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Zusammenfassung

Diese Arbeit ist ein detaillierter Bericht tiber die Forschungsaktivitdten, die ich wahrend meiner
Promotion am Max-Planck-Institut fiir Biophysik durchgefithrt habe. Mit dem Aufkommen
der direkten FElektronendetektoren erlebte die Transmissionselektronenmikroskopie von
gefrorenen hydratisierten Proben (Kryo-EM) einen epochalen Wandel, die sogenannte
“Auflsungsrevolution” (Kuehlbrandt, 2014). Ab den 2010er Jahren ermdglichte die
Kommerzialisierung der ersten direkten Detektoren die Erforschung biologischer Phanomene in
beispiellosem Detail und machte Kryo-EM zu einer der leistungsstérksten (und gefragtesten)

Forschungsmethoden in den Biowissenschaften.

Am meisten profitierte davon, die Analyse isolierter Molekiile, die Einzelpartikelanalyse
(Single-Particle Analysis, SPA), mit der es nun moglich ist, gereinigte Proteinkomplexe in
allen atomaren Einzelheiten zu beschreiben (Nakane et al., 2020; Yip et al., 2020; EMBL-EBI,
2021c).  Wesentliche Verbesserungen wurden auch in der Elektronen-Kryotomographie
(Kryo-ET) erreicht, der fithrenden Technik zur Untersuchung grofier makromolekularer
Anordnungen und Membranstrukturen in situ. In diesem Fall blieb die durchschnittliche
Auflssung jedoch auf den Bereich von 20 bis 30 A beschriankt (EMBL-EBI, 2021a). Obwohl
die Auflésung der wichtigste begrenzende Faktor fiir Kryo-ET ist, liefert die dreidimensionale
Rekonstruktion jedes Molekiils und seiner Umgebung unschitzbare Erkenntnisse, die bei der
Reinigung verloren gehen oder aus einer einzigen zweidimensionalen Projektion nicht verfiigbar

sind.
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Meine Forschung konzentrierte sich auf die Verwendung der Elektronen-Kryotomographie,
um zwei herausfordernde Ziele zu erreichen. Das erste bestand darin, die Denaturierung von
Proteinen an der Luft-Wasser-Grenzflache zu untersuchen, und das zweite die molekulare
Landschaft eines lichtempfindlichen Chloroplastenvorlaufers, des Etioplasten, zu beschreiben.
Um die Relevanz, Herausforderungen und Auswirkungen meiner Arbeit zu vermitteln, habe ich

diese Arbeit in drei Kapitel unterteilt.

Kapitel eins enthilt eine Einfithrung in die Transmission-Elektronenmikroskopie.

Nach einer kurzen Zusammenfassung der historischen Meilensteine in der Disziplin
(Unterabschnitt 1) beschreibe ich die wesentlichen Komponenten des TEM und deren
Funktionsweise (Unterabschnitt 2).  Hier lege ich besonderen Wert auf die Struktur
elektromagnetischer Linsensysteme (Figure 1.2), wie sie den Weg der Elektronen beim
Durchlaufen der Sdule beeinflussen und wie Bilder entstehen (Figure 1.3). Der hardwarebezogene
Teil der Einfithrung wird durch eine vereinfachte Beschreibung der Elektronendetektoren
(Unterabschnitt 3) abgeschlossen, in der ich die revolutiondren Aspekte der direkten
Elektronendetektoren, mit der Struktur und Funktion (Figure 1.6) von CCD-Detektoren

(Charge Coupled Device detector) vergleiche (Figure 1.5).

Als néchstes konzentriere ich mich auf die theoretischen Prinzipien der Bilderzeugung
(Unterabschnitt 4). Um die Hauptphénomene im Zusammenhang mit der Bildqualitdt in TEM
hervorzuheben, stelle ich grundlegende Konzepte wie den Einfluss von Elektronenenergie und
optischen Aberrationen vor, gefolgt von einer ausfiihrlicheren Beschreibung des Ursprungs von
Kontrast und Rauschen. Der Unterabschnitt schlieBt mit einigen Uberlegungen dariiber, wie -
und vor allem wie effizient - Detektoren kontinuierliche Elektronenwellen in diskrete Bereiche

(Pixel) abtasten.

Unterabschnitt 5 ist der Erfassung und Verarbeitung tomografischer Daten gewidmet.
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Hier gebe ich eine vereinfachte Beschreibung, wie Kippserien mit dem Mikroskop erfasst
werden (Figure 1.14) und wie die Rohdaten zu einer dreidimensionalen Darstellung der
Probe verarbeitet werden. Der Einfluss der Neigungsgeometrie und der Dosisverteilung auf
die Rekonstruktionsqualitdt (Figure 1.16) wird ebenfalls diskutiert. Der zweite Teil des
Unterabschnitts befasst sich mit der Strukturbestimmung durch Subtomogramm-Mittelung

(Figure 1.17) und der Errechnung der Auflésung von Kryo-EM-Rekonstruktion.

Zuletzt schlieBe ich das Kapitel (Unterabschnitt 6) mit einer Beschreibung der Vorbereitung
biologischer Proben fiir die Kryo-EM-Bildgebung (Figure 1.19) mit einigen abschliefenden

Bemerkungen zur Dynamik und den Grenzen der Vitrifizierung ab.

Kapitel zwei folgt dem Thema der Kryo-Praparation biologischer Proben mit der Untersuchung
der Denaturierung von Proteinen an der Luft-Wasser-Grenzflache.

Im Einfiihrungsabschnitt skizziere ich die wichtigsten Aspekte dieses Phédnomens. Friihe
Experimente zum Verhalten von Proteinen in Losung zeigten ihre Neigung, aus der Losung
zu ihrer Grenzfliche mit der Atmosphére zu diffundieren. Hier bilden sie meist unlosliche
Schichten denaturierter Fibrillen (Devaux, 1935; Kaplan and Fraser, 1954; Trurnit, 1960;
Ramsden, 1994; Yoshimura et al., 1994; Taylor and Glaeser, 2008; Glaeser and Han, 2017). Es
wurde vorgeschlagen, dass die Korrelation zwischen Proteindenaturierung und Kontakt mit der
Grenzflache auf einen allméahlichen Entfaltungsprozess zuriickzufiihren ist, bei dem Tausende
von Wechselwirkungen pro Sekunde zu einer immer grofferen strukturellen Schadigung fithren
wiirden (Taylor and Glaeser, 2008; Israelachvili, 2011; Naydenova and Russo, 2017). Ein

direkter Beweis fiir diesen Mechanismus wurde jedoch nie dokumentiert.

Um einen tieferen Einblick in die Dynamik an der Luft-Wasser-Grenzfliche zu erhalten,
sammelte ich Kryotomogramme vitrifizierter Préparate der Fettsduresynthase (FAS, Fatty

Acid Synthase) aus Hefe. Im ersten Unterabschnitt der Ergebnisse beschreibe ich, wie die
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biochemische und Negativkontrastierung-TEM-Analyse von FAS-Fraktionen zeigte, dass der
Komplex wahrend des gesamten Reinigungsverfahrens intakt und katalytisch aktiv blieb
(Figure 2.1). Nach der Vitrifizierung ergab die Einzelpartikelanalyse jedoch, dass 90% aller

Komplexe stark beschiadigt waren (Figure 2.2).

