the tubular ERmorphotypesextreme membrane curvaturas
beenconsistentlydocumentedChin et al, 1982; Andersoet al, 1983; Yamamotet al,
1996; Snappet al, 2003) and it has ben suggested that they may represent different stages
of sER differentiation(Takei et al, 1994) Deformation of the ER membrane is also
required for fusion and fission processes, whichraamdatoryfor proper ER function
(Kozlov et al, 2010) Therefore, t is very unlikely that these structures assemble
spontaneouslyA number of cellular components have been proposed to participate in ER
shaping, namely different membrane lipid species, integral membrane proteins, internal or
external scaffolding proteins

& @ cytoskeleton elements, and
{{ - the insertion of amphipathic
/lf = protein helices into the

, membrane KIGURE 12)
x/ { (McMahon & Gallop, 2005)

Indeed, it was reported that

@@ reticulon and reticulorike
protein-oligomers make
major contributions to the ER
tubular shapeia insertion of
hydrophobic components of

Figure 12: Mechanisms of ER shaping

. . . . the reticulordomains into
Different options are discussed in literature that may enable

extreme curvature of ER membrane. a) Membrane lipid headgro the cytoplasmic ER
acyl chain composition. b) Integral membrane protein shape at

oligomerization. c) Insedn of amphipathic helice in the oute Membrane leaflefVoeltz et
membrane leafletd) Actin or microtubule cytoskeleton. édirect ol .

direct (positivehegative) scaffolding Drawn after (McMahon & al., 2006; Huet al, 2008) As

Gallop, 2005) a consequence, the
occurrence of lamelld@dDSER

types was attributed to an imbalance of the reticulon capacity upon ER ¢&uhtincket

al., 2009) Undoubtedly, all of the abowmentioned mechanisms play a role in ER shaping,

the most widely studied among them probably being the interaction of the ER membrane
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with integralmembrane protein$=(GURE 12b). This, in turn, can be attributed to the fact
that mutations withifcR-associateghroteins can lead @ multitude okevere diseasels

an examplemutations in the PERK kinase have been shown to trigger the developiment
diabetes(Harding & Ron, P02) Similarly, misfolded UPR chaperone proteins may
accumul ate into plaques or fibrils within t
diseas€Brown & Naidoo, 2012)As opposed to a broad understanding of biochemichal an
molecular biological details of the UPR, higésolution structural information on ER
differentiation and its intracellular context, however, is sparséaagelyrestricted to twe
dimensional (2D) TEM image€onsequently3D data are needed b ableto interpret

the molecular information withira profound, morphological background.Solely the
combination of molecularbiochemicaland structural data will allow for a global

mechanistic understanding of the whole process of ER shaping upon strasg. sensi
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l. 5 Aims of this thesis
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Figure 13: A focus on stress

The results otained in course of thesis aim to shed light on three different aspects o
fundamental biological question: How do organisms sense and react upon stress? A
many details of bacterial and eukaryotic stress response mechanisms are well undeit
is often structural information that is ultimately missing to elucidate the whole pro
Electron microscopy in all of its multiple flavors is thus a key method to investigate mo
mechanisms within their biological context and at different sizales.

Electron microscopy (EM) is a prime tool for the investigation of dynamic processes on a
wide resolution range. Today, objects in the size of eukaryotic organelles, e.g. mitochondria
or single prokaryotic cells, can be intigated by EM as well as isolated, single proteins
with a molecular weighfiar below100 kilo Dalton (kDaYFIGURE 131, 1l and IlI). In this

thesis, two differentapproachesre appliedto cove the whole resolutio range.For
imaging cellular dynamics on organelle level, dagis STEM tomography following high
pressurdreezing, freeze substitution and sectioning salectedThe aim ofpart lis to

obtain 3D structural information of the crystalloid ER previgudéntifiedin HEK cells

upon oveexpression of PQ. In particular, the ultrastructural organizatioh this ER
morphotype is in the focus of the studyloreover, putative intracellular interaction

partnersshould be identified, to shed light on the éiffntiation of this unique organelle
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and on itgole within the cellular machineryhe three dimensional information will brielg
the gap between the molecufanctional understanding and the complex architecture of
the crystalloidER, and may ultimatelyrovide valuable insights into its biogenesis,
differentiation and impact within and on the cell.

In addition single particle cryd=M of isolated, vitrified proteins waselected tstudy the
molecular architecture of large maearwlecular protein comples at ntermediate
resolution, ando investigate the regulation of reconstituted membrane proteins at atomic
resolution.In part Il, it is aimed to obtain a structure of the mininvalvulnificusRsbRS
stressosome complex. Structural similarities or tfiees revealed in comparison with its
grampositive counterpart may give valuable mechanistic insights into complex assembly
and regulation. Th¥. vulnificusRsbRS structure would represent the first example for a
gramnegative stressosomEglucidating he molecular mechanism that orchestrates the
environmental stress respornigethis human pathogemay ultimately pave the way for

targeted drug design.

In part 1, a highresolution structure of the betaine transporter BetP feogiutamicum

in its downregulated state would be of high value towaadglobalunderstanding of
osmostress regulation this model organisnhis state could not be observed so far, and
consequently an important piece of structural information is missing. Arbggiution
structure would help to answer fundamental open questions, in particular about the role of
the sensory @erminal domain, and might help to pinpoint the until now only vaguely
defined membrane stimulus required for the full osmostress resposglimamicum

This unique model system offers the possibility to study stress sensing, signal transduction
and reaction the same time, and potentially the obtained results may be transferred from the
modelorganismto other systems as watl the future

Finally, thewealth of data obtained during the aforementioned projaiht also allow
for a detailedmethodological comparisolatasets obtained from different microsesp
detectors and imaging moda#low to draw conclusions about imaging strategiesafor
broadvariety ofdifferent samplesThe selected methods should be evaluatigéidally with
respect to their suitability in providing thequiredamount of structural informatiost an
appropriateesolution This comparison and the gained experiesitiebe d high value to

design further experiments.
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[I. Materialsand Methods

ll. 1 Materials, chemicals, buffers and equipment

Materials andspecial components

Routine laboratorymaterids and consumables (e.g. reactigals, cell culture dishes,

gl oveas éwel | as ordinary c¢he miae eohsderddef. g . N
manufactureindependent, constant quality, and thus not further mentioned here.
Components explicitly listed in this section, in contrast, are considered relevant for
experimentas uccess, which can be attributed to e

or the manufacturing process itself.

Lipids
All synthetic lipids were manufactured by Avanti Polar Lipids Inc., Alabaster, USA.

Originally sealed lipids were stored &0 °C Prepared lipid stock solutions (see

RECONSTITUTION INTO MEMBRANE-MIMICKING SYSTEMS) were stored a20 °C.

POPG(10 mg/mL, in Chloroform)

POPC(10 mg/mL, in Chloroform)

E. Coli Polar Lipid Extract(25 mg/mL, in Choroform)
Soybean Polar Lipid Extract (10 mg/mL, in Chloroform)

Detergents

The following cetergents were purchased in solid form from Anatrace, Maumee, USA and

stored at80 °C. Prepared stock solutions were stored froze20atC.

DDM: n-Dodecytb-D-Malt opyr anosi de (purity O 99 %)
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Polymers for protein reconstitution

The list of polymers used for the reconstitution of membrane proteins is growing steadily.
Thus, apart from welestablished systems, many polymers are currently not commercially

available 6r the use in biochemical applications. These were generously provided as free

samples from the respective manufacturers.

Amphipol A8 35

SMA 1:1(free sample)

SMA 2:1(free sarple)

DIBMA (Sokalan® CP 9free sample)

Antibiotics

Carbenicillin
(stocksolution: 100 mg/mL)

Anhydrotetracycline
(stock solution: 2ng/mL)

TetracyclineHydrochloride
(stock solution: 1Gng/mL)

Pencillin /Stregomycin
(stock s. 10000 u Penl0 mg/mLStrep
Antibodies

Anti-StrepTa§ll IgG1
Rabbit ati-Mouse IgGi AP

Column materials

StrepTactir® MacroPrefy
StrepTactir® Superflow?
Strep-Tactir® Sepharos®
PD-10 Desalting Calmns
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Anatrace Maumee, USA
PolyscopePolymers B.V, Geleen, NL
PolyscopePolymers B.V, Geleen, NL
BTC EuropeGmbH, LudwigshafenDE

Carl Roth GmbHKarlsruhe, DE

SigmaAldrich Chemie GmbHSt. Louis,
USA

SigmaAldrich Chemie GmbHSt. Louis,
USA

SigmaAldrich Chemie GmbHSt. Louis,
USA

IBA LifesciencesGmbH, Géttingen, DE

SigmaAldrich Chemie GmbHSt. Louis,
USA

IBA Lifesciences GmbHG6ttingen, DE
IBA Lifesciences GmbHGOGttingen, DE
IBA Lifesciences GmbHG6ttingen, DE
GE Healthcarglittle Chalfont, UK



Heavy metal salts for negative staining

Uranyl Acetate

Uranyl Formate

Others

DNAse |
Pefablo® SC

Bradford reagent

PageRiler Prestained Protein Ladder

HMW Native Marker Kit

Bio Beads SM2 polystyrene beads
Mica

Sapphire discs

Life cell carriers

Merck KGaA Darmstadt, DE

Electron Mrcroscopy Sciences Hatfield,
USA

Roche Diagnostics GmhHRisch, CH
Roche Diagnostics GmhHRisch, CH

SigmaAldrich Chemie GmbH St. Louis,
USA

Thermo Scientifi€™, Waltham, USA

GE HealthcargLittle Chalfont, UK
Bio-RadLaboratories Ing.Hercules, USA
Plano GmbHWetzlar, DE

M. Wohlwend GmbH Sennwald, CH

Leica Microsystems GbH, Wetzlar, DE

Epon™ 812 substitute embedding resin Fluka Chemie AGBuchs, CH
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Media

Super optimal broth with catabolite repression §OC) medium (pH 7.0)

2% (W/v) Tryptone(Bacto)
0.5% (w/v) Yeast extrac{Bacto)
0.05% (w/v) NaCl

2.5 mM KCI

10 mM MgCly

10 mM MgSQy

20 mM Glucose

LB carb agar plates

1% (w/v) Tryptone(Bacto)
0.5% (w/v) Yeast extrac{Bacto)
1% (w/v) NacCl

1.5% (w/v) Agar

Carbenicillin wasadded to a final concentration 50 pg/mL after autoclaving, prior to
pouring the ptes.

LB carb medium

1% (wiv) Tryptone
0.5%(w/v) Yeast extract
1% (wiv) NaCl

Carbenicillin wasadded to a final concentration®f0 ¢ ghomh/ibefore inoculation of
the medium.
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Buffers and reagents

Buffer A (pH 7.5)

50 mM Tris(hydroxymethyl)aminomethan&RIS)/HCI
200 mM NaCl

10% (v/v) Glycerol

0.05%(V/v) DDM

Stacking gel buffer(pH 6.8)
05M TRIS/HCI
0.4% (w/v) Sodium Dodecyl Sulphate&SPS

Separating gel buffer(pH 8.8)
15M TRIS/HCI
0.4% (w/v) SDS

1x Laemmli buffer (pH 8.3)

24 mM TRIS/HCI
192 mM Glycine
3.5mM SDS

6x SDS loading buffer (pH 6.3)

600 mM TRIS/HCI

12% (Wiv) SDS

0.6% (w/v) Bromophenol lue
60% (Vv/v) Glycerol

600 mM Dithiothreitol (DTT)
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10x native gelloading buffer

0.1% (w/v) Ponceau S
50% (v/v) Glycerol

Coomassie staining solution

0.1% (w/v) Coomassie Brilliant Blue 50
10% (v/v) Acetic acid
40% (viv) Ethanol

Coomassie destaining solution

10% (v/v) Acetic acid
20% (v/v) Ethanol

TRIS buffered saline (TBS) (pH 7.5)

150 mM NaCl
10 mM TRIS/HCI

Transfer buffer (pH 8.3)

25 mM TRIS/HCI
190 mM Glycine
20% (v/v) Methanol

AP-Buffer (pH 9.0)

100 mM TRIS/HCI
150 mM NacCl
1 mM MgCl2
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AB-Mix for native PAGE

48.5% (w/v) Acrylamide

1.5% (w/v) Bis-acrylamide

Native gel buffer (pH 7.0)

75 mM Imidazole
1.5M UAminocaproic acid
0.05% (Wiv) DDM

Anode-buffer for native PAGE (pH 7.0)

25 mM Imidazole

Cathode-buffer for native PAGE (pH 7.0)

7.5 mM Imidazole
50 mM Tricine
0.02% (w/v) Coomassie Brilliant Blue @50

Freezesubstitution solution A:

0.5% (v/v) Glutardi-aldehyde (GA)
0.5% (w/v) Uranyl acetateAc)

5% (v/v) H20

in Acetone

Freezesubstitution solution B:

0.5% (v/Vv) OsO
0.25% (w/v) UAC
5% (V/v) H20
in Acetone

37|Page



RIPA-buffer (pH 7.4).

50 mM
1% (viv)
150 mM

5 mM

10 % (w/v)
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Triton X 100

NaCl

Ethylenediaminetetraacetic aci@TA)

Glycerol



List of hstruments

Special lab equipment and instruments used for experiments are summaiiaeddrs.
Electron microscopes, used detectord the respective configurations are mentioneéld in
4 ELECTRON MICROSCOPY SINGLE PARTICLE ANALYSIS, Il. 5 ELECTRON MICROSCOPYI
TOMOGRAPHY and VII. 3 SINGLE PARTICLE DATA ACQUISITION AND PROCESSING

PARAMETERS respectively.

Table3: List of instruments

instrument manufacturer purpose

SunriseTM absorbance read{ Tecan readout of BCA assay

Hoefer gel elecbphoresis Hoefer Inc. SDSPAGE

apparature

Biometra Fastblot System Analytic Jena Western blotting

PerfectBlueTM twin L systen| Peglab blue native PAGE

Avanti J 26SXP centrifuge Beckman Coulter Inc. cell harvesting

Optima MAX—XP benchtop Beckman Coulter Inc. ultra-centrifugation (small

ultra-centrifuge volumes)

Optima XPN100 Beckman Coulter Inc. ultra-centrifugation (larger
volumes)

AKTA ™ purifier GE Healthcare size exclusion chromatograph

Superose 6 Increase 10/3 GE Healthcare gel filtration column

GL column

CF Cell Disruptor Constant Systems Ltd. cell breaking

Lyovac GT2 Leybold Heraeus GmbH | lyophilization

Cressington 208carbon Tescan GmbH carbon evaporator

EM PACT2 Leica Microsystems GmbH,| high-pressure freezing

AFS2 Leica Microsystems Gntth | freeze substitution

EM UC7 Leica Microsystems GmbH) ultramicrotome

Plasma Cleaner PB&XG Harrick Plasmanc. plasma cleaning

Vitrobot Mark IV Thermo Fisher Scientific | vitrification

Leica EM GP Leica Microsystems GmbH| vitrification

List of programsand software

The following list TABLE 4) contains all programs and software packages, the versions

that were used in course of this thesis, as well as the respective publications or copyright
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information, respectie | vy .

6Current o6

ver si on i ndi

updated frequently and several current versions were used throughout the thesis.