Die tomographische Rekonstruktion derselben Proben (Unterabschnitt 2) zeigte, dass alle
FAS-Komplexe an die Luft-Wasser-Grenzflache gebunden waren. Die Seite des Molekiils, die der
Grenzflache ausgesetzt war, schien abgeflacht zu sein, wahrend die Seite, in der wéssrigen Phase,
ihre native Struktur beibehielt (Figure 2.4). Die Mittelung der Subtomogramme bestéatigte, dass
eine Seite von fast 90% der Partikel stark beschddigt war. Durch den Vergleich der Ausrichtung
dieser beschadigten Seite mit der Position eines Rechenmodells der Luft-Wasser-Grenzfliche
(Figure 2.5) konnte ich nachweisen, dass sie perfekt iibereinstimmen, was den ersten direkten
Beweis dafiir liefert, dass die Wechselwirkung mit der Luft-Wasser-Grenzflache die lokale

Denaturierung grofier Proteinkomplexe herbeifithrt (Unterabschnitt 3).

Unter verschiedenen Versuchsbedingungen mit kontrollierter Luftexposition wurde eine
weitgehende Schiadigung der Proteine beobachtet (Figure 2.6), was bestétigt, dass Proteine in
Losung an der Luft-Wasser-Grenzfliche denaturiert werden (Unterabschnitt 4). Gleichzeitig
schienen die an eine Schicht aus amorphem Kohlenstoff gebundenen Partikel intakt zu sein,
wie aus fritheren Ergebnissen zu erwarten war, bei denen gezeigt wurde, dass Detergenzien und
Kohlenstofftrager den Schaden und die bevorzugte Orientierung in vitrifizierten Proteinlésungen
verringern (Popot, 2010; Efremov et al., 2015; Blees et al., 2017; Bai et al., 2013; D’Imprima
et al., 2017; Nguyen et al., 2015; Schraidt and Marlovits, 2011). Beide Methoden sind
nicht optimal, da sie die Elektronenopazitit der Probe erhéhen und die Gesamtqualitat
der Daten verringern. Stattdessen bieten Probentrager-Netzchen mit einem hydrophilierten
Graphen-Trager moglicherweise einen ebenso guten Schutz gegen die Luft-Wasser-Grenzflache,

wahrend die Bildqualitat nicht beeintrachtigt wird.
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Um diese Hypothese zu testen, habe ich Kryo-Tomogramme von FAS gesammelt, die auf
graphen-beschichteten Netzchen vitrifiziert wurden (Unterabschnitt 5). Mit einer Kombination
aus tomographischer Rekonstruktion und Subtomogramm-Mittelung konnte ich zeigen, dass
alle Proteinkomplexe an die Graphen-Wasser-Grenzflache gebunden waren (Figure 2.8) und
wéhrend des gesamten Verfahrens perfekt intakt blieben (Figure 2.9). Die hervorragende
Qualitat des Préparats wurde durch eine unabhéngige Einzelpartikelanalyse bestétigt, die eine

Rekonstruktion des Komplexes mit einer Auflssung von 4 A ergab (Figure 2.10).

Die Visualisierung einzelner Molekiile, die an der unsichtbaren Luft-Wasser-Grenzflédche
denaturiert sind, sowie ein System zur Vermeidung von Strukturschidden in Kryo-Préaparaten
sind die wichtigsten Ergebnisse dieses Teilprojekts. Die vollstandige Studie, die in der Zeitschrift
eLife mit dem Titel “Protein denaturation at the air-water interface and how to prevent it”
(D’Imprima E., Floris D. et al., 2019) veréffentlicht wurde, wurde von der Kryo-EM Community

begriifit, was durch mehr als 40 Zitate in den letzten zwei Jahren bestéatigt wurde.

Kapitel drei konzentriert sich auf mein priméres Doktorandenprojekt, die Charakterisierung
der inneren Membranen von Etioplasten in héheren Pflanzen.

Etioplasten sind photosynthetisch inaktive Chloroplastenvorlaufer, die von Pflanzen akkumuliert
werden, die bei geringer Lichtintensitdt wachsen. Die Struktur dieser Organellen besteht aus
zwei aufleren Membranen und einem differenzierten inneren Membransystem mit einem
groffen parakristallinen Kern aus tubuliren Membranen und seinen peripheren planaren
Verldngerungen, die als Prolamellarkérper und Prothylakoide bekannt sind (Adam et al.,
2011). Im Licht durchlaufen die inneren Membranen der Etioplasten eine bemerkenswerte
Metamorphose, bei der eine allméhliche Anreicherung von Chlorophyll und photosynthetischen
Proteinkomplexen die Bildung der breiten Grana und Stroma Lamellen fordert, die reife

Chloroplasten charakterisieren (Kowalewska et al., 2016).
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Aufgrund ihrer grundlegenden Rolle bei der Biogenese von Chloroplasten und der Reifung
von Thylakoiden wurden die inneren Membranen von Etioplasten umfassend charakterisiert.
Die durch biochemische Analyse nachgewiesenen Proteinkomplexe konnten jedoch niemals mit
den von TEM bereitgestellten Strukturinformationen in Beziehung gesetzt werden, da die zur
Stabilisierung der Organellen verwendeten Fixiermittel und Harze die Strukturbestimmung in
situ verschlechtern (Lindsten et al., 1988; Philippar et al., 2007; Kanervo et al., 2008; Rudowska
et al., 2012; Grzyb et al., 2013; Kowalewska et al., 2016). Vitrifizierte Proben, bei denen sowohl
die Membranarchitektur als auch die molekularen Details erhalten bleiben, wurden nie mit
Kryo-EM untersucht. Dies gab mir die Moglichkeit, ihre mysteriose molekulare Landschaft

mittels Elektronen-Kryotomographie zu erkunden.

Ich beginne den Ergebnisabschnitt mit einer Beschreibung der dreidimensionalen Struktur
von prolamellaren Korpern, Prothylakoiden wund ihren kreisférmigen Verbindungen
(Figure 3.1, Figure 3.2). In den meisten Tomogrammen sind zahlreiche l6sliche und
membrangebundene Proteinkomplexe sichtbar, von denen zwei ausreichend grofi waren, um
durch Subtomogramm-Mittelung analysiert zu werden (Figure 3.4). Die erste, eine kugelfémige
Dichte, die in den Stromardumen innerhalb des parakristallinen Netzes des Prolamellarkorpers
lokalisiert ist, wurde als Plastiden-Ribosom identifiziert. Die zweite, eine hantelfémige Dichte,

die an die Prothylakoidmembranen gebunden ist, ist die monomere ATP-Synthase.