Table4: List of software

Program Version(s) | Used for Reference(s) / copyright
EM MENU current scree.n.lr)g, SPA dat © TVIPS- Tlgtz Video and Im
acquisition age Processing Systems Gml
© TVIPS- Tietz Video and Im
EM-Tool t TEM t h .
00's curren S omography age Processing Systems GmQ
SerialEM current | >T A data (Mastronarde, 2003, 2005)
acquisition
EM2EM 20-Aug- image format © Image Science @tware
2019 conversion GmbH
MotionCor2 current m.o vie frame (Zhenget al, 2016)
alignment
CTFFIND4 current CTF estimation (Rohou & Grigorieff, 2015)
RELION 2.0-current| SPA (Scheres, 2012a, 2012hb)
SIDESPLITTER current SPA- refinement (Ramlaulet al, 2020)
local luti :
ResMap current OC? re;o ution (Kucukelbiret al, 2014)
estimation
Scipion current Eigenimages (De la Rosarrevinet al, 2016)
Spider current Eigenimages (Franket al, 1996)
cryoSPARC current | SPA © 2021 Structurg
Biotechnology Inc.
CryoEF current ongntatlon distr (Naydenova & Russo, 2017)
bution assessment
IMOD current tomogram . (Kremeret al, 1996)
reconstruction
Gephi 0.9.2 protein mteractl.on © . 20082017 Gephi
network analysis contributors
cryo-EM mask
SeggeR 1.95 generation, tomo | (Pintilie et al, 2010)
gram segmentation
ImageJ 1.53c data analysis (Abramoffet al, 2004)
.| data analysis,
UCSF Chimera iul||4d) (daily visualization, (Pettergnet al, 2004)
figures
, Visualization,
UCSF ChimeraXx | 0.9 /isualization (Goddardet al, 2017)
figures
. © 19902008 Adobe Syst
Adobe Photoshop CS4 11.0 Figures Inc obe system
WinCoot 0.8.9.2 EL | model building (Emsleyet al, 2010)
Phenix 1163549 | 63 space (Adamset al, 2009)
refinement
eLBOW current ligand restraints (Moriarty et al, 2009)
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ll. 2 Protein Biochemistry

Membrane protein expression and purification

Transformation of E. colicells

A 100 pL aliquot of competert. coli cells (E. coli DH5U T1R, ThermoFisher Scientific,
Waltham, USA was gerly thawed on ice. Plasmid DNA (minimum concentration 100
ng/pL) was also thawed on ice. 20 pL of the cells were transferred into a fresh reaction
tube and served as a negative control. 1.5 pL of the plasmid DNA were added to the rest of
the cells. Both reaion mixtures were incubated on ice for 30 min. Subsequently, a heat
shock was performed for 45 sec at 42 °C, and the cells were incubated on ice for another
five min. 1 mL of prewarmedSOC mediunwas added to each reaction mixture, and the
cells were igubated for 1 h at 37 °C and 200 rpm. Afterwards, the cells were gently spun
down for 1 min in a tabletop centrifuge and all but 100 uL of the supernatant was removed.
After re-suspending, the cells were spread on 4waenedLBcamagar platess follows

100 pL of the negative control;} i, 50 pL or the rest of the transformed cells. The plates
were incubated ON at 37 °C and screened for the presence of nicely sefaratdid

colonies the next morning.

Protein expression

For the heterologous protetpression if. colicells, a preculture was prerequisite. First,
several colonies from the transformation plate were trenesfevith a sterile loop into L

of prewarmedLB carh medium. Thesulture vial was incubated at 37 °C and 170 rpm for at
least3 h. From this first culture, six times 0.5 mL were used to inoculate six flasks with 50
mL prewarmed LBan medium. These preultures were incubated ON as described
before. The next day, thaptical densityODeoo) of the preculture was determinedf in a
range between 3.4 and 3.7, 50 mL of thequrkkure were used to inoculate the main culture
of 1 L prewarmed LBamnmedium (6 flasks in total). The main cultures were incubated as
described before. After an @&3 of 0.6 was reached, expression of Betas induced by

the addition ofAnhydrotetracyclie (AHT) to a final concentration of 0.ehg/L. After
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having reached an QB of 2.17 2.4, the cells were harvesteth centrifugation at
4,000rpm and 4 °C inmAvanti J 26SXP centrifuge(rotor JLA8.1000 for 30 min.

Membrane protein purification

The cell pellet wase-suspended in 100 mM TRASCI pH 7.5supplemented witlh.05%

(w/v) DNAse | and0.24 mg/mL PefablacSubsequentlycells were disrupteth a cell
disruptor at 1.8 kbar and AC. Debris was emovedvia centrifugatian at 24,00 g and

4 °C for 45 min.The remaining rembranes were pelleteda ultra-centrifugationin a
Optima XPN100 ultra-centrifuge at 235,000x g and 4°C for 1 h, followed by re
suspensionin 50 mM TRISHCI pH 7.5, 10% glyceal to a final concentration of
~50mg/mL.DDM was added dropwise under gerdiieringto a final concentration of 2%

(v/v) to solubilize all membrane proteinSubsequently,hie solubilization mixturewas
incubated for 30 min at room temperat(R8) unde gentle stirringThen NaCl was added

to a final concentration of 200 mM as described before, and the solution was incubated for
an additional 30 min at4C, until the initially cloudy solution had cleared up significantly

The solubilized proteins weseparated froomembrane debrigia ultra-centrifugation at
235,000x g at 4°C for 1 h. For purification of Strepttagged BetP he sypernatant was
loadeddrop-wise to a Strewolumn equilibrated wittbuffer A ON at 4 °C. Five to ten
column volumegCV) of the same bufferere used for washing to remove unbound protein
from the column. Finally,BetP was eluted irbuffer A supplemented with 5 mM
Desthiobiotinin 500¢L fractionsEl ut i on was monitored by the
The Bichinonic acid BCA) assay was used for protein concentration determination of the
elution fractions.The purified protein was further reconstituted into different membrane

mimicking g/stems.

Reconstitution into membranemimicking systems

Preparation of lipid stocks

For the reconstitution into Nanodiscs with a defined lipid environment, lipid stocks were
prepared as follows: the solution of chlorofedissolved lipids was transferrecbin the
air-tight sealed ampulla into a chloroform rinsed rotpattomed flask. To remove the

solvent, the liquid was fumed with gaseous Nitrogen at a constant flow pressure of 0.1 bar
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with gentle stirring until chloroform had evaporated completely. Sulesdly, the
resulting lipid cake was dried in a desiccator for 1 h, to remove last remnants of the solvent
from the lipids. The lipid cake was then dissolved in a suitable amount of detergent
containing buffer, to obtain a final concentration of ¥ i 50 mM. If required, the
solution was heated gently in a water bath, until all lipids were dissolved completely. The
resulting stock solution should have a slightly opaque appearance without visible
precipitates or smear. Finally, aliquots of the preparédi$ifpck solution were flasfiozen

in IN2 and stored a20 °C.

Preparation of DIBMA polymer powder from Sokalan CP 9

A free sample of Sokalan® CP 9 solution was kindly provided by BTC Europe GmbH. The
chemical is sold as a cleaning agent, containirgabutylenemaleic acid (DIBMA) of
unknown purity grade and dissolved in unknown buffer. It was therefore chemically
procesed, to obtain pure DIBMA powder that could be used to prepare stock solutions in
the desired concentrations and buffers. h0of the Sokalan® CP 9 solution were poured
into a 1 L beaker. 37% HCI was added dropwise under constant stirring, until DIBMA had
precipitated completely. The precipitate was transferred into a fresh beaker and washed
thoroughly in HOmii, to completely remay remnants of the original solvent.
Subsequently, 5 M NaOH was added dropwise, to raise the pH above 9.0dis&bhee
DIBMA. Precipitation, washing and dissolving of the polymer were performed multiple
times, until the precipitate had reached a whitex-firained appearance that did not change
any more during the procedure. Next, the precipitate was transferred to a filter funnel and
dried over a vacuum filtering flask. The resulting DIBMA polymer chunks were freeze
dried in alyophilizer ON, and a lagtirying step was performed for several days over silica
gel in a desiccator. Finally, trdried DIBMA nuggets were homogenized using a mortar,
resulting in finegrained, white polymer powder. The purified DIBMA powder was stored

in air-tight sealed plastigials at-80 °C.

Preparation of stock solutions from DIBMA polymer powder
Readyto-use DIBMA stock solutions were prepared from DIBMA powder purified as
described above. The desired amount of DIBMA powder was added to the buffer, and the

solution was mird thoroughly on a rotary shaker for 30 min. The pH of the cloudy solution

43|Page



was checked using pH paper strips. 5 M NaOH was added dropwise under constant stirring,
until the desired pH was reached and the polymer had visibly dissolved. Note that the
polymerwill only dissolve completely above pH = 8.0. If necessary, the DIBMA solution
was sonified for a short period of time is@nication bathuntil the resulting stock solution

had a clear and transparent appearance.

Reconstitution into Amphipol A8-35

Amphipols are amphipathic polymers that can be used to replace the detergent micelle after
solubilization of membrane proteins. In comparison to detergents, they feature superior
membrane mimicking properties. The addition of external lipids is not reqUirgxbt et

al., 1996; Gohoret al, 2006; Le Boret al, 2018)

A stock solution of 100 g / &rhphipol A835 was prepared. For reconstitutjon
detergenssolubilized and affinity-purified protein was mixed with thegbymer stock

solution in a 1:3 (w/w) ratio of Amphipol:protein. After incubation foh &4t 4°C under

gentle agitation, 50 mgf @io Beads were added to the reaction mixture. The sample was
further incubated at 4C ON with gentle agitation. Subsequenthnother batch of 50 mg

Bio Beads was added and the sample was incubated for one more hour as described above.
Finally, theBio Beads were removed from the mixtuaad size exclusion chromatography
(SEC) was performed as a final step of purification amdetmove excess Amphipol

polymer.

Reconstitution into Salipros

This reconstitution method is based on the use of Sapositombination with lipids to
substitute the detergent micelle of solubilized membrane proteins. The method was
developed by Jens &wenfeld, and reconstitution of BetP into Sapdspid-Protein
particles (Salipros), was kindly perfomed by his team (Salipro Biotech AB, Stockholm,
SWE) as a collaboration project. Further information on the reconstitution principle can be
found in the espective publicationf~rauenfeldet al, 2016; Lyonset al, 2017) and is

also discussed iniththesis (V. DISCUSSION.
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Reconstitution into nanodiscs

Reconstitution i nto nanodi scs represents
established for functional and structural investigations of membrateinzaon a defined

lipid environment. Nanodisc particles are composed of the membrane protein itself,
externally added -Helicg imdnsbrane aaaftbld protains (MSBRS) U
surrounding the discs. MSPs are distributed in a variety of lengtlosyirey for the
generation of nanodiscs of defined, different s{Bag/burtet al, 2002; Ritchiest al,, 2009;

Bayburt & Sligar, 2010)In this thesis, the variants MSP1E3D1 and MSP2N2, resulting in
average disciges of ~12 nm and ~18m, respectively, were usethe scaffold proteins

were expressed, purified akohdly provided by Dr. Pia Berlik and Felix Fischer.

The reaction mixture for the formation of nanodiscs comprises the detsajebilized

membrane prein, the MSP and the lipids. The components are always mixed in a pre
defined molar ratipwhich needs to be carefully optimizecheT MSP concentration is

usually definedaé 16, whil e the other components ar ¢
formation of nanodiscs with a molar ratio of 0.3:1:1@08efnbrane protein:MSP:lipids),

1 mg of MSP was used, and the required volumes of concentrated membrane protein and

lipid stock solution were calculated according to their respective concentrations.

For nanodis formation, the determined volumes of membrane protein and lipids were
mixed in a 2 mL reaction vial and incubated for 30 min on ice. Subsequently, MSP was
added and the mixture was incubated for another 10 min on ice. For a gentle, stepwise
removal of tke detergent from the reaction mixtuBip Beadswere added in batches of

20 mg Bio Beads per 1 mL of reaction mixture. The first batch was transferred into the
reaction vial, and the mixture was incubated on a rotary shaker foral 4 °C.
Subsequentlya second batch of Bio Beads was added, followed by incubation ON as
described before. Finally, a third batch of Bio Beads was added and the reaction mixture
was incubated for 1 h as described before. Reconstitution success was first inspected
visually: if foam was still present on the samples, another batch of Bio Beads was added to
remove remnant detergent from the samples. Otherwise, the samples were analyzed and

purified furthervia SEC BIOCHEMICAL AND ANALY TICAL METHODS).
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Reconstitution into SMALPs and DIBMALPs

Styrenemaleic acid (SMA) copolymers represent an alternative membrane protein

reconstitution method offering the advantage of being detengéependent. The

hydrophobic polymers are added directlyttee prepared membranes, and membrane

proteins are solubilized and

reconstituted

into Shpid-particles (SMALPS)

simultaneously. Optional, aliphatic-diobutylenemaleic acid (DIBMA) polymers can be

used, which tolerate a broader spectrum of buffer enments(Vargaset al, 2015;

Oluwoleet al, 2017) An overview of the most important (b)achemical properties of the

polymers used in this thesis is presentetABLE 5.

Table5: Chemical properties of selected SMA and DIBMA polymers

short chemical composition olymer properties
name p poly prop
article average tolerance
. subunit p_ molecular | pH of divalent
polymer subunits . sizes : .
ratio (nm] weight range | cations
[a/mol] [mM]
MA .
S| syrene | styrene, |, 140i13 |~5000 |O 6|5
1:1 maleic acid | maleic acid
SMA | syrene - fstyrene, )50 146713 |~7500 | O 6|5
2:1 maleic acid | maleic acid
di- di- ;
. . 7.3
DIBMA | isobutylene | isobutylene | 1:1 18 ~ 12000 84 35
maleic acid | maleic acid '

For the reconstitution into SMALPs/DIBMALPs, membranes were prepared as ddscribe

in MEMBRANE PROTEIN EXPREESSION AND PURIFICATON. 20% stock solutions of SMA and
DIBMA were prepared in 25 mM TRIS/HCI, 200 mM NacCl; these were diluted further as

required. For smalcale solubilization tests, 5@Q i 1000eL of the membrane sample

were mixed with the respective volume of the polymer solution and incubatedrat

temperatureRT) under gentle agitation for the desired period of time. Subsequently, cell

debris was removeda ultra-centrifugation m a MLA 130 rotor at 70,000 rpm and 15 °C

for 45 min. The supernatants were transferred into a fresh reaction vial; the corresponding

pellets were resuspended in 25 mM TRIS/HCI, 200 mM Na@éstoringthe original

reaction volume. All samples were analgziirther via western blot; samples with a
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sufficient solubilization efficiency could be affinity purified as describetMEMBRANE

PROTEIN EXPRESSION AD PURIFICATION.

Biochemical and analytical methods

Protein concentration determination - Bradford assay

A fast version of the Bradford ass@@radford, 1976was used to check for the presence
of protein during purification and reconstitution experiments. For samples with an
expectedly high protein content, 2 paf the sample were diluted with 4& jof HoOmiii in

a 96 well plate. 150 Iy of Bradford reagent were added. A color change from brown to
blue indicated the presence of protein in the sample. For samples withraekpeeted
protein content, 5 plor 10 L sample volume were used and diluted with 450140 L

of HaOmiii, respectively.