Die neuartigen Informationen, die ich tiber die bevorzugte Verteilung und die einzigartigen
Merkmale dieser grundlegenden Komplexe sammelte, wurden jedoch von einer noch
aufregenderen Entdeckung iibertroffen. Die tomographische Rekonstruktion prolamellarer
Korper, die zu einer diinnen Schicht vitrifizierten Puffers komprimiert wurden, ergab, dass
ihre Oberflaiche gleichméaflig von helikalen Kristallen eines kleinen membranassoziierten

Proteins bedeckt ist (Figure 3.7, Figure 3.8). Mit einer Kombination aus Immunhistochemie
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an Plastikschnitten und biochemischer Analyse isolierter Membranfraktionen (Figure 3.9)
identifizierte ich dieses Protein als das ~37 kDa-Enzym Lichtabhangige Protochlorophyllid

Oxidoreduktase (LPOR).

LPOR ist das am héaufigsten vorkommende Protein in den Innenmembranen der Etioplasten
(Philippar et al., 2007; Ploscher et al., 2011; Shen et al., 2009; Kanervo et al., 2008;
Lindsten et al., 1988; Blomqvist et al., 2008), wo es fiir die Synthese von Protochlorophyllid,
dem unmittelbaren Vorldaufer von Chlorophyll, verantwortlich ist (Masuda and Fujita,
2008). Aufgrund der physiologischen Relevanz dieser Reaktion, die fiir die Bildung reifer
photosynthetischer Komplexe von grundlegender Bedeutung ist, wird LPOR als eines der
wichtigsten Enzyme in etiolierten Pflanzenzellen angesehen. Die FErkenntnisse aus meinen
tomographischen Rekonstruktionen von LPOR in situ (Figure 3.10, Figure 3.11, Figure 3.13,
Figure 3.14) liefern mafigebliche Antworten auf seine bisher unbekannte Lokalisierung,
Membranassoziation, seinen oligomeren Zustand, die Fahigkeit die Membranen zu formen
und die Kontrolle iiber die GroBe des Prolamellarkorpers (Reinbothe et al., 2003a; Kanervo
et al., 2008; Gabruk et al., 2015; Ryberg and Sundqvist, 1988; Sperling et al., 1997; Franck
et al.,, 2000; Frick et al., 2003; Masuda et al., 2003). Schliellich konnte ich basierend
auf der gemittelten Tomogram-Dichte mit einer Auflésung von 9A einen neuartigen
Substrat-Shuttling-Mechanismus vorschlagen (Figure 3.15), der die Funktion von LPOR

in den komplexen Vorgang der Chlorophyll-Biosynthese integriert.

Das Manuskript, das die Ergebnisse dieser Arbeit beschreibt, wurde in der Zeitschrift Nature
Plants mit dem Titel “Molecular landscape of etioplast inner membranes in higher plants”
verdffentlicht (Floris and Kiihlbrandt, 2021).

Meine Arbeit endet mit einem kurzen Ausblick, in dem ich die Zukunftsperspektiven meiner
Projekte skizziere und wie die Doktorarbeit meine Herangehensweise an die wissenschaftliche

Forschung verandert hat.
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Summary

This thesis is a detailed report of the research activity I performed during my doctoral studies
at the Max Planck Institute of Biophysics. With the advent of direct electron detection
technology, transmission electron microscopy of frozen-hydrated specimens (cryo-EM) went
through an epochal change, the so called “resolution revolution” (Kuehlbrandt, 2014). From
the 2010s onward, the commercialization of the first direct detection cameras allowed to explore
biological phenomena in unprecedented detail, and transformed cryo-EM into one of the most

powerful (and sought after) techniques for research in life sciences.

The application that benefited the most was the analysis of isolated molecules, Single-Particle
Analysis (SPA), by which it is now possible to describe purified protein complexes down to the
atomic level (Nakane et al., 2020; Yip et al., 2020; EMBL-EBI, 2021c). Major improvements were
also registered in electron cryo-tomography (cryo-ET), the leading technique for investigating
large macromolecular assemblies and membrane structures in situ. In this case, however,
the average resolution remained confined to the 20-30 A range (EMBL-EBI, 2021a). While
resolution is the major limiting factor of cryo-ET, the three-dimensional reconstruction of
each molecule and its surrounding environment provides invaluable insights that are lost upon

purification, or are not available from a single two-dimensional projection.

My research focussed on the use of electron cryo-tomography to address two challenging targets.
The first was to investigate protein denaturation at the air-water interface. The second was to

describe the molecular landscape of a light-sensitive chloroplast precursor, the etioplast. To
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convey the relevance, challenges, and impact of my work, I divided this thesis into three chapters.

Chapter one contains an introduction to transmission electron microscopy.

After a brief summary of the historic milestones in the discipline (sub-section 1), I describe the
essential components of the TEM and how they work (sub-section 2). Here I put particular
emphasis on the structure of electromagnetic lens systems (Figure 1.2), how they influence the
path of electrons passing through the column, and how images are created (Figure 1.3). The
hardware-related part of the introduction is concluded by a simplified description of electron
detectors (sub-section 3), where I outline the revolutionary aspects of direct detection devices
by comparing their structure and function (Figure 1.6) to that of charge-coupled devices (CCD,

Figure 1.5).

Next, I focus on the theoretical principles of image formation (sub-section 4). To highlight
the main phenomena related to image quality in TEM, I introduce basic concepts such as the
influence of electron energy and optic aberrations, followed by a more elaborate description of
the origin of contrast and noise. The sub-section concludes with a few considerations on how -
and most importantly, how efficiently - detectors sample continuous electron waves into discrete

sections (pixels).

Sub-section 5 is dedicated to tomographic data collection and processing. Here I provide a
simplified description of how tilt series images are collected in the microscope (Figure 1.14),
and how the raw data is processed into a three-dimensional representation of the sample.
The influence of tilt geometry and dose distribution on reconstruction quality (Figure 1.16)
is also discussed. The second part of the sub-section focuses on structure determination by

subtomogram averaging (Figure 1.17), and how the resolution of cryo-EM maps is determined.

Lastly, I conclude the chapter (sub-section 6) with a description of how biological specimens
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are prepared for cryo-EM imaging (Figure 1.19), with a few final remarks about the dynamics

and limits of the vitrification procedure.

Chapter two follows on the topic of cryo-preparation of biological specimens with the
investigation of protein denaturation at the air-water interface.

In the introduction section I outline the most relevant aspects of this phenomenon. Early
experiments on the behaviour of proteins in solution revealed their propensity to diffuse from
the bulk phase towards its interface with the atmosphere. Here, in most cases, they form
insoluble layers of denatured fibrils (Devaux, 1935; Kaplan and Fraser, 1954; Trurnit, 1960;
Ramsden, 1994; Yoshimura et al., 1994; Taylor and Glaeser, 2008; Glaeser and Han, 2017).
The correlation between protein denaturation and contact with the interface was proposed
to be due to a gradual unfolding process, where thousands of interactions per second would
produce an increasingly extensive structural damage (Taylor and Glaeser, 2008; Israelachvili,
2011; Naydenova and Russo, 2017). Direct evidence of this mechanism, however, was never

documented.

In the attempt to gain deeper insight into the dynamics that take place at the air-water
interface, I collected cryo-tomograms of vitrified yeast Fatty Acid Synthase (FAS) preparations.
In the first sub-section of the results I describe how biochemical and negative stain TEM
analysis of FAS fractions showed that the complex remained intact and catalytically active
throughout the purification procedure (Figure 2.1). Single-particle analysis revealed, however,

that after vitrification 90% of all complexes were extensively damaged (Figure 2.2).

Tomographic reconstruction of the same specimens (sub-section 2) showed that all FAS
complexes were attached to the air-water interface. The side of the molecule exposed to the
interface appeared flattened, while the side exposed to the bulk solution kept its round features

(Figure 2.4). Subtomogram averaging confirmed that one side of almost 90% of the particles
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were extensively damaged. By comparing the orientation of this damaged side to the position
of a computational model of the air-water interface (Figure 2.5), I was able to determine that
they match perfectly, providing the first direct evidence that interaction with the air-water

interface induces the local denaturation of large protein complexes (sub-section 3).

Extensive damage was also observed under different experimental conditions with controlled
air exposure (Figure 2.6), confirming that air denatures proteins in solution (sub-section 4). At
the same time, the particles attached to a layer of amorphous carbon appeared to be intact, as
expected from earlier results where detergents and carbon supports were shown to reduce the
damage and preferred orientation in vitrified protein solutions (Popot, 2010; Efremov et al.,
2015; Blees et al., 2017; Bai et al., 2013; D’Imprima et al., 2017; Nguyen et al., 2015; Schraidt
and Marlovits, 2011). Both methods are not optimal, as they increase the electron opacity of
the specimen, and reduce the overall quality of the data. Instead, grids with a hydrophilized
graphene support might provide an equally good protection against the air-water interface,

while keeping image quality unaffected.

To test this hypothesis I collected cryo-tomograms of FAS vitrified on graphene-backed grids
(sub-section 5). With a combination of tomographic reconstruction and subtomogram averaging
I was able to show that all protein complexes were attached to the graphene-water interface
(Figure 2.8), and that they remained perfectly intact throughout the procedure (Figure 2.9).
The excellent quality of the preparation was further confirmed by independent single-particle

analysis, which yielded a 4 A resolution reconstruction of the complex (Figure 2.10).

The visualization of single molecules denatured on the invisible air-water interface, together
with a system to avoid structural damage in cryo-preparations, are the most relevant results
of this project. The complete study, published in the journal eLife with running title “Protein

denaturation at the air-water interface and how to prevent it” (D’Imprima E., Floris D. et al.,
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2019), received unanimous acclaim from the cryo-EM community, as confirmed by more than

40 citations in the past two years.

Chapter three focuses on my primary doctoral project, the characterization of etioplast inner
membranes in higher plants.

Etioplasts are photosynthetically inactive chloroplast precursors accumulated by plants grown
under low-light conditions. These organelles have two outer membranes, and an elaborate inner
membrane system featuring a large paracrystalline core of membrane tubes and its peripheral
planar extensions, respectively known as prolamellar body and prothylakoids (Adam et al.,
2011). In response to light, the etioplast inner membranes undergo a remarkable metamorphosis,
where a gradual accumulation of chlorophyll and photosynthetic protein complexes promotes
the formation of the wide grana and stroma lamellae that characterise mature chloroplasts

(Kowalewska et al., 2016).

Because of their fundamental role in chloroplast biogenesis and thylakoid maturation, etioplast
inner membranes have been characterised extensively in the past. The protein complexes
detected by biochemical analysis, however, have never been related to the structural information
provided by TEM, since the fixatives and resins used to stabilise the organelles under the
electron beam would degrade the high-resolution detail required for structural determination
in situ (Lindsten et al., 1988; Philippar et al., 2007; Kanervo et al., 2008; Rudowska et al.,
2012; Grzyb et al., 2013; Kowalewska et al., 2016). Vitrified specimens, where both membrane
architecture and molecular detail are preserved, had not been analysed by cryo-EM before.
This gave me the chance to start the exploration of their mysterious landscape by electron

cryo-tomography.

I begin the results section with a description of the three-dimensional aspect of prolamellar

bodies, prothylakoids, and the circular junctions that keep them connected (Figure 3.1,
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Figure 3.2). In most tomograms it is possible to distinguish many soluble and membrane
protein complexes, of which two were sufficiently large and abundant to be analysed by
subtomogram averaging (Figure 3.4). The first, a globular density localised in the stromal
spaces within the paracrystalline mesh of the prolamellar body, was identified as the plastid
ribosome. The second, a lollipop-shaped density attached to the prothylakoid membranes, is

the monomeric ATP synthase.

The novel information I gathered about preferential distribution and unique features
of these fundamental complexes, however, was accompanied by an even more exciting
discovery. The tomographic reconstruction of prolamellar bodies compressed into a thin
layer of vitrified buffer revealed that their surface is uniformly covered by helical crystals
of a small, membrane-associated protein (Figure 3.7, Figure 3.9). With a combination of
immuno-histochemistry on leaf sections, and biochemical analysis of isolated membrane
fractions (Figure 3.10), I identified this protein as the ~37 kDa enzyme Light-dependent

Protochlorophyllide Oxidoreductase (LPOR).

LPOR is the most abundant protein in etioplast inner membranes (Philippar et al., 2007;
Ploscher et al., 2011; Shen et al., 2009; Kanervo et al., 2008; Lindsten et al., 1988; Blomqvist
et al., 2008), where is responsible for the synthesis of protochlorophyllide, the immediate
precursor of chlorophyll (Masuda and Fujita, 2008). Because of the physiological relevance
of this reaction, fundamental for the formation of mature photosynthetic complexes, LPOR
is considered one of the most important enzymes in etiolated plant cells. The insights from
my tomographic reconstructions of LPOR in situ (Figure 3.11, Figure 3.12, Figure 3.14,
Figure 3.15) provide definitive answers about its previously unknown localization, membrane
association, oligomeric state, membrane shaping ability, and control over the size of the
prolamellar body (Reinbothe et al., 2003a; Kanervo et al., 2008; Gabruk et al., 2015; Ryberg

and Sundqvist, 1988; Sperling et al., 1997; Franck et al., 2000; Frick et al., 2003; Masuda et al.,
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2003). Lastly, based on the final subtomogram averaging map at 9 A resolution, I was able to
propose a novel substrate shuttling mechanism (Figure 3.16), which integrates the function of

LPOR into the complex pathway of chlorophyll biosynthesis.
The manuscript describing the results of this work was published in the journal Nature plants,
with running title “Molecular landscape of etioplast inner membranes in higher plants” (Floris

D. and Kiithlbrandt W., 2021).

My thesis ends with a brief outlook chapter, where I outline the future perspectives of my

projects, and how the doctoral experience changed my approach to scientific research.
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Chapter 1

Transmission Electron

cryo-Microscopy

1.1 Time line of TEM in a nutshell

During the second and third decade of the twentieth century the knowledge of electromagnetism
and quantum mechanics opened up new prospects for the use of charged particles in microscopy.
Two essential concepts made the advancement possible. The first one, investigated by Hans
Busch, was the possibility to focus electrons by means of axisymmetric electromagnetic fields
(Busch, 1926). The second one, based on studies from Louis de Broglie, was a ground breaking
hypothesis proposing that particles with mass could exhibit a wave-like behavior (de Broglie,

1924). The short wavelength of electrons became the new promise for high resolution microscopy.