Protein concentration determination- Bicinchoninic acid (BCA) assay

The BCA assayP. K. Smithet al, 1985)was used for an accuratetermination of the

protein concentration of any sample. The assay was performed using the detergent
compatible Thermo Scientifi¥ PiercéM BCA™ Protein assay kit, following the
manufacturerdéds instructions. Inpleblfferiwer, sev
used for each protein sample. The protein concentration was determined as a fourfold
measurement for each dilution. A standard curve (twofold measurement) was performed

for each assay usingovine serum albuminBSA) as protein standard ith known
concentrathn. The assay was pipetted in a 96 well pkate, incubated for 30 min at 3C.

Afterwards, the protein concentration was read out using the Tecan Stimisteument.
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SDSpolyacrylamide gel electrophoresis (PAGE)

Table6: SDS PAGE gel composition

component stacking gel (5.7%) separating gel (12%)
Acrylamide 30% 1.5mL 8.0 mL

stacking gel buffer 1.5mL

separating gel buffer 5mL

H2Omii 4.8 mL 7.0 mL

APS 10% (w/v) 100 ¢L 200 €L
TEMED 10 eL 20 gL
12.0% SDSg el s wer e cast according

t o

t he

components givem TABLE 6 andstored at 4 °C until usage. The gel was inserted to a

Hoefer gel eletrophoresis apparaturkx Laemmli buffer(Laemmli, 1970was added into

the chamber. For preparation of protein samplesSBS loading buffer was added in a

ratio of 1:2 loading bufferprotein sample (to achieve better migration of detergeart/or

lipid-containing membrane giein samples). Samples were mixed thoroughly, incubated

for at least 10 min and spun down in a mini benchtop centrifuge. A suitable amount of the

protein

sampl es

was

applied

t o -stainesel prptenc k et s

standard solubin. Gels were run for 35 min 80 mA (constant) an®00 V. The process

was monitored by judging the separation of thegtaéned protein standard bands; running

time was adjusted accordingly. Subsequently, the gel was removed from the chamber and

either used for western blot analysis (skeelow), or the protein bands were directly

visualized by staining with Coomassie staining solution for 30 min with gentle shaking.

Afterwards, destaining of the gel was achieved by several incubation steps in Coomassie

de-staining solution and finally #Dmii. For documentation, pictures of the gel were taken

with a standard digital camera.

Western blot

For specific detection of tagged proteins, seinyi western blot analysi§rowbin et al,

1979)was performed. First, the samples were separated on a SDS gel as described above.

Prior to blotting, four sheets of Whatman filter paper were soaked in transfer, bo&er

polyvinyl-difluorid (PVDF) blotting membrane (Immobiled@ 0 . 4 5

€ m,

Mer c k

Billerica, USA) wasactivated in methanol. Two sheets of filter paper, the blotting
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membrane, the SDS gel and two more sheets of filter paper were assembledatiitize bl

chamber according to the manufacturero6s i n:
the blotting membrane was performed for 35 min at 25 V and 0.2 A (constant). The
membrane was subsequently subjected to protein deteaiantibodies. Firs a blocking

step was performed with 3% BSA in TBS buffer for 30 min at RT with gentle shaking, to
saturate unspecific binding sites. After three short washing steps (10 min in TBS buffer at
RT, with gentle shaking), th@imary antibody (antStrepTa§ll 1gG1) wasapplied for 30

min (RT, gentle shaking). Excess antibodies were removed by washing as described before,
and the secondary antibodyrapbit antiMouse IgG (whole molecule)alkaline
phosphatagewas applied, again for 30 min (RT, gentle shakiigth antibodies were

used in a 1:5,000 dilutioiThereafter, washing was performed as desdnireviously, and

the tagged protein bands could be visualized. The membrane was developed with a freshly
prepared solution d@0¢ L -Bfm-4-chlor-3-indoxylphosphat (BCIP50 mg/mL in 100%
DimethyHformamide (DMF)) and. 0 O Ni¢rd_blue tetrazolium (NBT50 mg/mL in 70%

DMF), dissolved in 10 mL AP buffer until the bands were clearly visible. The reaction was
stopped by the additioof H-Omiii, and the membrane was washed thoroughly-Qn

to remove residual developing solution. After drying of the membrane between two sheets
of tissue paper, documentation of the tagged protein bands was performed using a standard

digital camera

Blue native PAGE

Blue native PAGE was performed to analyze oligomeric state and native molecular mass
of purified and reconstituted membrane proteins. In contrast teF3XIEE (as described
above), the proteins are separated under native conditionspyheraintaining their

structural and compositional integritgchaeggeet al, 1994; Wittig & Schaeggy, 2009)

Table7: Blue native PAGE gel composition

Component stacking gel (4%) | separating gel (5%) | separating gel (13%)
AB-Mix* 1.2mL 2.1mL 5.5mL

native gel buffer 4 mL 7 mL 7 mL
Glycerol 50% (v/v) 8.4 mL

H2Omi 6.7 mL 11.8 mL ---

APS 10% (w/v) 100 e¢L 100 e¢L 100 e¢L
TEMED 10 €L 10 €L 10 €L

* is prepared separately and stirred thoroughly until completely dissolved
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For native PAGE, gelsT@BLE 7) were prepared directly @ usage and polymerized for

at least 30 min to 1 h. A PerfectBlfetwin L gel casting base was used to cast 5% to 13%
(Acrylamide/Bisacr y| ami de) gradi ent gel s according
using a homanade gradient mixing device (mecheal workshop, University of
Regensburg). After assembly of the gel chamber and mounting of the gel,-/Amate
Cathodebuffer were prepared freshly and poured into the respective reservoirs. Protein
samples were mixed gently withx¥0ative loading buffeand loaded into the gel pockets.

A maximum of 30 e€g of protein could be used.
standard solution were loaded onto the gel as well. Subsequently, the protein samples were
separated by electrophoresis at 300 V amdA (constant) ON for at least 18 under

permanent cooling. Thereafter, the protein bands were stained with Coomassie staining
solution for 30 min while gently shaking, and-stained with Coomassie -g¢aining

solution until clearly visible. A last dstairing step was performed in 28mii. For

documentation, pictures of the gel were taken with a standard digital camera.

Size exclusion chromatography (SEC)

SEC was performed to separate protein samples according to their hydrodynamic volumes

as a final stepf purification, for analytical comparison of samples, and as well as a method

for sample quality control. The respective protein sample was fractionated on a Superose 6
Increase 10/300 GL column connectedatoAKTA ™ purifier system. The AKTAY

system ad the column were washed and-paaiilibrated with the running buffer prior to

the SEC run(s) accor di nTe pratein sdmple was fiterdda ct ur e
through a0 . 2 2 spertmrough filter unit prior to SEC, to remove larger protein
aggregtes.2 00 1480 eL of the protein sample were |
run, depending on the sample concentration. SEC was performed in eithemM25 m
TRISHCI pH 7.5, 100 mM NaCl for cry&M SPA of the dowsnregulated state of BetP,

or in 25 mM TRISHCI pH 7.5, 200 mM NaCl, 300 mM KCI for crygM SPA of the

transition state of BetP. SEC was performed at a flow rate of 0.5 mL/min andrfsact

0.5 mL were collected. A primaryalysis of the resulting SEC profiles wasecutedvith

the correspondintgnicorn software package (GE Healthcare, Chalfont St Giles, UK) for
de-convolution and overlay of chromatograms. For a better comparison of analytical SEC

runs, the chromatograms were normalized to a voidmelypeak retention volume of

8.0mL prior to owerlaying them in Excel (Microsoft Corporation, Redmont, USA).
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ll. 3 Eukaryotic ell culture

Expression of P2 in a stable cell line

For overexpression of wild type (WBG2 in adherentHEK cells, the stable cell line
HEK293S GnTlas used by M. Wilkeand ceworkers was availabl@Vilkeset al, 2017)
Plasmacleaned TC 60 cell culture dishes, supplied with prepared sapphisdsbgdIGH-
PRESSURE FREEZINGFREEZE SUBSTITUTIONAND SECTIONING) were used for cultivation.

A vital, adherent cell culture was split and used for seeding into the prepared dishes to an
initial confluence of at lest 10%. Cells were grown in DMEM/E2 medium (Sigma
Aldrich®, St. Louis, USA), supplemented with 10% fetal bovine serum (FBSY/BL
Blasticidin, 35 g/mL G418andPenSt r ep (55 u/ mL Penicill i n,
Cells were incubated at 37 °C teacha confluenceof 40%; subsequently, protein
expression was induceadia addition of Tetracycline to a final concentratioh3 eg/mL.

After 72h of growth, the cells had reached a confluence of 89086 and were harvested

for further analyses as ded@d below. Norinduced cells were grown simultaneously and

analyzed in the same way as a negative control.

Cell harvesting for tomography

72 h after induction, P@ expressing cells were harvested and prepared for tomography.
Growth of cells on the sappe discs was checked under the light microscope and should
reach at least 80% confluence. Furthermore, the cells should be grown as a monolayer and
not be grown beneath the sapphire discs. Sapphire discs not fulfilling these criteria were
discarded, whé discs considered suitable were placed into the set life cell carriers and
immediately covered with a small volume <L) of cell culture medium to protect the

cells. Subsequently, the sapphire dife cell carrier assembly was subjected to high
pressire freezing (seeHIGH-PRESSURE FREEZING FREEZE SUBSTITUTION AND
SECTIONING). The remaining cells were harvested from the bottom of the cell culture dish
via a sterile cell scraper, transferred into a sterile r@actal, flash frozen and stored-at

20 °C for subsequent western blot analysis to confirm the expressionf PC

S51|Page



Sample preparation for western blot analysis

Frozen cell pellets were thawed anetspended thoroughly in 18Q RIPA-buffer. After

30 min of incubation on ice, cell debris was removedcentrifugation in a benchtop
centrifuge at 4 °C and 14,000 rpm for 10 min. The supernatant was transferred into a fresh
reaction vial, and 26L of 6x SDS loading buffer were ddd to each sample. After a short
time of incubation at RT, the samples could be used for-BBSE as described in

BIOCHEMICAL AND ANALY TICAL METHODS.
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ll. 4 Electron microscopy single particle analysis

SPA albws for the 3Danalysisof isolated, vitrified single particles and the resulting
volumes can be further used for building nremmic models of the respective protein. To
obtain the best resolution possible, the process requires consequent optimizeticuat

experimental steps, as illustrdte FIGURE 14 and explained in the following section.

data collection t>

sample preparation m

data analysis

protein sample cryc-EM Q image
purification screening pre-processing
g
check: check: check: check: 3D classification
bio- negative vitrifi- protein & volume
chemistry staining cation quality reconstruction
v @ 4 @ g validation!
vitrification high resclution model building
data collection & refinement
interpretation
& publication

Figure 14: SPA workflow

The SPA workflow comprises a number of experimental steps that have to be ci
optimized to yield the best possible results. Several procedures have to be iter
repeated, and finally, caful validation is required for a meaningful interpretation of
data.

SPAsample preparation

Preparation of staining solutions

Aqueous solutions oJAc or uranylformate (UFo0) were usefibr negative staining of
protein samples. #miii was prewarmed to 60 °C to improve solulyliof the staining
reagent. UAor UFo powder was added to a final concentration of 2 % (w/v) and dissolved
by gentle stirring. 2 5 drops of acetic acid were @&l to the UAc solution to improve
solubility and stability. 25 drops of SV NaOH were added to UFo solution to increase

the pH. The pH of the staining solutions was checked with pH paper strips and should be
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around 4.0 for UAc and 4.5 falfFo. Readymack solutions were filtered through a 0.2n

syringe filter to remove precipitates and stored at 4 °C in the dark.

Preparation of carbon films

Homemade continuous carbon films were used as sample support for negative staining.
The carbon film was prepardxy thermal evaporation in a ¢&m evaporator. A sheet of

Mica was freshly cleaved with a razor blade to generate two clean and even surfaces. The
Mica sheets werixed on a glass slid&serted to the carbon evaporator and the evaporator
chamber was ecuated. The film was created on the Mica surface by evaporating material
from a carbon rod target atvaltage of 2.6 V. Thehickness of the generated films was
adjusted to 10 15 nm by variation of the evaporation time. The films were left for settling
ON, stored dusprotected and could be used from the next day on to coat grids.

Preparation of carbon-coated grids

Carboncoated grids were used for negative staining of protein samples. A-rhade
floating device was used for coating. Freshly gldiacharged copper grids (400 mesh;
Plano GmbH; Wetzlar, Germany) were lined on a piece of filter paper, placed below water
level (H:Omiii) in the floating device. The prepared carbon film was floated off the Mica
support on the water surface. By lowering weger level, the film was @nly applied to

the grids. @rboncoated grids were baked at 120 °C for at least 3 h.

Negative staining

Negative staining was used for the investigation of protein samples, as it is commonly
accepted as the standard method. prablem of intrinsically low contrast of purified
proteins in the electron microscope is bypassed by enclosing the particles with a thin layer
of a heavy metal salt. This layer of electagnse material around the protein creates an
area of high contrasturrounding the particles, which appear as bright objects on a dark
backgroundBrenner & Horne, 1959)The method was used for quality control of both
protein purification and reconstitution. All staigisolutions were spudown in aabletop

centrifuge at 1®00 rpm for at least 10 min prior toage. For negative staining, 3 joif
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protein sample (concentration: 1@0 mAU according to SEC) were applied on a freshly
glow-discharged, carbon coated grid and incubated fose®80 After adsorption of the

sample to the carbon film, the droplet was gently blotted away with filter paymerthe

edge of the grid. 3 pbf the staining solution were applied immediately as a short washing

step. Again, the droplet was blotted frone thdge of the grid. 3Luof staining solution

were applied and incubated on the grid for 30 sec for staining. The grid was blotted dry

from the bottom and stored in a grid box for further investigation.

Vitrification
Vitrification is considered the statd-the-art preparation method for SPA today and was
established by Nobel laureate Jacques Dubochet awdrdrs in the 1980@ubochetet

al., 1988) For vitrification, the protein solution is applied to a grid, blotted with a filter

paper, and the remaining, thin layer of liquid is frozen rapidly in a cryogen. This results in

the poteins embedded in vitrified, glaBke ice, since the fast freezing process

circumvents the formation of ice crystals in the sample. Artifacts caused by crystalline ice

or the presence of staining agents are thus avoided, and the method is suitatdeto o

high-resolution cryeEM images.

Protein samples fa8PAwere vitrified in a Vitrobot Mark IVor a Leica EM GP plunge
freezing device. The environmental chambers of the instruments weeguilibrated to

4 °C and maximal humidity. Liquid ethanéitde GmbH, Pullach, DEwas prepared

freshly. Quantifoif R 1.2/1.3 or R 2/2 copper grids (400 mesh) were used as sample

support. The grids were plasroleaned for 1 min on each side directly before usage. For

sample preparatiowith the Vitrobot Mark IV, 3%5¢ L of t he sampl e

wer e

holey carbon film on the grid manually. In the case of BetP, a sample concentration of

2,000 mAU after SEC, equivalent to 1 mg/mL, was aspired. Subsequently, blotting and

plungefreezing were performed automatically the machine, without additional wait

time. The blot force was always set to zero. Common blotting times yielding good results

ranged from B sec to 8 sec. With these settings, a rather steep, yet smooth ice thickness

gradient could be reproducibly achesl on the grids, witla sufficient number of holes
covered by very thin, vitrified protein sample suitable for higéolution cryeEM data
coll ection. For wvitrification with the

grid as described before. Orrled blotting &the instrument allowed for use of the blotting
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sensor. Typical blotting times ranged from 2.4 sec ts82 With this approach, grids of
equal ice thickness without a steep thickness gradient could be obtained. The prepared grids

were transferred to @yo-grid box and stored in INuntil further usage.

SPAcryo-EM data acquisition

Negative stain screening

For initial investigation of negatively stained samples, a Phillips CM12 (FEI, Hillsboro,
USA) transmission electron microscope at an acceleratttage of 120 keV was used.
The samples were documented with a skmanchargecoupled devic CCD) -camera
(TVIPS0124, 1kx 1k pixels, TVIPS GmbH, Gauting, DE) at magnifications between
13,00x and 22,008. This setup was used to screen the grids fouitatde particle
concentration and adequate staining quality. The software packadéeBMwas used for

data acquisition.

Negative stain dataset acquisition

A JEM 2100F (JEOL, Tokyo, JPN) transmission electron microscope, operated at 200 keV,
was used forthe acquisition of single particle datasets of negatively stained protein
samples. On average, 20 to 40 micrographs were collected withmglementary metal

oxide semiconductofCMOS) camera (TemCarr416, 4k x 4k pixels TVIPS GmbH,
Gauting,DE) at magriications of 30,000 to 50,00&. Depending on the magnification,

the defocus range was setio0 to-2 . 5 Thersoftware package EMenu was used for

data acquisitionAfter conversion to .mrc image format using EM2EM, the micrographs
were analyzed further using CTFFIND and RELION.

Cryo-EM data acquisition

All high-resolution single particle cryeM datasets were collected with collaboration
partners at different electron microscopes and detectors. Already before the start of this
thesis, Susann Kaltwasser collected Yhkrio vulnificus Stressosome complex dataset
manually at the Ma®lanckInstitute for Biophysics in Frankfurt/Main (Germany). The

SaliproBetP (WT) data were kindly collected fully automated at the-&iybcore facility

56|Page



of the Max Planck Institute for Biochemistry Martinsried (Germany) by Mike Strauss.

The AmphipoiBetP dataset (dowregulated state) collected in the context of this thesis

was automatically collected at the Ruddifchow-Centre at the University of Wirzburg
(Germany) by Bet t iinalg thB 8PA crydEMdatasét®f Amphipal p .  F
reconstituted BetP in the transieattive state was collected in Halle with Panagiotis
Kastritisd group. Detailed information ab
imaging conditions and the most impatarocessing parameters are given in the appendix

(VII. 3 SINGLE PARTICLE DATA ACQUISITION AND PROCESSING PARAMETERS$. Taken

together, these datasets represent the enormous progress irpaitigle cryeEM data

collection, processing and instrumentation in this decade, and highlight its progress and

impact on higkresolution structure determination.

SPAreconstruction validation and interpretation

Analysis of single particle datasets was performed followindptied outline given below,

using the indicated software packages and tools. A more detailed description of the
individual workflows and reconstruction parameters is given in the respective publication
(VIII. PusLIcATION 1) and manuscriptlX. PREPRINT 1) for all significant aspects. An
overview of relevant data acquisition and processing parameters, as well as the validation
statistics, can be found in the appendiXl( 3 SINGLE PARTICLE DATA ACQUISITION AND
PROCESSING PARAMETER). A list of all used software packages, their respective versions
and the corresponding references is presented in the Materials and methods lseation (

OF PROGRAMSAND SOFTWARE).

Pre-processing

Preprocessing of SPA datasets was performed within the RELION framework. After
importing the movies, the movie frames were aligned using MotionCor2:vaeigating

was applid. Subsequently, the contrast transfer function (CTF) was estimated using
CTFFINDA4. Particle coordinates were initially selected manually from a representative
micrograph subset to generate templates for autopiekaZD classificationn RELION.

The bes resulting 2D class averages were then used as templates for refmmeade
autopicking. Incorrectly picked particles, false positives or junk particles were discarded
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during several subsequent rounds of 2D classification. The quality of 2D class average

was judged by the presence of wadifined secondary structure features, and by a good

di stribution of different orientations (06vie
suboptimal classification results or uneeopulated views, referendmsed autopicking

and subsequent 2D classification were repeated until satisfactory results could be obtained.

3D classification, reconstruction and posprocessing

3D reconstruction from the selected subset of particles was performed either in RELION
(V. vulnificusstressosome, BetP) or in cryoSPARC (BetP), based on the obtained results.
3D initial models were always created from the dataset, to optimally represent the
respective sample. To investigate structural heterogeneity in the datasets, 32atiassif

in RELION or parallel abnitio refinement of several models in cryoSPARC were
performed. Particles contributing to lewsolution, featureless classes/volumes were again
discarded. Subsequently, 3D refinements were as well performed in RELION or
cryoSPARC, after a particle subset of sufficient homogeneity was identified. In the case of
symmetric refinements, asymmetric volumes were always obtained as a control for the
selected symmetry. For refinement of BetP, the SIDESPLITTER algorithmviguthe
command line, using the RELION external reconstruction feature) often yielded superior
results e.g. for unordered or flexible regions of the protein. Careful subtraction of the
Amphipol density signal surrounding BetP equally improved the protein démstme
cases. Masks for signal subtraction were created and checked in UCSF Chimera using the
volume eraser and/or Seggédls. As a further control, 2D class averages were created
from the subtracted particles and compared with thesnbtracted one#n addition, maps
generated from subtracted particles were carefully inspected in UCSF Chimera to exclude
artifacts at the protein periphery originating from signal subtraction. Finally; post
processing of the final maps included masking of the solvagibrre and Bfactor
sharpeningThe resulting cry€EM density maps were finally deposited in the electron
microscopy data bank EMDB.
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Validation

Several aspects were considered for validation of the quality of SPA density maps. First,

t he -9 g ah dounedsbell €orrelation (FSC) curve, generated from independently
refined halfmaps of the dataset, was judged by its shape, and the global resolution of the
respective map was obtained according to the FSC = 0.143 criterion. Analysis of the local
resoluton distribution throughout the map was performed based on results generated with
ResMap or the RELION local resolution tool. For an investigation of symmetry
components, Eigenimages were created within the Scipion workflow, as described in
publication 1 ¥I1Il. PuBLICATION 1). However, also a critical visual inspection of the
density map was considered necessary to exclude reconstruction artifacts caused by e.g.

too tight masking during refinement or pgsbcessing.

Objective SPA data comparison

For an objective comparison of two SPA datasets, 2D class averages were created following
an identical data processing strategy. Initigy same number of micrographs was chosen

for each dataset, and approximately eguambers of particles were aypicked in
RELION. 2D class averages were computed separately for the datasets, using identical
extraction and classification parametdiise resulting class averages were sorted according

to the number of particles in the pestive classes for easier comparison. The distribution

of particlesperclass over the whole dataset can be used to compare the individual imaging
conditions. The approach was used to compare Ivearounting imaging mode of the
Falconlll detector, asvell as datasets collected at 200 ke& 300 keV acceleration
voltage.More details, parameters and plots of this analysis are presented in the discussion

of the hesis (V. DISCUSSION.

Model building

Density map obtainedria SPA cryeEM analysis were used to build atomic models of the
respective protein(s). Detailed experimental parameters on modeling and validation can be
found in the respective manuscripX ( PREPRINT 1) and the appendiXM(l. 3 SINGLE

PARTICLE DATA ACQUISITION AND PROCESSINGF’ARAMETERS).
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Model building was performed in COOT. A suitable template was-bgul-fitted into

the cryoEM density map and adjusted maiiy. Lipid molecules were added manually

into unambiguously identified densities and adjusted. Ligand restraint files were created
using eLBOW. Reaspace refinement of the model against the density map was
subsequently performed in Phenix. Several adjastrefinement cycles were performed,

until satisfactory results could be obtained. Statistics and validation parameters are
presented iVIl. 3 SINGLE PARTICLE DATA ACQUISITION AND PROGESSING PARAMETERS

Models that are part of a publication or manuscript were deposited in the PDB database.

Protein interaction network analysis

A protein interaction network analysis was performed to obtain an unbiased, objective
description of the global interactions of amino aesidues and ligands within a structure.
Within the network, each residue is represented by a node, while their interactions are
described by the connecting edges. The interaction network facilitates identification of
functional subd o ma i ns ( 6 hirotdeytoteirs i6 d centain state. Consequently, a
comparison of networks representing different states allows for conclusions about catalytic
or regulatory mechanisms that may otherwise remain speculative. A detailed description of

the experimental paragters is also given itX. PREPRINT1.

Il nteractions within the protein structure Wwe
UCSF Chimera. The resulting lists of interacting residues were imported to Gephi, and
subsequently, a ForceAtlas was applied to the datasets for at least 10,000 iterations. Two

par ameters, namely Obetweenness centralityo
obtained from the interaction network and used for further characterizatioreatitregion

states represented by the respective interaction networks. MCs are defined as groups of
residues and ligands (inter)acting as functionatuleswithin a protein, while BC can be

used as a measure for the glabgbactof the corresponding rekies on the protein. For a

better comparison of two states, ddd@ (r BC) values were determined. Visualization of

the results of the BC and MC analyses was |

function in UCSF Chimera.
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ll. 5Electron microscopy, tomography

Highpressure freezing, freeze substitution and sectioning

Preparation of sapphire discs

1.4mm sapphire discs were used for the cultivation of adheren2d&BGnTI cells for
subsequent higpressure freezing and freeze substitution. Fonabeg the sapphire discs
were placed on aubbergel pad and rinsed with 32% HCI for 10 msubsequently rinsed
with 70% EtOH for 10 min, air dried and autoclaved. For cultivation of the cells, the
sapphire discs were mounted in a 35 mm cell culture ith sterile fetal calf serum
(FC9. After application of a small FCS droplet to the bottom of the cell culture dish, the
disc was placed on top of it with a pair of tweezers and held in placé ®n#n until the
droplet had dried completely. When sélpphire discs were mounted, the cell culture dish

was sterilized for 2 min in a plasma cleaner, and cells were seeded subsequently.

Preparation of pioloform-coated grids

Pioloform-coated copper grids {Far, 150 mesh, Plano GmbH, Wetzlar, DE) were
prepaed for tomgraphy. 1.%6 (w/v) pioloformwere dissolved thoroughly in Chloroform

p. a. An even, thin pioloform film was produced in a hemale device. The solution was
poured into the device, a cleaned glass slide was placed into it and incubated far 30 se
Thereatfter, the pioloform solution was dumpega valve. The film was desiccated for 1
min and then floated on a water Bbidesy Surface in a homeade floating device.
Chloroformcleaned, dried grids were placed onto the floating film. Subsequdatily

grids and film were removed together from the water surface with a sheet of parafilm,

placed into a petri dish, air dried and stored at RT.

High-pressure freezing

To achieve the best ultrastructural preservation possiblephégsure freezing (HB was
used for crysefixation of cells cultivated on sapphire discs. With this method, the
vitrification of thick specimen (up tocseveral hundredum) is rendered possible.
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Consequently, it isuitable for cryefixation of eukaryotic cells without the forrtian of

ice crystals. For HPF, cells weegrown as a monolayer t86% confluence. Cells should

be grown exclusively on the surface of the sapphire disc and welleedhaader the light
microscopealirectly before sample preparati(see alsd&ExPRESSION OFPC-2 IN A STABLE

CELL LINE). Life cell carriers were used as support for the sapphire discs. The life cell
carrier was picked up with the manipulation tool and its surface was moisturized with sterile
FCS. The sappte disc with the cells facing up was placed into the life cell carrier cavity
and covered with sterileell culture mediumThe carrier with the disc was mounted into
the HPF pod with the manipulation tool, the pod was closed carefully and insertdeeinto t
HPF chamber. Subsequently, cifgxation was performed autaatically by the HPF
machineat 2048var and-196°C. The vitrified sample (including sapphire disc and life cell
carrier) was removed from the pod and stonediquid nitrogen (IN) until further

processing.

Preparation of solutions and embedding media for freeze substitutio(FS):
Freezesubstitution solution A & Bdr freezesubstitutionof HPF samplesvere prepared

freshlyprior to substitution.

The Epon™ 812 substitute embedding resimas prepared freshly according to the
manuf act ur e radautlinedirfABLE 8 The firsbtirepoxy resircomponents
(Epo™ 812 substitute,Dodecenylsuccinic anhydride (DDSA) and Methyl nadic
anhydride (MNA)) were weighted and mixed thoroughly, before the final compdhéré
Tris(dimethytaminomethyl)pheno{DMP 30) was addedn patrticular, it was taken care
to mix the components itlhe correctamount andrder, to avoid faulty polymerization or

preciptation of the resin during freeze substitution.

Table8: Embedding resin composition

component amount function
Epon™ 812 substitute 23.0¢g resin
DDSA 14.25¢g hardener
MNA 124¢g hardener
DMP 30 0.75¢ accelerator
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Freeze substution and resin embedding

Automated feeze substitution was performedan AFS2 freeze substitution machit@

process higipressure frozen cell monolayesscording to the protocol summarized in

TaBLE 9. During FS, the water contained in the cellggrmduallyreplaced by a solvent

(Acetone), while a gentle chemical fixation and-bdoc staining are performed

simultaneously. Subsequently, the substitution cocktail is exchanggdirbyAcetone.

During this procedre, the sample temperature is shgpsteprampedrom -196 °C to RT.

Lastly, the solvent is incrementally replaced by an epoxy resin, which is finally
polymerized. Since enbloc staining and chemical fixation are performed at low

temperatures, freeze siltution generally results in a superior ultrastructural preservation

in comparison to conventional methods.

Table9: Freeze substitution protocol

temperature step solution incubation time(s)
-140 °C stepwise substitutiol substitution solution A or B 1 x 30 min
-140 °C t0-90 °C | of intracellular HO, | substitution solution Aorf 1 x 3 h
-90 °C mild chemical fixa | substitution solution AorB 1 x4 h
-90 °Cto-60 °C |tion and erbloc | substitutionsolution A or B| 1 x 3h

-60 °C staining substitution solution AorH 1 x4 h
-60 °C t0-30 °C substitution solution Aor B 1 x 3 h
-30 °C substitution solution Aor B 1 x4 h
-30°Cto0°C substitution solution Aor B 1 x 3 h
0°C substitution solution Aor § 1 x 3 h
0°C removal of substitu| Acetone p. a. 2 x10 min
0°Cto4°C tion solution Acetone p. a. 1 x 20 min
4°Cto25°C removal of Acetong Acetone fesin2 + 1 1x1h
25°C and stepwise infil| Acetone fesin2 + 1 1x1h

25 °C tration with Eport™ | Acetone fesinl + 1 1x2h

25 °C 812 substitute em Acetone fesinl + 2 1x16h
30 °C bedding resin resin(fresh) 1x2h

60 °C resin polymerization | resin 1x2d
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Sectioning

Sections of different thickness were produced for different purptea:-thin (50 nm)
sections were used for sample quality screerilingn sections with a thickness between
200 and 400 nm were used for TEbmMography. For STEM tomography, thick sections

of 800 to 1000 nm areonsideredappropriatePrior to sectioning, the goldarriers and
sapphire discs were removed thoroughly by alternatingly plunging the resin blocks into hot
water (60 °C) and I until the carriers and sapphire disteppedoff the resin blocks
Subsequently e block face was trimmed with a razor blaieobtain a trapezoidaloss
sectionshape required to achieve a ribbon of sections. Subsequently, sectioning was
performed on multramicrotome with a histo (thin and thick sections) or ultra 35° (ultra
thin sections) diamond knife (Diatome Ltd, Nid&H). The sections were picked up from

the water surface with an «aoated Cu slot grid, and transferred to a piolofaoated grid.