The birth of Transmission Electron Microscopy (TEM) took place in 1931, when Ernst Ruska
and Max Knoll built the first microscope prototype (Knoll and Ruska, 1932; Robinson, 1986).
In the following decades many research groups explored the potential of this instrument,
developing new hardware configurations and mathematical models to manipulate the signal.
Great interest soon converged on the analysis of living systems. The major challenges posed

by biological specimens were represented by their loss of native structure, high sensitivity
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1.1. TIME LINE OF TEM IN A NUTSHELL

to electron damage, and fast dehydration in vacuum. Such strict limitations were initially
overcome with the combination of plastic embedding procedures and cross linking agents
(Palade, 1952). A decade later Huxley and Zubay (1961) proposed a technique known as
negative staining, where heavy metal salts create an electron dense shell outlining the surface of
the structure of interest. The strong contrast achieved with this approach, given by exclusion

rather than binding of stain, simplified the analysis of small structures.

The transition from simple two-dimensional (2D) projections to three-dimensional (3D)
reconstructions happened in 1968, when De Rosier and Klug (1968) readapted the mathematical
models used in X-ray crystallography to account for the phase information present in electron
micrographs. This advancement was essential to produce the first 3D map of unstained
bacteriorhodopsin at 7A resolution from purified membranes of Halobacterium halobium
(Henderson and Unwin, 1975). Structural determination of negatively stained individual
protein molecules (or “single particles”), instead, was still very much limited by spatial
orientation and stain distribution heterogeneity. The earliest successful attempt to simplify
the complexity of these datasets was achieved by the image processing pioneer Joachim Frank.
Together with his colleague Marin van Heel, he proposed a multivariate statistical analysis
(MSA) technique to classify molecule images from their similarity (van Heel and Frank, 1981),

laying the foundations for modern data processing methods.

The series of revolutions in electron microscopy of biological specimens began with the “cryo
era”. Early proof that low temperatures could reduce radiation damage and yield high
resolution signal was provided by Taylor and Glaeser (1974), who showed how frozen-hydrated
2D crystals of catalase could diffract at 3.4 A when kept at liquid nitrogen temperature in
a special holder. Freezing the sample in nitrogen, however, was not fast enough to prevent

the formation of undesired crystalline ice. The real breakthrough came in the mid 80s, when

Jacques Dubochet and coworkers developed a three-step vitrification procedure particularly
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CHAPTER 1. TRANSMISSION ELECTRON CRYO-MICROSCOPY

suitable for electron microscopy. In their publication (Dubochet and Lepault, 1984) they
demonstrated how a thin layer of water applied to an EM grid could solidify into amorphous
ice when plunge frozen into liquid ethane. This method thus provided a nearly perfect solution
to fix small molecules in their native state, reducing at the same time the detrimental effects of

radiation damage.

While Richard Henderson was setting a new milestone in electron microscopy with the first
atomic model of bacteriorhodopsin from 2D crystals (Henderson et al., 1990), the 90s were
characterized by the rise of a new technique: electron tomography. Rather than relaying
on multiple copies of the same molecule, this approach consisted in the computation of
three-dimensional reconstructions from tilted views of the same area. High electron dose images
were traded for arrays (or “tilt series”) of low dose images, collected via complex tracking
routines. The first softwares for automated tomographic data acquisition (Dierksen et al.,
1992) and volume reconstruction (Kremer et al., 1996) greatly simplified the tomographic
pipeline. Direct interpretation of individual macromolecules was nonetheless limited by the
low total electron dose. With their re-elaboration of single-particle algorithms, Walz et al.
(1997) were the first ones to align and classify small portions (or “subtomograms”) of large
volumes, allowing the identification of three-dimensional particles in their native environment.
Tomography became the elective method to analyze complex structures like organelles or entire

cells down to the molecular level.

The last - and perhaps most important - event in the history of TEM was the resolution
revolution (Kuehlbrandt, 2014). Up to the first decade of the 2000s the most common detectors
used to record micrographs were charge-coupled devices (CCD) and photographic film (Bammes
et al., 2012). The former allowed fast electronic readout and automated data collection, but
performed poorly at high frequencies. The latter was instead unsuitable for high data

throughput but superior for high resolution imaging. A synthesis of the best qualities from both
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1.2. STRUCTURE AND FUNCTION OF THE TEM

systems came with the invention of Direct Detection Devices (DDD) (Faruqi and Henderson,
2007). These new cameras were designed with four main features: i) a radiation resistant
chip that could withstand direct exposure to high energy electrons; ii) large pixels for precise
localization of electron events; iii) thin detection hardware to limit scattering phenomena; iv)
very fast readout speed. This last feature, in particular, was the key to eliminate beam-induced
motion blurring. The infinitesimal movements occurring upon specimen irradiation could be
recorded in multiple frames, then motion corrected and summed in a single, crisp image.
Such improvement revealed particularly beneficial for low dose imaging of biological samples,
as demonstrated by the first dataset combining electron cryo-microscopy (cryo-EM) and
direct detectors (Milazzo et al., 2011). Amount and resolution of the maps deposited grew
exponentially with the debut on market of direct detection technology (EMBL-EBI, 2021b,c).
High-resolution structure determination of complex molecular machines, once undisputed
domain of crystallography, became increasingly easy to achieve. The best single-particle map

to date (EMD-11668, (Yip et al., 2020)) reaches a resolution of 1.15A.

Better microscopes (FEI, 2019), new sample preparation techniques (Pantelic et al., 2010;
Jain et al., 2012; D’Imprima et al., 2019), and ever improving data processing algorithms
(Nakane et al., 2018) are fueling the seemingly unstoppable rise of cryo-EM. The Nobel Prize
in Chemistry awarded to Jacques Dubochet, Joachim Frank and Richard Henderson in 2017
(Callaway, 2017) is surely the greatest inspiration for the new generation of microscopists, and

a bright beginning for the post-resolution revolution era.

1.2 Structure and function of the TEM!

Transmission electron microscopes are large, incredibly complex machines (Figure 1.1). To

comply with the introductory purpose of this section, only the structure and function of the

!The content of this subsection is based on Williams and Carter (2009), and FET Titan manual (2010)
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CHAPTER 1. TRANSMISSION ELECTRON CRYO-MICROSCOPY

main components will be described. All TEMs consist of a high-vacuum column (Figure 1.1,
panel C) that features an electron gun and three electromagnetic lens systems (condenser,

objective, projector), stacked on top of a detection device.

Front side (closed) Front side (open)

@ Coolumn

Figure 1.1: Overview of a Titan Krios TEM (Thermofisher Scientific). When the protective
case 1is closed, the microscope appears as a 4 m-tall box (panel A, left image), surrounded
by a liquid nitrogen dewar (1) feeding the cooling system, and a control console (2). On
the rear side (panel B), high-tension tank (6) and line (7), field compensator (8), and
camera digitiser (9) are also visible. When the case is open (panel A, right image), it
exposes the internal Faraday shield (3), reinforced concrete base (4) and column elements
(5). The close-up view in panel C shows the autoloader (10), and four constitutive blocks
of the column (delimited by red brackets): the gun (11), condenser (12), objective (13), and
projector system (14). Figure credits: Davide Floris.