After blotting dry, the sections and grids were visually inspected under a binocular, and

intact grids with weHlcentered ections were stored in a grid box until further use.

Preparation of sections for tomography

Prior to data collection, the sections on the piolofaoated grids needed to be prepared
for tomography as described in the followikgr TEM tomography, fiduel markers were
applied onto the 200 nm or 400 nm sections. 15 nm protein A golddldiytlniversity of
Utrecht, NL)were used in a dilution of 1:40 (v/v) in@miii. The stock solution was diluted
freshly before useThe dilution was vortexed thorghly to reduce aggregation of the
fiducial markers. 10 u droplets of the fiducial solution were placed on a sheet of parafilm.
For washing steps, droplets of®hiii were placed as well'o applythe gold markers to

the section, the grid was placed on tdphe fiducial droplet and incubated for 4 min.
Afterwards, the grid was incubated briefly on a drop #Dkii for washing. Three washing
steps were performed, and the grid was finally blotted dry. In this manner, fiducial markers
were applied to both des of the grid subsequently, and the grid was stored in a grid box

until further use.

For STEM tomography, fiducial markers were applied to the 800 nm sections as described
above. Subsequently, a thin layer of carbon was evaporated onto the sectioeyabege
conductive surface required for the scanning electron beam. The grid was placed on a

rubber foam surface and inserted into the carbon evaporator. A thin carbon fiin3 oh2
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thickness wagvaporatednto the grid and section surfagea thermalevaporation. The

grids were stored in a grid box until further use. Directly before mounting of the grid into

the TEM sample holder, the grid surface was gentyareéd by glow discharging in a
plasmat eaner f or 30 sec i n gnglam cantanoinationssweingt i n g,

data collection.

Tomogrgphy data collection

TEM -tomography

Conventional TEM tomography was used for an initial investigation of thin sections of
high-pressure frozen, freeze substituted HEK293S Gedlls to judge the ultsructural
preservation of cells after sample preparation, and to identify putatively interesting regions

for STEM tomography on subsequent, thicker sections.

Tomograms were collected on a JEM 2100F (JEOL, Tokyo, JPN) transmission electron
microscope, opated at 200 keV with a CMOS camera (Tem&&4i6,4k x 4k pixels
TVIPS GmbH,Gauting,DE). For tilt series collection, laigh tilt holder tip was used.

Table10: TEM tomography tilt scheme

purpose tasks acquisition scheme
_ _ focusing _
series 1 | walking up _ 0° to +66° 5°increment
tracking

+66° to +60°| 0.9° increment

+60° to +12°| Z continuously increasing increme

data focusing +12° to-15° | 2.0° increment
series 2 o tracking - _ _
acquisition Z continuously decreasing
exposure -15° to-61°

increment

-61° t0-66° | 0.9° increment

_ walking focusing ,
series 3 ) -66° to 0° 5° increment
down tracking

Since plastic sections shrink subgtally during data collectionLuther, 2006) the

sampleswereprex posed to the electron beam for s
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TEM alignments included eucentric height, high tensienter and astigmatism
corrections. Subsequently, singlgis tilt series were acquired automatically from +66° to
-66° according to a modified Saxton tilt sche(Baxtonet al, 1984)specified h TABLE

10 using EMTools. Tracking and focusing were performed outside the region of interest
(ROI).

STEM-tomography

STEMtomograhy, in comparison to conventional TEM tomography, offers the advantage
of a much hgher depth of focus originating from the different image formation in STEM
mode. This allows for the investigation of ticker samples, which ultimately results in a
much larger cellular volumi® be reconstructeand a better resolution in the Z direction
The collection of duabxis tomograms reduces the missing wedge artifact in the

reconstructed volume, and thus leads to a superior resolution isotropy.

STEM microscopy was performed on a JEM 2100F (JEOL, Tokyo, JPN) electron
microscope equipped with bothbaight field (BF) and a dark field (DF) STEM detector.

For the collection of duadxis STEM tomograms, llodel 2040 DualAxis Tomography
holder Eischione Instruments Inc.,Export, USA) was usedBeam showering was
performed as described aboviéhe STEM leam (diameter: 1.5 nmyvas alignedvia a
Ronchigramgenerated on the sample support filncamera length of 20 cm was used,
and a 2Cem condensor lens (CL) aperture was inserted and centgogh BF and DF
images were collected simultaneously; brightnasd contrast were optimized for BF
imaging.Tilt series wer@ecordedautomatically from +66° te66° according ta modified
Saxtontilt scheme(Saxtonet al, 1984) presented inTABLE 11 using the EMTools
software package. Eucentric height was adjusted once prior to start data acquisition. After
collection of the first tilt series, the sample was rotated in the holder by 90°. Subsequently,

a second tilseries was acquired as described befanm fthe sam&Ol.
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Tablell: STEM tomography tilt scheme

purpose tasks acquisition scheme
_ _ focusing _
series 1 walking up ) 0° to +66° 5° increment
tracking

+66° to +58°| 1.0° increment

+58° to +15° | continuously increasing increment

data focusing +15° to-15° | 2.0° increment

series 2 o tracking
acquisition _ o

exposure | -15°to-58° | continuously decreasing incremen
-58° t0-66° | 1.0° increment
_ walking focusing _

series 3 ) -66° to 0° 5° increment

down tracking

Tomogran reconstruction and visualization

Tomogram reconstruction

TEM and STEM tomograms were reconstructed in IMOD, following the inherent
processing pipelinePrior to processing, the single images were inspected visually, and
images featuring suverage contrast or other anomalies oftentimes present at high tilt
angles were discardeBreprocessing includetdinning,the generation of an image stack
and the removal of Xays and similar artifacts. Subsequently, the single imiaghs stack
were aligned coarsely by cressrrelation. Fine tuning of the alignment required a fiducial
model It turned out that manual generation and optimization of the fiducial model yielded
superior resultshanautomatically generated models. &gkt 15 fiducial markers were
selected from each side of the section, which should be easy to follow throughout the whole
tilt series Fine alignment of the images was then performed iteratively, by manually
correcting the positioning of the fiducial markeuntil all remaining residuals had been
resolved. Distortions were removed during later iterations of fine alignment The c a |
Alignmend option (using &2 or X3 patches) often resulted in better overall fine
alignmentsThe aligned stack was subsenqte cropped, to optimally fit the ROI into the
smallest 3D volume possible. Gold fiducials were removed usingy BalEraseboption.

Subsequentlythe tomogram was reconstructed from the aligned image stack; using a
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Simultaneous lterative ReconstructibechniqugSIRT) -like filter oftentimes yielded the

best resultsFor duataxis tomograms, both tomograms were reconstructed following the

procedure described above, and subsequently
option. Alignment of the twootmogr ams usually worked best fc
patch fittingd method. Finally, the tomogran

Tomogram segmentation and visualization

For threshold based segmentation of tomograms, the program SeggeR as part of the
software packagy UCSF Chimera was used. The reconstructed tomogram in .mrc format

was imported into Chimera, scaledddy and binned by a factor of
Filterd options. The oO6Volume Viewerdé was ut.i
a surfaceThe shown histogram was used to find a suitable threshold for later segmentation.

Special attention was paid to appropriate appearance of the membranes. To remove residual
noise from the tomogr am, the OHIi de Dustodé to
used for automated, threshold based segmentation of the volume into segments or regions.

Two or three smoothing steps were performed,\arg smallregions(< 5 to 30 voxels

were removed. The resulting segmentation dataset was analyzed and refindtymfdhua
regions belonging to one cellular organell e
was used to improve the quality of inaccurately segmented regions. By this procedure, one
separate volume was obtained for each organelle or cellular compd@hentumerous

Chimera surface and volume rendering options were then used for final visualization,

creation of figures and making movies of the tomograms.
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[1l. Results

[1l. 1 Publication 1

TheVibrio vulnificusstressosome: an oxygegensor involvedn iron metabolism

regulation

The scope of is publication is to provide a globahderstanding of th&. vulnificus
minimal stressosome complex. To this end, daiver phylogenetic, biochemical,
physiological andfor the first time, also structural @afor a grammegative Bacterium.

These enable us to shed light on the versatile role of the stressosome complex from different
perspectives, and allow us to draw mechanistic conclusions about the stressosome

mediated stress response in a human pathogen.

In particular, we were able to pinpoint a number of significant differences af W&o
gramnegativeV. vulnificus stressosome in comparison to its grpositive counterparts.

A majority of these differences could be attributed to the unoqueplexasembly and
architectureOur structural analyseducidatedhe stoichiometry of the complex, which is
different from the one described for granusitive stressosomes. The concomitant degree
of flexibility, originating from a symmetry break in the complessambly requires a
different mechanism dftresssensing and signal transduction, which we propose.

My personal contribution was the analysis and interpretation of the structural data. The
intermediateresolution structures that could be obtained are wipewable quality with the

first structure provided for the grapositive B. subtilisstressosomesand thus of high
value for a profound comparison of the two complekestherconsiderations on the data
processing strategy, observed difficulties and kmions can be found in the Discussion
part (V. DiscussioN of this thesis and in the publicatiol{l. PUBLICATION 1) itself.

The obtained insights gained here were alstrumental for structure determination of the

L. innocuastressosome complex, published in the partner manu@diksys et al, 2022)
Moreover, | was significantly involved in drafting and writing thanuscriptas well as in
interpretation of the phylogenetic, biochemical and physiological data in the structural
context, as stated in the publication/ aut h
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1. 2 Preprint 1

Osmotic stress response in BetP: How lipids and t&am up to overcome

downregulation

Within this project we investigate fundamental aspects of osmostress regulation by the
secondary active transporter BetROarynebacteriunglutamicum Here,we were able to

provide for the first time higiesolution structural data on the dovagulated state, as well

as on a transient active state, of BetP. Supported by FTIR and FRET data, these structures
enabled us to suggest a detailed regulation mechab@sed on a precispecificationof

the respectivenembrane stimulus the context of structural information.

Within the cryeoEM structure of dowsregulated BetP, some unique features could be
identified, namely: a true, threefold symmetry along wisigaificantly altered orientation
anddifferentcytoplasmic interaction network of the ostsensory Gterminal domain; the
presence of Cardiolipin molecules at regulatory lipid binding sites; and a so far undescribed
conformation of the Glycinstretch.The asymmetric structure of the transiantive state
represents an intermediate between the deegnlated and crystal reictures of up
regulated statesFTIR and FRETanalysescontributed a dynamic perspective to the
structural data and allowed us to paint the underlying regulatory mechanidmasedon

unfolding and reorganizaion of the Gterminal domains.

For thisstudy, | was able to contribute the crEM analyses of the dowregulated and
transient active states of BetP, representing the foumdaimo our mechanistic
interpretation This comprises all required steps, namely protein expression, purification
and reconstitution, quality control and crlgd! analysis. Notably, | succeeded in
establishing all aspects of SPA cfgd analysis in our groypincluding sample
preparation and screening, but also data analysis and interpretation. Thus, it was a great
pleasure for me to also draft, write and illustrate the resulting manuscript. Further
considerations, such as a comparison of different recaimtitmnethods or on the different

types of electron microscopes used throughout the study can also be fourtisnubksio

(IV. DiscussioN of this thesis. Experimental details are presented in the manusXript (

PREPRINT1).
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lll. 3 Manuscript1

Application of STEM tomography to investigatensoth ER morphology under

stress conditions

In this study, we investigate the applicability of daals STEM tomography to depidER
morphotypes induced under stress conditions in HEK atlshigh resolution and in their
natural cellular environmenin a previous study, we were able to document the formation
of crystalloidER upon oveexpressionof PG2 in HEK cells via focusedion beam
scanning electron microscopy (FEEM) analysigWilkeset al, 2017) However, tracing

the single ER membranes was nosgible in this dataset. In the present study, we aimed
to elucidate the crystalloiBR membrane architecture by using STEM tomography, which
allows the investigation of comparably large cellular-galumes at a resoluticsufficient

to resolve single mennanes.

Notably, we succeeded not only in describing the crystafBtdmorphology, but also
detected ER whorlaithin the cells, which have not been described before for this sample.
These findings allowed us to describe a diverse and highly dynamiihitacinteraction
network for the differenOSER morphotypes, highlighting the cells ability to adeyetir
metabolism to the respective stress condititmportantly duataxis STEM tomography
proofed suitable to examine the organellar membrane astimgéeat an unprecedented level

of detail in the natural cellular context.

The workflow of sample preparation (cell culture, high preséneezing and freeze
substitution, sectionirjgdata recordingndtomogram reconstructias well established at

the University of Regensbur@Rachelet al, 2020) Additionally, | evaluated multiple

options for tomogram visualizaton ( 6 segment at i obaged programm t h t I
60SeggeRO avEnninglagproacka (see AISOMOGRAM RECONSTRUCTION AND
VISUALIZATION ). Thus, | was able to perform all parts of the experiment by myself,
realizing an efficient sample and data processing procedure, which also extends to
interpretation of the data and drafting of tlespectivemanuscript (seX. MANUSCRIPT

1). An experimental overview is also pretsh in Il. 5 ELECTRON MICROSCOPY

TOMOGRAPHY.
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V. Discussion

IVV. 1Electron microscopy from 2D to 3D

The principle of3D reconstruction
of objects from a series of ME
projection images was established
alread in 1968 by David J. De
Rosier and Aaron KlugDe Rosier
& Klug, 1968) They reasoned that
different orientations of multiple

copies of a protein are present in

TEM micrographs of helical

Figure 15 first 3D reconstruction from a TE symmetric objects. Fourier
micrograph

transformation of these projection
a) TEM image of an negatively stained bacteriophage T: . . .
b) Balsa wood model of the 3D reconsttion of the phag 1Mages results in a set of Fourier

tail presented in a. Reproduced frafpe Rosier & Klug, 196 coefficients that can be used to

reconstruct the symmetric 3D objedt subsequent Fourier synthesis. They applied this
procedure to an electron micrograph of a negatively stained bacteriophage T4 tail and
solved the streture of the extended phage tail from this Erejectron micrograph to 3%

(FIGURE 15), taking advantage of the high symmetry of the particle. In addition, they
reasoned that the procedure would be applicabbetalasymmetric objects by collecting a

series of systematically tilted imageshis approach is known as electron tomography at
present. Alternatively, they suggested to investigate multiple copies of the same
asymmetric protein in random orientationde t er mi ne t he [é@isgrMees of
form of refinement processo and to wabt ain
Fourier synthesiéDe Rosier & Klug, 1968 this strategy is applied during single particle
cryo-EM reconstructin of potein structures todajgoth mehods have been successfully
apdied in this thesis to address diverse biological questions and wiisbessedn more

detail in the following.
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As introducedabove, both electron tomography and single particle recotistnaffer the
possibility to obtain threedimensional information from 2D micrographs. There are,
however, significant differences with respecttéghnical aspects, sampled objects and
achievableesolutionandinformationcontent Both approaches wereccessfully applied

in the course of this thesis to address a variety of scientific quesiiBAscould be used

to gain insights int@roteincomplex symmetry and stoichiomefiiyi. 1 PUBLICATION 1),

as well as ito a yet unidentified regulatory transporter st@td. 2 PREPRINT 1),
respectively. Electron tomography, on the other hand, helped to reveal the complex
interaction network and proliferation of an organelle imé@sve,cellular backgroundii].

3 MANUSCRIPT1). Thus, alongside the biologicaisightspresented and discussedthe
respective publicatiorMl1l. PUBLICATION 1), pregint (IX. PREPRINT 1) andmanuscript

(X. MANUSCRIPT 1), it is now possible to also provide a more technical comparison of
selectedaspects of sample preparation, data adiprisand data analysis required the

two approaches Discussing these considerations iis turn deemedbeneficial for

subsequerdtructural biological experiments using electron microscopy.
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V. 2Samples and sample preparation

Biological samples natally occur in a large variation of sizes, ranging from several
centimetersn eukaryotic organs or tissuesdaly a fewnanometersn isolated proteins.
Imaging of such objects in an electron microscope, howeawaplies a number of
constraintdo be cosidered.The mean free path of electrons is limited to 350 nm at an
acceleration voltage of 300 k€@Grimmet al, 1998) which in turn restrits the maximum
sample diameter to abouteln in cryo-EM (BenHarushet al, 2010) Consequently,
purified protein samples for SPAar be vitrifiedvia plunge freezingDubochetet al,
1982; Adrianet al, 1984)and imaged right away, while more complex procedures are
required to preare larger specimen for electroncroscopyAs an example, higipressure
freezing, freeze substitution and section{bghl & Staehelin, 1989; Studet al, 2001;
Rachelet al, 2010; Waltheret al, 2013; Villingeret al, 2014)as described irl. 5
ELECTRON MICROSCOPYT TOMOGRAPHY were necessary to be able to visualize the
crystalloidER and whorl structures within HEK cells (see akoMANUSCRIPT 1).
However, loth preparatn techniques plunge freezing and higpressure freezing
follow the same rationale: avoiding the destructive formation of crystallineiacepid
sample vitrification While this can be achievelelyby fast plungdreezingin a suitable
cryogenfor the very thin SPA samples, the additional application of high pressure is
required for thicker bulk specimen typically used in cellular electron tomogr&pgly.
pressurdreezing andubsequerfreeze substitution of eukaryotic cell cultures and tissues
is a wellestablished sample preparation method at the Centre for Electron Microscopy /
University of Regensbur(Rachelet al, 2010) Sample preparation and vitrificatiaf
isolated proteins for SPA cryleM structure determinatiormn the other hand, had to be
established in the course of ghthesis andvill thus be discussed in more detal the

following.

Protein purification and reconstitution are considered key factors to obtain meaningful,
high-resolution membrane protein wttures, and successful vitrification turn, largely
dependson sample qualityLyumkis, 2019; Wu & Lander, 2020bJo retain membrane
proteins in a clos#o-native state, a number of membrane mimicking systems were
introduced in the past years as replacements for the commonly used detergents.

Consequently, a selection of diffetegystems was tested in tbentextof this thesis with
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the aim tadentify the most suitable one for SPA cfad structure determination of BetP.
A schematic overview of these methods is presentBesivRE 16, andthe most important

features arériefly summarized imABLE 12.

Table12: Membrane mimicking system characteristics

detergent | lipid origin scaffold particle shape
SMA /DIBMA | no endogeneus | polymer irregular
Amphipol yes endogeneous polymer irregular
Salipro yes external protein irregular
Nanodiscs yes external protein circular

One of the most recently introduced methods is simultaneous solubilization and
reconstitutionof membrae proteins byhydrophobicstyrenemaleic acid (SMA) or di
isobutylenemaleic acid (DIBMA)polymers FIGURE 16a) (Dorr et al, 2014; Dorret al,
2015; Jamshast al, 2015;Leeet al, 2016; Oluwoleet al, 2017; Pollocket al, 2017)
This method offers the advantages of being detetigelependent and retaining the protein
in the endogeneousnembraneenvironment highlighted by the3.2 A SPA crycEM
structure of AcrB in & natural lipid bilaye(Qiu et al, 2018) Consequently, &arety of
polymers was tested for BetP, to fully exploit ith@ifferent chemical properties
(summarized INTABLE 5, RECONSTITUTION INTO MEMBRANE-MIMICKING SYSTEMS).
While sufficient solubilizationconditions could be established for all polymérsgLE 13,

VII. 1 SMA AND DIBMA SOLUBILIZATION PARAMETERS, subsequent affinity
purification was nosuccessflifor any of the tested conditions. One possible explanation
could be a putative inaccessibility of thet&minal StrepHtag in its native lipid
environment However, since the f&rminal domain is not resolved in the SPA cBM
structure, thidqwypothesiscannot be elaborated on furth€onsequentlySMA or DIBMA
polymers areconsiderednot suitable forsolubilization, reconstitution and affinity

purificationof BetP.

Il n contrast t o bbamedifromihe SMAand DBKMA gblynsersal 0
other tested methods are based on detegggubilized protein. In 2016, the Saposin

lipoprotein (Salipro) technology was introdudgatauenfeldet al, 2016) In this method,
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Figure 16: Membrane protein reconstitution methods

Schematic overview of membrane protein reconstitution methods assessed for BetP. a) Siowd
solubilization and reconstitution into SMA / DIBMA polymers. b) Reconstitution into Amphipo
detergent solubilization. c) Detergent solubilization with subsequent reconstitution into Salgticles
d) Reconstitution into nanodiscs after degeemt solubilization.

detergenssolubilized membrane proteins are reconstituted and stabilized using a
scaffolding protein (Saposin A) in combination wékternal lipids, accordingly forming
the Salipreparticles(FIGURE 16c) (Frauenfelcet al, 2016; Lyonst al, 2017) The methd
thus comes with the advantage of a wzseEmtrolled lipid environment, which as
considered of greamnierest to study lipidlependentegulation in BetP. BetSalipro
particles were kindly provided by the group of J. Frauenfeld in a collaboration mogbct
analyzedvia negative stain and cry&M. While negative stainingemonstrated evidence
for a monodisperse sample, the particles severely suffered from preferredtiornema
cryo-EM (FIGURE 20, VII. 2 CRYO-EM OF BETP RECONSTITUTED INTOSALIPROS). 2D
class averages revealed the presence of triangiiggred particles representing the BetP
trimer in a topdown projection. The particles featured great level of detailsandndary

structure elements were clearly visible. Tilted or side views, however, were entirely absent
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in the dataset, which in turn impeded 3D analygigortunately, due to the limited amount
of sample available, screening and optimization of vitrificatparameters were not
possible.Thus, other reconstitution options were explored for SPA-Eiyostructure

determination.

Nanodiscs with a usetefined lipid environment can also be formed usingcated
membrane scaffold proteins (MSPs), resulting ilcutar nanodiscs of different sizes
(FIGURE 16d) (Bayburtet al, 2002; Bayburt & Sligar, 2003; Deniset al, 2004; Ritchie

et al, 2009; Bayburt & Sligar, 20107 his classic reconstitution method is well established

in the field and has yielded a large number of Higgolution SPA crydeM membrane
protein structures, pioneered\mriousstructures from members of the Techannefamily
(Shenet al, 2016; Q. Chert al, 2017; Gucet al, 2017; Jinet al, 2017; Autzeret al,

2018) Consequently, BetP was reconstituted into nanodiscsaghtrescence binding
assaypointed towards an active protein sam@k. PREPRINT1). However, the presence

of a subpopulation of empty nanodisc particles in the sample could not be excluded with
the available biochemical toolsloreover, successful particle alignment during SPA data
processing dependen the presence of a pronounced cytoplasmic protein domain
protruding from the niformly shaped nanodisc densityhich is not the case for BetP.
This problem was also faced in a collaboration project, where binding of a megabody to
the nanodisembeddednembrane protein was found to be necessary for successful SPA
cryo-EM structure determination. However, the obtained resolution was lirbitdte
angular accuracy during reconstruction, caused presumably by small variations in
megabody bindingn that staly (M. F. Reteret al, 2022) Reconstitutionof BetP into
nanodiscs was thus not pursdecdherfor SPA crycEM structure determination.

Coming back to a polymédrased reconstitution method, Amphipol-88 was considered

as a potentially suitable membrane mimiok BetP. The method is based on detergent
solubilization of the membrane protein and subsequent replacement of the detergent by the
Amphipol polymer, without the addition of external lipideQURE 16b) (Tribet et al,

1996; Popott al, 2003; Popoet al, 2011; Zoonens & Popot, 2014; Zoonensl, 2014;

Le Bonet al, 2018) This, in turn, implies that all lipids resolved in a potential SPA-cryo

EM structure must have ee copurified with the protein, and are consequently essential

for protein stability and / or function. Indeed, a number of POPG lipids have been resolved
in crystal structure PDED 4C7R, proving that a epurification of BetP witrendogenous

lipids is possible(Koshyet al, 2013) Another advantage of the Amphipol polymer is its
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negative charge, which was consiet to be an appropriate mimic of the uncommon,
negatively charge@. glutamicummembrangHoischen & Kraemer, 1990; Schillet al,
2006) A reconstitution protocol could be successfully established, and two SPARKtyo
structures in the absence and presence*afokild be solved subsequentlgcluding the

first structure for the fully dowanegulated statéfurther discussed ifX . PREPRINT1).

Undoubtedly, the success of SPA ciighl structure determination highly depends on the
guality of the protein sample. This is all the more the case for membrane proteins, whose
structural integrity andfunctional properties are strongly dependent on proper
reconstitutionThus, chemical properties of the selected scaffold needdorisederedvith
greatcare, as well as additional components such as detergents or lipids. Mpthever
comparison of reanstitution methods presented above also highlights the necessity to
evaluateechnical aspects, such @®ferred orientation or particle alignment issues. Only
the optimal combination of all available options may eventually result in a biologically

meanngful structure.

In the case of BetP, Amphipol A#b turned out to be the best membrammic available.

As discussed abovdiversetechnical difficulties hindered SPA structure determinaiton
SMALPSs, Salipros or for anodiseembedded BetPOn the otherside, the negatively
charged Amphipol polymer was shown to be an excellent system to mimic the unusual
C. glutamicummembrandipid composition(see alsdX. PREPRINT1). It should also be
pointed out here that tifanctionality of BetP inAmphipol A8-35 was demonstrateda
Tryptophane fluorescenaaeasurementdn combination with FTIRand MD simulation

data, this integrative structural biology approach finally allowed us to suggest, for the first
time, a regulatin mechanism for BetP based on the SPA -l structure of the fully
downregulated statglX. PREPRINT 1). In conclusion, comprehensive screening for
suitable reconstitution systems is considered a prerequisiesimbrangorotein structure
determination, and the combination of structural and functional data ultimately allows to

elucidate molecular mechanisms at atomic resolution.

79|Page



V. 3Imagingin TEMvs. STEMmMode

When investigating stregelated topics in &iaryotes, it is oftentimes required to examine

not only a single organelle but its whole cellular environment, since stress is a multi
faceted, globastimulusimpacting theentireorganismElectron microscopy has been used

for this purpose for a long tie due to its superior ability to depict morphologidatails

at highresolution Significant drawbacks, howeveran beposed by technical limitations
restricting the achievable information content of a micrograph or dataset. Oftentimes, these
aredeterninedby the size of biological objects, exceedingsbenpledimensions that can

be imaged. Consequently, a number of strategies has been developed in biological electron

microscopy in the past to overcome these hurdles

To circumventthe problem of sampléhickness,focused ion beam scanning electron
microscopy FIB-SEM) can be usedVillinger et al, 2012; Narayanet al, 2014,
Kizilyaprak et al, 2018; Luckner & Wanner, 2018)n this approach, the sample is
comnonly embedded in a resin blodisee alsoHIGH-PRESSURE FREEZING FREEZE
SUBSTITUTION AND SECTIONING), which is repeatedly milled by the FIB beam and imaged
via SEM layer by layer Thus, subsequent micrographs of saenple can be recorded and
stacked, to finally reconstruct, e.g., whole cells. However, since the method is destructive,
every sample region can becordedonly a single time, whicin turnlimits the screening
procedurgWaltheret al,, 2018) Nevertheless, FEBEM has become increasingly p¢gou
since it providesa uniquepossibility of imaging largespecimen.Areas between 200
40em? and severam in depthcan be observed in a single dataset. The respective field of
view (FOV), however, must be chosen from the first imaged layer(s). Thus, identifying
smaller ROIs buried in the bulk samgigor to data collectiofi such as crysthdid-ER

and ER whorlsnvestigated irK. MANUSCRIPT1 T can bdlifficult usingthestandard FIB

SEM approadb. In our previous study, FESEM was successfully applied to monitor the
formation of crystalloieER in HEK cells upon oveexpression of P, making use of the
techniquebds power 3D (Wikesetalg20l7)Wuetdthe lageEOM s i n
and comparably low magnificatipimowever, it was not possible tacethe organelles
complex,membranous network forming the crystall&® in this study. Moreover, the
maximum resolution that can be achieved inH4SIBM experiments is teclually limited

in the Zdimension by the layghicknessof the milling FIB beam, which is commonly in

the range oflown to5 nm(Rachelet al, 2020)
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Thus, in the present studiX.(MANUSCRIPT1) BF STEM tomography was selected as a

method to image a comparably large cellular-golume at a resolution high enough to

unambigiously depict the membrane architecture of the SER morphotypes oca#ting

after overexpression of P@. This approach was pioneered already in 2009, in a study

visualizing malaria parasites within human erythrocytéshmannMarriott et al, 2009)

only two years aftesuperio contrast andignatto-noise ratidSNR) in STEM tomography

in comparison torEM tomographyhad been demonstratédakushevskaet al, 2007)

Due to the different mod®f image formation and tredteredelectron opticgonfiguration

of the respective electron microscopes, STEM tomography offers the possibility to

investigatesamples with a thickness up to 1em, aboutthree times thicker thaim the

classical TEM tomography approa¢riakushevskaet al, 2007; Aoyameet al, 2008;

HohmannMarriott et al, 2009; Sousat al, 2011; Wolfet al, 2018) The advantages of

STEM tomography for 3D analysis of intracellular, tubular netwarks applied in our

own present study have consequently beexploredfurther by P. Walther and co
workers, who demonstratedthe

' FEG ' applicability of the method to &¢m

sectims not only at 30 keV, but

also at 200 keV(Walther et al,

2018)

CL system { _ A comparson of the ray diagrams
for STEM and phase contrast TEM
imaging is presented AIGURE 17.

sample

Since the electron signal is
collected onBF or DF STEM

detectors, image forming lenses

1o below the sampleplane are not

detector required for STEM imaging
Figure 17: Ray diagrams for STEM and TEM imaging €liminating thedeleterous effects

Left:In STEM mode, the electron beam is focused in the s¢ of chromatic aberration on image
planeto asemD2 Yy SSNHSyY OS | yEOMExelh) formation and SNR(Hohmann
LAWEStd 9f SOUNRY A g A0K I

collected on the BF detector, electrons with a larger scattc Marriott et al, 2009; Sousat al,
ande contributeto the DF image. Right phase contrast TE! .

the CL system is used to form a parallel elctron b 2011; Villinger et al, 2012;

illuminating the wholeFOV The image is magnified & \1-Bride et al.. 2018: Wolfet al
projected onto a CCD 3 1 "
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2018; Rachekt al, 2020) In contrast to the wide, coherent electron beam required for
high-resolution,phase contrasiEM imaging(FIGURE 17, right), theconvergenglectron

beam in STEMmicroscopy is focused in a smallobespot, scanning thEOV (FIGURE

17, left). STEM imaging is thus an incoherent process, and consequently less compromised
by inelastic scattering even(®Volf et al, 2018) The same time, both elastically and
inelastically scattered electronan berecorded on the STEM thetols); thus, in STEM
imaging, they botlpotentiallycontribute to the signgRachelet al, 2020) Moreover,due

to the very smalsemic o n v e r g e nof the STEVbeaa(l -2 mragd, the depth of

field along the Zdimension can be substantially increas@busaet al, 2011)
ConsequentlySTEM imaging benefits from a much higher depth of focus in compariso

to the classical TEM approacfThis is highly beneficial especially for tomogram
acquisition, since the effective sample thickness increases steadily at higher tilt angles.
Considering these technical and methodologichlantagesit was assumed that STEM
tomography would be a suitable method to analyzedhglexmembrane architecture of

SERmorphotypes within a large cellular volume in the context of our current study.