The gun is the assembly feeding electrons to the entire apparatus. Most advanced microscopes
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1.2. STRUCTURE AND FUNCTION OF THE TEM

feature a Field Emission Gun (FEG), where the source (cathode) is a needle-shaped tungsten
tip located above two anode plates. The proximal plate produces a strong extraction voltage to
pull electrons from the tip. The distal plate accelerates them to the target voltage (commonly,
300 kV). Electron gun performance is evaluated on the basis of stability, brightness, and
coherence of the beam produced. Ideally, the source should provide current with negligible
energy fluctuations and high density per solid angle (brightness, ). The electrons emitted
should be perfectly parallel (spatial coherence) and in phase (temporal coherence) with each

other, properties respectively dependent on the size and energy spread of the source.

Lens systems are arguably the most important components of an electron microscope. They all
share a similar structure, but serve different purposes in the respective section of the column.
The condenser system (Figure 1.1, panel C 12), sitting right beneath the gun, concentrates
the electron spray of the source into a single spot. Further down, the objective system
(Figure 1.1, panel C 13) receives the beam and drives it towards the specimen, where the
objective lens creates the image. Finally, the imaging system (Figure 1.1, panel C 14) increases
the magnification and sends the signal towards the detection device. All segments are crossed

by the optic axis, an imaginary line passing through the center of each electromagnetic lens.

The architecture of a lens system consists of four elements (Figure 1.2). The first and uppermost
component is a set of double deflector coils. Coils on opposite sides of the column share the
same winding handedness, and are coupled with each other to create a one-directional magnetic
field (Figure 1.2, top right panel). Concerted action of all deflector elements allows to shift
the electron beam towards the optic axis. The second and central component is the main
electromagnetic lens, a large coil wound in tightly packed spirals. Electric current passing
through the coil generates a uniform, toroidal magnetic field (Figure 1.2, mid right panel)
responsible for the system-specific transformation of the signal. The third lower component

is a double quadrupole of stigmator coils. Here coils on opposite sides of the column have
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CHAPTER 1. TRANSMISSION ELECTRON CRYO-MICROSCOPY

opposite winding handedness, and create magnetic fields with opposite direction (Figure 1.2,
bottom righ panel). This set-up allows to compress or stretch the electron beam in all possible
directions, compensating for astigmatic distortions due to small imperfections in the upstream
lenses. The last component is an aperture, which prevents divergent electrons from reaching

the successive section of the column.

Deflector
coils

Field lines

Lens

Stigmator
coils

Aperture

Figure 1.2: Elements of a TEM lens system. On the left side, the three-dimensional
rendering shows the arrangement of deflector, lens, stigmator and aperture. On the right
side, three panels show how current flow in the copper coils of the deflector (top), lens (mid),
and stigmator (bottom) determines the direction of the magnetic field (coloured arrows).
Figure credits: Davide Floris.

Analogously to glass lenses and light, the function of electromagnetic lenses is based on their
ability to bend the path of charged particles. Ray diagrams are a perfect tool to display such

complex dynamics at work (Figure 1.3). Electrons emerging from the object plane scatter
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1.2. STRUCTURE AND FUNCTION OF THE TEM

in multiple directions simultaneously. The ones passing through the center of the lens are
not affected by its field, while all others are refracted at specific angles. Path intersection
points identify two fundamental planes in the optic system: first, the back-focal plane, passing
through the intersection of parallel electron trails; second, the image plane, passing through
the intersection of electron trails originating from the same point of the object (Figure 1.3,
panel A). Equally important are their respective distances: the object distance d, separating
object and lens plane, the focal distance f separating lens and back focal plane, and the image

distance d; separating lens and image plane (Figure 1.3, panel B).

From a mathematical point of view the main properties of a lens are based on the relationship
between d; and d,. The sum of their reciprocal equals the reciprocal of the focal length (equation

(1.1)), while their ratio defines the magnification M (equation (1.2))

1 1 1
} = df + df (1.1)
M :% (1.2)

Field intensity in electromagnetic lenses is tuned to alter electron refraction angles and produce
a shorter or longer focal length. This results in a proportional increase or decrease of d;, hence
of the magnification achieved (Figure 1.3, panel B). A further factor to take into account when
describing electron trajectories and image formation is the effect of Lorentz force. The magnetic
field of the lens alters the path of charged particles by influencing their velocity components.
The direction of the resulting vector changes constantly, depending on the in-plane position
and vertical displacement along the optic axis. This induces electrons to spiral down the
column, rather than move in straight trajectories (Figure 1.4), producing a characteristic

magnification-dependent image rotation.
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B
parallel electron beam object plane
> specimen do
B lens
objective : 2
lens dia f
-2 back focal
plane image plane 2
din
b image plane 1
« image plane

Figure 1.8: Functioning principle of TEM lenses. Diagram A shows how parallel rays
emerging from the specimen (represented by lines with same colour) converge to the same
spot at the back focal plane, then diverge to form a specular image at the image plane.
Diagram B shows how, for a constant object distance d,, the focal and image distance of a
strong lens (fo and d;y respectively) are shorter than the ones from a weak lens (fi and d;i
respectively), resulting in a demagnified image of the object. Figure credits: Davide Floris.
Design in panel B inspired by Williams and Carter (2009), figure 6.4.

upper column ‘ \
trajectory \

electron

optic axis —

metal coat

copper coil

field lines

lower column

Figure 1.4: Effect of the Lorentz force on electron trajectory. The three-dimensional
rendering shows how the toroidal field produced by an electromagnetic lens bends electron
trajectory into a spiral. Figure credits: Davide Floris.

A final point worth mentioning is related to the imperfect nature of real lenses. Minimal
defects in the microscope components alter signal propagation to the sections downstream,
influencing image quality. Some aberrations are corrected with apposite lens systems, as
previously mentioned in the case of astigmatism and stigmator coils. Others, like magnification
distortion, can be quantified and corrected in silico. Yet others require additional hardware
components to be installed, like Cs and C. correctors for spherical and chromatic aberration,
monochromators, or energy filters. Rather than going into the details of a large number of optic

aberrations, an accurate description of their effect on signal quality will be explored in section 1.4.
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1.3. ELECTRON COUNTING DETECTORS

1.3 Electron counting detectors?

The journey of high energy electrons comes to an end on the cold surface of a detection
system. The first detectors ever used were thin polyester films coated in silver halide
emulsions. Primary electrons interacting with the surface impressed it by ionizing the salts,
with subsequent development into a proper picture after chemical treatment. Data recorded
with this approach offered good image quality at high frequencies, but poor dynamic range and

very low throughput. Faster alternatives became available with the advent of CCD technology.

The heart of CCD detectors (Figure 1.5 A) is the p-n junction photo diode, a silicon slab with
heterogeneous semiconducting properties. One side is rich in electrons, carried by negative
(n) type dopants like phosphorus. The other is rich in holes, introduced by positive (p) type
dopants like boron. Although p- and n-type silicon are electrically neutral, their interaction
in the diode causes some electrons in the n-side to move to the p-side and fill the holes. This
creates an interface known as “depletion layer”, where the p-side is negatively charged and the
n-side positively charged. The effect is amplified further by application of a reverse bias current,
that saturates the p-side with electrons. Finally, the n-side of the chip hosts multiple circuitry
layers: a set of parallel insulating channel stops, an insulating layer of silicon oxide, and a set
of charged aluminum stripes oriented perpendicular to the channel stops. The resulting mesh

subdivides the surface equally into small picture elements (pixels).

The radiation sensitivity of silicon crystals forbids direct exposure to high energy electrons.
Signal generation is therefore bound to two energy conversion steps. The first step (Figure 1.5
B) occurs in the scintillator. When struck by electrons this component releases a proportional
number of photons, immediately funnelled to the diode through insulated optic fibers. Here the

energy deposited by light in the 190-1100 nm range is sufficient to trigger the second conversion

2The content of this subsection is based on Faruqi and Subramaniam (2000), Turchetta et al. (2001), Sze and
Ng (2006), Farugi and Henderson (2007), Booth (2012), Bammes et al. (2012), Booth and Mooney (2013), Li
et al. (2013b), Ruskin et al. (2013), Clough et al. (2014), McMullan et al. (2016), Direct Electron (2020), FEI
(2020), and Gatan (2020)
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step via the photoelectric effect, with generation of electron-hole pairs in the p-doped silicon.
These secondary electrons diffuse immediately towards the n-side of the chip where, confined by

the insulating boundary of the pixel, they accumulate in the positively charged aluminum strips.

At last, signal readout concludes the detection pipeline (Figure 1.5 C). By alternating current
polarity along the aluminum stripes, electrons are iteratively shifted towards the edge of the
chip, where a special row called serial shift register analyses the charge in each column. Pixel
by pixel, electrons are transferred into a small capacitor, then passed to an amplifier and finally

written into the camera memory.

Overall, CCDs offer a wide dynamic range, satisfactory intermediate resolution information
and fast data display. At high spatial frequencies, however, they do not perform as well as
photographic film. Multiple scattering phenomena in the scintillator, loss of energy at each
charge transfer, and low frame rate, represent the main limiting factors of CCD technology.
The detection of high resolution signal with all the benefits of electronic systems only became

possible in recent years, with the development of Direct Detection Devices.

Direct Detection Devices are the latest and most performing generation of cameras on the
market. Their radiation resistant components withstand direct exposure to primary electrons,
leading to an entirely new design of the system (Figure 1.6 A). Complementary Metal Oxide
Semiconductor (CMOS) processing allowed the creation of Monolithic Active Pixel Sensors
(MAPSSs), chips where miniaturized electronics is implanted on top of a single sensitive layer
(epilayer). Beneath it, a slab of back-thinned inert silicon provides mechanical support with

reduced back scattering. Above it, a thin passivation coat protects the circuitry.

Each pixel hosts its own capacitor and transistors, creating analog signals proportional to

the energy received (Figure 1.6 B and C). Pixels in the same row are connected in parallel,
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Figure 1.5: Structure and function of a CCD chip. The simplified structure of the main
CCD components is represented in panel A. Signal generation is triggered upon opening of
the electronic shutter. Primary electrons hit the scintillator (B1), and the light generated
is carried down to the silicon layers through optic fibers, creating electron-hole pairs (B2).
Secondary electrons move up to the positively charged aluminum stripes (B3). Once the
electronic shutter closes (C4), electrons are shifted to the serial shift register row by row
(C5), then the charge in each pixel is amplified and stored into memory (C6). Orange and
black arrows in B1 and B3 represent electron trajectories, while green arrows in B2 light’s
path through the fiber. For illustrative purposes elements are not drawn to scale. Figure
credits: Davide Floris.

and their amplified voltage is sent to a processing bus system (row and column selection shift
registers) via thin wires. This organization not only avoids multiple charge transfers (capacitive
coupling), but also allows a continuous “rolling shutter” readout, as opposed to the global start

and stop exposure cycles of CCD detectors. All information collected in each row is ultimately
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sent to a digitizer, which converts it into a digital signal that can be stored on the camera

computer.
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on-chip electronics

epilayer

/ (lightly doped (P-) silicon)
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Figure 1.6: Structure and function of a direct electron detector chip. The main components
of the chip are represented in panel A, while the close-up in panel B shows the structure of
a pizel and a simplified diagram of its circuitry (inset). Primary electrons penetrating the
chip trigger signal generation by creating electron-hole pairs in the epilayer (panel C1). The
drop of potential in the N-well attracts free electrons, which are immediately accumulated in
the circuitry, then converted into an amplified signal (panel C2). The output of all pizels is
finally collected row by row and stored into an external memory. For illustrative purposes
elements are not drawn to scale. Figure credits: Davide Floris.

The characteristic feature of direct detectors is the ability to collect data in multiple functional
configurations, known as integration, counting, and super-resolution mode. Integration mode
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is mostly used under coincidence-loss regimes, when the dose rate is so high that multiple
electrons strike the same pixel within the readout interval. The detector accumulates charge
during exposure, then integrates it right before readout. While retaining reasonable quality,

noise build up from each energy deposition results in sub-optimal images.

Counting mode is the preferred configuration for dose rates within the optimal dynamic
range of the camera. Here the analog signal generated by individual electrons is replaced
with a discrete count, providing a drastic reduction of background noise. The system is
particularly efficient at low electron flux, where detection accuracy becomes increasingly
better. Images can be eventually saved as stacks of dose fractionated frames, commonly
known as “movies”. These are then processed with apposite programs that reduce the
motion-induced blurring occurring upon irradiation. Electron counting represents one of the

major breakthroughs in direct detection, and is now available in all main cameras on the market.

Super-resolution is an extension of counting mode that exploits signal aberrations to improve
detection quality. The coordinate of electron impact on the chip is mathematically triangulated
from small analog signal fluctuations surrounding the active pixel, resulting in sub- (quarter)
pixel precision. This signal distribution analysis allows to oversample images beyond the physical
limits of the chip, and represents the most advanced feature available in any direct detector. At

the moment only Gatan’s K2 summit and K3 cameras can operate in super-resolution mode.

Other properties that characterize the exceptional performance of direct detection devices will

be examined further in section 1.4.
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1.4 Image formation®

All the components of a transmission electron microscope, from gun to detection system,
influence image quality in a unique way. This subsection covers the most important signal

properties, their origin, limits, and how they can be tuned to optimize data collection.