Both the TEM and STEM tomography approach s
Since the sample cannot be tilted up to #@8,reconstructed tomograms lack information

in the X-Y plane andundergoartificial featureextensionin the Z dimensionThis effect

was shown to be especially pronounced in elongated objects and membranes oriented
perpendicular to the tilt axi@ierksenet al, 1995; Mastronarde, 1997; Nicast&bal,

2000; Guesdosnt al, 2013) This disadvantage can be partially accounted for byalial
tomography and subsequent combination of the information obtained in both tilt series
during tomogram reconstruction. @Hack of information is consequently reduced to a

60 mi sy rmamwhild the information conterand resolution isotropy the combined
tomogram increasgMastronarde, 1997; Guesden al, 2013) The power of dualaxis

STEM tomography tamprovethe SNR in theomhnedtomogram of m thick sections

has beemdemonstratethy Sousa and eworkers(Sousaet al., 2011) Considering these
findings, all datasets presented in the current stfdyvIANUSCRIPT1) were recorded as
dualaxis STEM tomograms. With respect to resolution anisotropy, no obvious artifacts
were deected in the reconstructed tomograms or the resgectisualizations.
Furthermorethe resolution in the -dimension proved to be sufficient to unambiguously

trace and render the membrane network of both tulbalhtamellar SER morphothypes.
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In summary,duataxis STEM tomography was successfully applied to characterize the
complexmembranearchitecture of an organelle in its native cellular environment. The
resulting 3D reconstructions provide unique insights into the manifold, tight intracellular
interaction networks and dynamics of two extraordinary SER morphotypes, namely ER
whorls and crystallokER. Moreover, these results once more highlight the superior
suitability of highpressure freezing and freeze substitution to preserve ultrastructural
detaik of eukaryotic cells. In conclusion, the combination of the aforementionedp&tate
the-art sample preparation and imaging techniques proofed suitable to autwansights

into SER architecture under stress situations at an unprecedented level.of deta
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IV. 4lmaging techniquegor SPA

Linearvs. counting mode data collection

Transmission electron microscopy has been used to image biological objects for a long
time; early examples include e.g. bacterial cells or virgBesriesetal., 1938; Brenner &
Horne, 1959) The introduction ofa variety oftechnicaland methodologicahdvances
culminated inthe sec al | ed f Re s ol yKuhlbvandt, R044) antl proteino n o
structures solved by SPA can reach resolutions belBwditinely today summarized in
(Fernande#_eiro & Scheres, 2016; Frank, 2017; Cheng, 2018; Nakaak 2020; Wu &
Lander, 2020b)The introduction of a new generationdifectelectron detectordEDS),
offering different imaging modes, certainly represents a milestone on the way towards
crystalographic resolution in SPA.

Exploiting theadvantags offered by the DEDs provides the potential to substantially boost
thedetective quantum efficiencypQE), a measure for the degradation of 8¢Rin the
imagesduring data recordin¢Ruskinet al, 2013; McMullanet al, 2014; Wu & Lander,
2020b) When the detector iperated n linear mode, the incident electron signal is
straightlydigitizedby the DED resulting in a very fast data collection at high tetattron
dosesHoweverenergy deposition for each electron in the sensor layer follows a stochastic
distribution; thus, the DQE of firgieneration DEDsvaslimited to ~60%(Ruskinetal.,
2013; McMullanet al, 2016) Individual electrons can only be detected at a much lower
illumination intensity with the DED operatingin counting mode.Here, sibsequent
replacement of eadhcidentelectron signal with an identical delta functiondily yields
images with a much better DQRuskinet al, 2013; Cheng, 2018 hus, there exists a
considerable tradeff between data collection spegidiear imaging moddranslating into
particle number)and achievable DQEcounting imaging modetranslating inb
information content)and the respective data collection strategy has to be choseagredth

care.

To further investigate this issue, two small test datadetientical sizevere collected for
Amphipotreconstituted BetP with the detector operatingiiher linear or counting mode
(TABLE 14). For data quality assessment, 2D class averages were computed for both

datasets using the same processing strat8ByA RECONSTRUCTION VALIDATION AND
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Figure 18: Linear vs. counting node

2D class averages of Amphipetonstituted BetP particles, collectedth a Falconlll detector in line
(a) orcounting modgb), respectivelycollected from the same grid in a single data collection ses3ibe
class averages were created from g@me number ofmicrographsusing the same classification strate
The numbers of particles per class are caloded.

INTERPRETATION). The results are shown FIGURE 18a (linear mode) an&GURE 18b
(counting mode), respectivellyrom the particlgerclass distributiongplotted next to the

class averages, it can beadily captured that apparehigh-resolution classes are by far
more populated in the counting mode dataset, while the linear mode data yielded almost
exclusively lowresolution clasaveragesSince botldatasets were collectsdbsequety

from a single grid in the same session, differences in sample quality or microscope
performance can be largely excluded to be causative for this finding. The 2D class averages
presented here were created using the sammeber of micrographs for each dataset;
however, imaging in linear mode is considerably fast@ras thus concluded that imaging

in counting mode isstrictly required to collect highesolution data of Amphipel

reconstituted BetP for subsequent SPA s$tmacdetermination.
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200 keWs. 300 keV data collection

One recent development in the field of ciighl SPA is the collection of highesolution
datasets at lower acceleration voltages, initially proposed by K. R. Vinothkumar and Nobel
Laureate R. Henderso(Vinothkumar & Henderson, 2016Puring this thesis, it was
possible to collect multiple cryBM SPA datasets of Amphipoéconstituted BetP at
different electron microscopes. This variety a€rascope / detector combinations enables

a primarycomparisa of thesampledexperimental setups, with the aim to select the most
suitable instrument for future experimenss.sound comparison ofdata collected at

200 keV (BetP in the dowsnegulated stateseeTABLE 14) vs 300 keV (BetP in the
transition state, seBABLE 15) is thus of great interes2D class averages frosubsets of

both datasets were created following te@me data processing strategedq SPA
RECONSTRUCTION VALIDATION AND INTER PRETATION). The resultsare presented in
FIGURE 19a (200 keV dataset) an#8iGURE 19 (300 keV dataset), respectively.
Intriguingly, secondary structure features are more prominent in class averages calculated
from the 200 keV dataset, while the overall distribution of partipkrstlass is similar in

both datasts.The latter argues in favor of both an overall comparable sample quality and
a suitable data processing procedure, providing a profound foundation for further

discussion.

In general, micrographs collected at lower acceleration voitelgeitmore lowresolution
contrast which is attributed to increased atomic cross sections of the scattered electrons
(Lyumkis, 2019; Wu & Lander, 2020aJonsequently, imaging at 200 keV rmaayeliorate
pre-processing procedures such as motion correction, particle picking and 2D classification
due to a better visibility offte particles in the micrographs, presumably reflected by the
presented 2D classrera@s FIGURE 19). Imaging at 300 keV, on the other hand, offers a
number ofelectron optical / physa advanages such as reduced inelastic scattering,
smaller defocus spread amdnimizedspecimen charginHenderson, 1995; Herzik &t

al., 2017; Lyumkis, 2019; Peet al, 2019; Wu & Lander, 2020bindeed, wien comparing

the 3D reconstructions obtained from the two datasets, the 300 keV data yielded a higher
overall resolution3.7 A vs. 4.3A; see alsdX. PREPRINT 1). Both reconstructions were
obtained from a comparkbnumber of particles. However, it needs to be considered that
the two structures represent different states of BetP, with the hega&ution 300 keV

reconstruction representing a symmetric and stable conformation, as opposed to the
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Figure 19: 200 keWs. 300 keV

2D class averages of Amphigetonstituted BetP particles, collected at 208k (a) or 300 keV (I
respectively. The class averages were created from the same number of initially picked particles |
same classification strategy. The numbers of particles per class arecodied.

asymmetric, flexibd conformation observed in the 200 keV dataBe¢ global resolution

of the 3D reconstructions can thus not be used as a measure for dataset quality in this case.

Consequently, with the encouraging 2D classification results for the 200 keV dataset in
mind, a comprehensive discussion of recent developments in the field seems reasonabile.
Firstly, it should be mentioned that a number of kigbolution cryeEM SPA structures

have been solved from 200 keV datasets in the last years, including e.g. thet2@Sopne

and rabbit muscle aldolas@Herzik Jr et al, 2017) alcohol dehydrogenase and
methemoglobin(Herzik Jr.et al, 2019) mouse apoferritifHamdi et al, 2019)or an
energycoupling factor transport€i hangaratnarajagt al, 2021) A vast majority of those

data were collected at meditrtass cryeelectron microscopes, such as the Thermo Fisher
Glacios orTalosseriesWhile the obvious benefits dfieseTEMs are clearly the reduced
purchase and maintance costs and better accessibility, they seem to suffer from a less

sophisticated electron optics configuration in comparison to thedmdi800 keV TEMs
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e.g.the Thermo Fisher Titan Krioklowever, it has also been demonstrated that a number
of microsope aberrations can be corrected for at the data processin(Csas®et al,

2020) Lastly, since the introduction of the JEQEM-Z 2 0 0 F Sr¢dARMA20® ,) a
dedicated higkend 20keV cryoTEM is commercially available, offering the advantages

of ahighly coherent and briglebld field emission gun (FEG) electron soufdamaguchi

et al, 2019) in-column energy filteringYonekuraet al, 2006)and optional Volta phase
plate (Danev & Baumeister, 2017; Danet al, 2017) Pioneering research, e.g. in the
groups of K. NambgKato et al, 2019)and S. SubramaniatMerk et al, 2020) proofed

the superior eligibility of this unique crybEM for routine, competitive highesolution

SPA cryeEM structure determinationSince the technical drawbacks have been
compensated fomithis novel cryeTEM configuration it offers the possibility to fully
exploit the advantages of imaging at 200 keV, such as superior contrast and reduced
radiation damag@eetet al, 2019) Amphipolreconstituted BetP, with a molecular weight

of 192 kDa, is consideretb fully satisfythe sample criteria required to obtain high
resolution data in suaxperimen{Peetet al, 2019; Wu & Lander, 2021). In conclusion,
considering our own promising preliminary results and recent technical developments and
experience from other groups, SPA cig structure determination at 200 keV is highly

promising for membrane protein samples.

88|Page



V. 5SPA cryeEM reconstructionstrategies

It is commonly agreed on that only high sample quality combined with an appropriate data
collection strategy will ultimately yield datasets suitable for SPA structure determination
at atomic resolutionMajor aspects and efforte fachieve high resolution cryieM data
made throughout this thesis have been outlined alibwmesequently, theakt step to be
discussed here are the data analysis strategtesh will be evaluated in the following.
Two studies comprised within this thesrepresent SPArojects: The V. wvulnificus
stressosome complex, described/inl. PuBLICATION 1, and theC. glutamicumbetaine
transporter BetP analyzedIX. PREPRINT1. Althoughthe same experimental approdch
cryo-EM SPA analysi$ had been selected for structure determination in both projects, the
target objects feature considerald@ferences. A detailed analysis of encountered
difficulties and the respectively rdng data processing strategies may thus yield valuable

insights for future SPA projects.

SPA reconstruction generally relies on averaging of the information contained in thousands
of single,cropped particle images. Consequentigder the assumption efjual protein
guality and identical particle numbetsgmogeneous samples have a greater potential to
result in highresolution averages than heterogeneous ones. In the optimal case,
heterogeneity should be carefully addressed already at the sample tepstege, as
discussedn IV. 2 SAMPLES AND SAMPLE PREPARATON for the case of BetPHere
screening of different membrane protein reconstitution methods and optimization of
vitrification parameters reproduciblyig/ded grids suitable for higtresolution data
collection. On the other hand, heterogeneity may also represent an inpingmlogical
feature of the respective sample, e.g. originating from variations in complex stoichiometry
asencounteredn the V. vulnificus stressosome samplEor this complex, the observed
heterogeneity waBnally suggestedo play a regulatory rolby integrating physiological

and genomicdata into the studfVI1Il. PUBLICATION 1). This contrasting juxtaposition

once more highlights the importance of sample screening and quality control: Intrinsic
functionalheterogeneity can only be unambiguously identified when sample preparation
artifacts can bén turn excluded.The challenges imposdsy the necessity of processing
suchheterogeneous datasets have been addressed by a number of data processing tools
developed ovethe past year€Serna, 2019)and include e.gnasked classifications and

refinements(Scheres, 2016)partial signal subtractioriBai et al, 2015) localized
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reconstructionng(lica et al, 2015) or focused refinements, mulbody refinements
(Nakaneet al, 2018)or 3D variability analysigPunjani & Fleet, 2021)Consequently, a
number of these tools have been applied in course of this thesis to solve the structures of
theV. vulnificusstressosome complex and tBeglutamicunbetaine transporter BetP, as
outlined in the respeste publications and manuscriptgI(l. PuBLICATION 1 andIX.

PREPRINT1).

In both projectsaccuratepre-processing i.e. movie alignmentCTF estimationparticle
picking and 2D classification of the data turned out to be crucial for later successful 3D
reconstrution. In the case of the stressosome complex, particle identification in the
micrographs is comparably easy, due to their large size and the generally goast obntra
soluble proteinsHo we v er | t he signal of the sensory d
weaker in comparison to the stressosome core, which in turn complicates the alignment
processConsequently, it was necessary to carefully clean the datasetbfaken particles

and to thoroughly center them into the box, to finally obtain 2D class averages with well
distinguishable turret densities. Only in 3D reconstructions obtained from particles
fulfilling these criteria the turret densities could be préedrfirom being averaged out. This
procedure finally enabled us to describe a set of stoidtiaes prevalent in the dataset,
putatively reflecting a regulatory mechanism of thevulnificusstress responsé/(ll.
PuBLICATION 1). In the case of BetP, in contrast, particle picking turned out to be a
difficult, yet crucial step of prgprocessing, since aufnicking frequently failed tadentify

the lowabundance topdownp r oj ect i o n & thé midrogrpphsthe procasdbre
could be optimized bynanually selecting top views, followed 2 classification and
subsequent use of tleptimized2D class averages as templatesngautcpicking. Only

after four iterations of 2D classification and ayticking, top Vwew class averages
exhibiting highresolution secondary structure features could be obtained. This behavior of
the picking algorithm could be explained by the irregular shape of the BetP trimer, featuring
large diffeences in the dimensions of tagmnd sideviews, which translate into a
significantly different distribution of signals backgrounchoisein the boxed particles.
Similarly, only after cleaning the dataset from losgolution particlesmeaningful 3D
reconstructions could be obtained. Recogriegaecondary structure features in the 2D
class averages turned out to be essefuaraduccessful 3D refinement.

Intriguingly, both SPA projects share another feature requiring enhanced attention during

3D structure determination, namely the presesf@nd a certain deviatiofiom symmetry
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in the respective oligomeric assemblies or compldreke pastit was showiviatandem
affinity-purification coupled to mass spectrometry that a large majority of all proteins in
budding yeast (>80%) form complexegh at least one interaction partn&avinet al,
2006) The same time, demonstrativeomputational study based on entries in the PDB
database revealed a strong inclination for symmetbpih home and heteromeriprotein
complexeqLevy et al, 2006) which has been attributed in literature topgtemotion of

e.g. coding efficiencystabilty, cooperativity,aggregatiorprotection or efficient folding
(Blundell & Srinivasan, 1996; Goodsell & Olson, 2000; Bonjack & Avnir, 20R0}ably,

the favored and beneficial formation of symmetric complexesalsasbeenreportedfor
membrane protein@g-omrest, 2015)In line with thesdasic findingswe were able to show
that the V. vulnificus stressosome complefeatures a heteromeric, psetsionmetric
Ssubunit arrangement interpreted as a regul
stress resptse (se®/ |11, PUBLICATION 1). For the trimeric and C3 symmetrical transporter
BetP, the loss of symmetry upon raising thiecKncentration in the sample could be shown
to be a consequence and functional-y@guiste of transport upegulation (sedX.
PREPRINT 1). For both the stressosome complex and BetP, their respépseede)
symmetricassemblyresuls in the aforementioned, biologicaland functionallyrelevant
sampe heterogeneity, with BetP exhibiting continuous flexibility and the stressosome

complex repesenting discrete heterogeneity, respectiflynjani & Fleet, 2021)

From a more general perspective, intbptojects a loss or break of symmetry reflects the
proteindbs or compl exés ability to iTraeact 0
deviationfrom perfectsymmetry to enable a certain functionality of the respective protein

T has been described in liggure for a broad variety of diverse biological assemptieth

from structural and functional postof view. E.g., the icosahedral symmetry of
bacteriophage capsids or herpes viruses is oftentimes interrupted at a ctodinebtex

to allow for theattachment of a portal protein compkexjuired for genome packagiagd
releasgBhardwajet al, 2014; Parengt al, 2018) In another, groundbreaking study, the
gatingrelatedloss of symmetryunder Md*-free conditionsvas demonstratedia SPA

cryo-EM for themagnesium channel CorMatthieset al, 2016) In line with these and

other examples, symmetric protein assembliesegarded as comparably rigid and stable.
Consequently, synthetically pr cahgineezed asdo de s i

selfassembling, symmetrical oligomers. Applications of those, oftentimes -cubic
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symmetric assemblies, comprisg. drugencapsulation or exterior displg¢€annonret al,
2019)

The characteristic traitof protein monomers to assemble i@ Jne ar symmetri c
oligomers has been analyzed in mdegail by M. Bonjack and D. Avnir, who realized that

this property is much more pronounced in protein complexes analyzed in sthatoim

X-ray crystallography{Bonjack & Avnir, 2020) They were furthermore able to narrow
down the general source of asymmetryntinly hydrophilic amino acids along the protein
interface(s) around the symmetry axis, which adopt asymmetric orientations to facilitate
the formation of stabilizing hydrogen and ionic bonds between the protein monomers
(Bonjack & Awvnir, 2020) Similarly, we were ble to demonstrate an asymmetric
localization of lipid molecules located at the interfaces between the BetP protomers (see
IX. PREPRINT1). Moreover Bonjack and Avnir pointed out that thancipleo f[ éfijear
symme t r y oespecall obvious and pronounced time hinge regions otlimeric
complexes featuring the domaswapping mechanisinas it is the cas@ theasymmetric

V. vulnificusRsbR dimer (se¥ll. PUBLICATION 1). In conclusion, these findings which

are perfectly in line with our own observations strengthen the hypothesis that although
protein complexes tend to assemble in a symmetric way for the reasons outlined above, it
is the subtle deviation from perfect syntnyewhich enables them to act and function as

molecular machines.
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V. Concluding remarks and future perspectives

It is evident from the publications and manuscripts achieved throughout this thesis that a
number of novel, biologically relevant results ansdights could be obtained. However,
while some questions could be answered, mgwriesarose.Undoubtedly, this is a
common process driving scientific research in all disciplines. Consequently, in the
following section Iwill elaborate orsome of the mst urgent followup questions from a
structuralbiological point of view, and also illustrate how emerging techniques and novel

electron microscopy methods may help to address these questions.

One of the major results of our research ontheulnificusstressosome is the description

of variable complex stoichiometries, which is interpreted as a possible regulation
mechanism to dynamically adapt the cell sb
VIII. PuBLICATION 1). In agreement with previous studies, the structural investigations
have been performed an vitro assembled stressosome complexes, built from isolated
proteins expressed and purified fr@ncolicells. As a next step, it would thus be of great
interest toinvestigate stressosome complexeshdr natural cellular environment. Sub
tomogram averaging represents an increasingly popular method for structure determination
of large, macromolecular complexes at intermediate to high resolution frorset$ata
obtained of whole bacterial celland should thus be applicable here. Studying complex
stoichiometry under different growth conditions would certainly provide new, exciting
mechanistic insightsMoreover, we were able to show a cellular responsddoirbn
concentration in the growth medium. In combination with the presence of a heme group in
the sensory domain of the RsbR protein, these findings point towards afependent
stressosome activation mechanism. Atomic resolution structures of tbeeokiand
reduced variants of the RsbR dimer would be key to subsequently elucidate this
mechanism. Since RsbR dimers have been demonstrated to form stressosome complexes
themselves, Xay crystallography might be considerecgasiitable alternative toyw-EM

SPA structure determinatidmere In conclusion, our structural and physiological results

may pave the way for future, tailored experiments elucidating further details of the versatile

stress response mechanism of the human pathéagerinificus

In my second research project, SPA eBM structure determination was successfully used

to solve the first structure of the betaine transporter BetP in a-ckyuhtated statelX.
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PREPRINT1). Together with additioddunctional and biochemical data, the resulting study
represents a prime example for an integrative struebimébdgical approach and allowed

us to suggest a coherent regulation mechanism for BetP. Apart from our current study, a
wealth of structural andunctional data are already availalier BetP under active
conditions;molecular and highesolution structural data on its dowegulated state and

the regulation process itself are however less abundant. From this point of view, an atomic
resolution SR cryo-EM structure of BetP in its native lipid bilayer, e.g. embedded into
SMALPs, would be of great interest. A complementary study in proteoliposomes might
help to further investigate the effect of lateral membrane pressure on the transporter. Since
BetP is a model system, structural and mechanistic insights gained from these additional
experiments could be transferred to other transporters and would thus provide valuable

information for future research on a large variety of membrane proteins.

In a proofof principle study, we were able to demonstrate the excellent suitability of dual
axis STEM tomography to analyze the membrane architecture of SER morphotypes
occurring in their natural HEK cell environment upon protein cegpression X.
MANUSCRIPT1). The description of two very different morphotypes at an unprecedented
level of detail allowed for a precise definition of the intracellular interaction network of the
organelles]aying a sound foundation farrging questions abountracellularfunctions,
putative tasks and the underlying shaping mechanisms of whorls and crydE&tloid
respectively. Two different strategies might be pursued in the future to address these
guestions. First, the function(s) of theRsEorphotypes within the cell might be elucidated

via immunaolabeling studies using different marker proteins (specific for e.g2,P&
certain metabolic pathway, sER or rER, etc.) as targ&sably, correlative light and
electron microscopy (CLEM) wodl represent an appropriate, yet tiowsuming
alternative technique. Second, establishing a purification protocol for ER membranes from
the HEK cells would allow for a large number of biochemical assays to be performed. Kits
for gradientcentrifugation bsed purification of ER microsomes are commercially
available; however, the respective protocols certainly need to be adapted and optimized to
obtain pure crystallolER and whorl fractions for further experiments.successful,
however, this would allowoir e.g. a lipid analysigia mass spectroscopy or a purification

and reconstitution of P2 for SPA cryeEM structure determination from the respective
sER fractions. In summary, the detailed description of the sER morphotypes and their

interaction networkproofed the applicability of STEM tomography to analyze organellar
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ultrastructure within the cellular context, and is furthermore regarded as the basis for future

biochemical studies.

Finally, the diverse experiments performed throughout this thesislédsaed for a more
technical discussion of the electron microscopgthodsused, their suitability for the
underlying research questions and the consequential future perspectives for the respective
projects. As outlined above, STEM tomography proofed wegful to describe high
resolution ultrastructural details on organelle lev@hus establishing the method paved
the way to extend our research to the cellular level, providieg@atingadditionalviewing

angle forfuture studiesfFurthermore, crydeM at 200 keV could be shown to provide data
suitable for higkresolution SPA structure determination of membrane proteins. The use of
an energy filter or a Volta phase plate may extend the possible resolutiorvangaore.
Considering availability andosts in comparison to 300 keV instruments, this approach
bears the potential to significantly speed up and facilitate future SPA projects. Lastly, sub
tomogram averaging as a hybrid method combining-etgotron tomography and SPA
reconstruction may ultiately bridge the gap between atosmesolution structure
determination andh situ protein analysis. In conclusion, the entity of studies comprised
within this thesis illustratethe versatility of diverse electron microscopy techniques to
address a broachariety of scientific questiongnd highlightshe greatpotential lying in

the further developments of the methise|f.
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VII. Appendix

VIl. 1 SMA and DIBMA solubilization parameters

Table13: Solubilization conditions for BetP BMA / DIBMA polymers

- 0.2% @IV)

polymer solubilization conditions solubilization success
working incubdion tempeature
concentration time
SMA 1.1 1.0% (v/v) ON RT none
1.0% (v/v) 2h RT poor
1.0% (v/v) ON RT ok
10.0% (v/v) ON RT poor
SMA 2:1 | 0.5% (V/v) 2h RT ok
1.0% (v/v) 2h RT ok
2.5% (VIV) 2h RT ok
2.5%-1.0%-0.5%| 2 h RT none
-0.2% (viv)
2.5%- 1.0%- 0.5% | ON RT poor
DIBMA -0.2% (v/iv)
2.5%-1.0%-0.5%| 24 h RT poor, better at low
-0.2% (v/iv) concentrations
2.5%-1.0%-0.5%| 3 h 37 °C poor, better at low

concentrations
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VII. 2 Cyo-EM of BetP reconstituted into Salipros

Figure 20: 2D class averages of BetP in Salipros

Selected 2D class averages of BetP reconstituted into Salipro partiglaed:from 259,106 autpicked
particles. All class averages represent-tigwvn projections of the BetP trimer, revealing great secondary
structural details. However, the dataset severely suffers from preferred orientation, since no tilted or side

views ould be obtained.
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VII. 3 Single particle data acquisition and processing parameters

Table 14 Data acquisition and processing parameters for BetP WT in AmphipeB5A8
(downregulated state)

Vitrification parameters

Sample buffer 20 mM TRISHCI pH 7.5, 100 mM NacCl

Sample concentration 1 mg/mL

Sampl e vigl ume |35

Grid type Quantifoil R1.2/1.3, Cu 400 mesh
Environmental conditions 4°C [ 100% humidity

Blot time [sec] 6

Blot force 0

Data acquisition

Electron microscope Titan Krios 06dicke
Acceleration voltage [keV] 300

Spherical abeation [mm] 2.7

Detector (imaging mode) Falcon Il (counting)

Pixel size [A] 1.0635

Total e dose [¢A?] 82.21

Dose rate [épx/sec] 1.24

Number of fractions 47

Total exposure time [sec] 74.99

Defocus range |-15t0-2.6

Data processing

Number of movies 1212
Number of picked particles 521461

Particles in final reconstruction| 18998

Symmetry C3

Globalmap resolution [A] 3.7

FSC criterion 0.143

Postprocessing autosharpening (cryoSPARC)
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Tablel5: Data acquisition and processing parameters for BetP WT in Amphipe3®\@ransition
state)

Vitrification parameters

Sample buffer 25 mM TRISHCI pH 7.5, 200 mM KCI

Sample concentration ~1.5 mg/nh

Sample vpl ume |35

Grid type Quantifoil R1.2/1.3, Cu 400 mesh
Environmental conditions 4°C / 100% humidity

Blot time [sec] 5.5

Blot force 0

Data acquisition

Electron microscope Glacios
Acceleration voltage [keV] 200

Spherical aberration [mm] 2.7

Detector (imaging mode) Falcon Il (counting)
Pixel size [A] 0.9613

Total € dose [¢A?] 30

Dose rate [épx/sec] 1

Number of fractions 120

Total exposure time [sec] ~ 60

Defocus range |-0.8t0-2.2

Data processing

Number of movies 1536
Number of picked particles 542,487

Particles in final reconstructior] 18,000

Symmetry C1

Globalmap resolution [A] 4.3

FSC criterion 0.143

Postprocessing B-factor sharpening (B =20, RELION)
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VIII. Publication 1

The article (including supplementary information) can be found at
https://doi.org/10.1038/s4204822-03548w*
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The Vibrio vulnificus stressosome is an oxygen-
sensor involved in regulating iron metabolism
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Stressosomes are stress-sensing protein complexes widely conserved among bacteria.
Although a role in the regulation of the general stress response is well documented in Gram-
positive bacteria, the activating signals are still unclear, and little is known about the phy-
siological function of stressosomes in the Gram-negative bacteria. Here we investigated the
stressosome of the Gram-negative marine pathogen Vibrio vulnificus. We demonstrate that it
senses oxygen and identified its role in modulating iron-metabolism. We determined a cryo-
electron microscopy structure of the VvRsbR:VvRsbS stressosome complex, the first solved
from a Gram-negative bacterium. The structure points to a variation in the VvRsbR and
VvRsbS stoichiometry and a symmetry breach in the oxygen sensing domain of VvRsbR,
suggesting how signal-sensing elicits a stress response. The findings provide a link between
ligand-dependent signaling and an output - regulation of iron metabolism - for a stressosome
complex.
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