The acceleration voltage generated at the anode of the microscope is the primary aspect that
determines its resolving power. According to the Rayleigh criterion, image resolution in TEM is
inversely proportional to the wavelength (A) of the radiation used, as in visible light microscopy.
Electrons accelerated through a potential (U) acquire momentum (p) and kinetic energy (FEy),

respectively quantified as

p = mov (1.3)
1 2
U=E;= 5 MoV (1.4)

where myg is the electron mass at rest and v its velocity. The relationship between voltage and
wavelength (or voltage and resolving power) is easily defined in three steps: i) rearrange equation

(1.3) as v = 21 ii) substitute v in equation (1.4) to solve it for momentum
0

p = (2moEy)? (1.5)

and iii) use the definition of momentum in (1.5) to re-elaborate the de Broglie wavelength

equation

h h
A= — = —— 1.6
P (2moEy) o

N[

where h is Planck’s constant. The definition in (1.6) is valid for non-relativistic systems only.
Considering that electrons accelerated through a 300 kV potential reach nearly 80% light speed

(c), relativistic effects must be taken into account. A more rigorous description is thus provided

3The content of this subsection is based on Williams and Carter (2009), Baker and Henderson (2006), Orlova
and Saibil (2011), Li et al. (2013a), Li et al. (2013b), and Clough et al. (2014)
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by equation (1.7):

A= 2moBr(L+ B )] (1.7)

2moc2

[N

Accordingly, machines with accelerating voltage of 100, 200 and 300 kV produce electrons with

a respective relativistic wavelength of 3.7, 2.51 and 1.97 pm.

As mentioned in section 1.2, resolution is also influenced by small imperfections in each lens
system. These cause the onset of distortions that progressively deteriorate image quality. The
most recurrent ones are astigmatism, coma, spherical and chromatic aberration (Figure 1.7).
Astigmatism is caused by asymmetry in the field of electromagnetic lenses, which induces
electrons passing through to deflect more strongly in one direction (Figure 1.7 B). Their
convergence into two distinct image planes produces a characteristic elliptic distortion. This
is easily compensated by fine tuning of the current intensity in the stigmator coils. Comatic
aberration arises instead when the beam is tilted with respect to the lens plane (Figure 1.7 C).
Parallel electron rays are focused at different focal lengths, producing a series of asymmetrical
disc shapes whose dimension is proportional to the distance form the optical axis. Individual
spots in the resulting images are smeared in one direction, and feature a characteristic
comet-like tail (or coma). This alteration becomes particularly relevant in TEM imaging at
high magnification, but it can be corrected both with fine tuning of beam tilt alignment and in

silico during data processing.

The most detrimental distortion in all forms of TEM is spherical aberration (Figure 1.7 D).
Electromagnetic lenses bend off-axis electrons towards the optical axis with a strength that
is proportional to their divergence angle (maximum angle of collection, ). As a result, the
curvature of the spherical wave front emerging from a point object is increased by each lens,

and produces the image of a disk with a central high intensity region surrounded by a dimmer
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halo. Its radius rgpy, is given by

Tsph = Cs3° (1.8)

where the spherical aberration coefficient Cy is a constant defined by units of length, unique
for each lens. Spherical aberration in the objective system imposes a strong resolution cut-off,

altering beyond repair the detail that can be retrieved from the sample.

Figure 1.7: Ray diagrams representing the main optical aberrations. (A) Perfect lens with
focal length f. Parallel rays converge to the same point on the optical axis (red dashed
line). (B) Astigmatism. Parallel rays in perpendicular directions converge to distinct points,
defining multiple focal lengths (f, and f,). (C) Coma. Parallel rays that are not normal
to the lens plane are focused at multiple lengths, away from the optical axis. The resulting
image (framed inset) has a characteristic comet tail distortion. (D) Spherical aberration.
Rays passing farther away from the center of the lens converge on points of the optic axis
that are increasingly close to the lens plane, defining multiple focal lengths (f, to f;). (E)
Chromatic aberration. Parallel rays with different wavelength converge on different points
of the optic axis, defining multiple focal lengths (f; to f3). Figure credits: Davide Floris.
Design inspired by Orlova and Saibil (2011), figure 5.

Lastly, a similar signal distortion profile is also produced by chromatic aberration (Figure 1.7
E). Its onset, however, is due to small differences in the energy of individual electrons. Lenses

bend low energy electrons more strongly than high energy ones, which are less affected when
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passing through the same field. In this case the image of a point object will be a disk of radius

Tchry glven by

AFE
Tehr = CC?()IB (19)

where the chromatic aberration coefficient C. is a constant defined by units of length, whose
value is approximately equal to the focal length of the lens. AE is the electron energy loss with

respect to the initial beam energy Ej.

Interaction with the sample causes energy loss resulting in chromatic aberration. Here electrons
transfer part of their energy through multiple inelastic scattering phenomena, generating an
energy spread that is proportional to the thickness of the specimen. The resulting signal
distortion can be partly reduced with energy filters. These devices, located inside the column
or right before the detection system, feature a slit that allows only electrons within a specific

energy band (commonly between 10 and 20 eV) to reach the detector.

As previously explained in section 1.3, local variations in specimen transmission are saved as
proportional intensity values in the corresponding micrograph. Here image contrast (Cont;y,,) is
quantified as

Conty, = Pmaz — Pmin (1.10)
D

where ppar and pm, are the values of highest (brighter) and lowest (darker) intensity, and
p is the average intensity of the whole image. Each electron contributes to the creation of
contrast in two possible ways, depending on whether its amplitude or phase were modified upon
interaction with the specimen. Amplitude contrast results from the absorption of electrons
or part of their energy, and becomes increasingly stronger for larger energy gaps between
incident and emerging electrons. Phase contrast, instead, results from the phase shift due to the

difference of path length travelled through the specimen. Both phenomena are very limited in
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vitrified biological samples. Here light atoms such as H, C, N and O, deflect rather than absorb
electrons, creating minuscule differences in amplitude. At the same time their low electron

potential produces negligible scattering, causing a characteristic “weak phase object” behaviour.

It is easier to understand the importance of phase contrast in image formation by treating
electrons as complex-valued probability amplitudes (i.e. wave functions, V). In this form they
can be represented by vectors in a complex plane, whose length corresponds to the amplitude,
and angular displacement from the real axis to the phase (¢) of the electron (Figure 1.8). The

. . A
Imaginary

real

Figure 1.8: Argand diagram. Polar representation of the wave vector W and its phase ¢
on a complex plane. Figure credits: Davide Floris. Design inspired by Orlova and Saibil
(2011), figure 8.

correlation between amplitude and phase is defined as

() = A(F)el#} (1.11)

where the amplitude A and phase ¢ are function of a vector # in the image plane. The wave

—\

transmitted through the sample W4, (7) can be approximated to the sum of the unscattered

wave U, (equal to the incident wave, Wg) and the scattered wave Wg:

Uyam (F) ~ Uo(1 + iopp (7)) (1.12)

where i corresponds to the imaginary component, ¢ is a parameter related to electron mass
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and wavelength, and ¢, is the atomic electron potential projected along the optical axis.
Equation 1.12 can be further simplified to V44, = ¥, + 1¥s. Corresponding to the imaginary
part of the expression, Ws has a 90° phase shift with respect to ¥,. The amplitude of W4,
is therefore very similar to ¥,,, resulting in a equally similar intensity distribution (I(7)) that
creates little to no contrast (Figure 1.9 A). Conversely, introduction of a +90° shift in the

phase of ¥, will maximise the amplitude difference (Figure 1.9 B), hence the contrast in the

final image.
A
II‘S
(scattered wave)
u
(unscattered wave)
B
w 90° phase shift -90° phase shift
.............. e 7}

S

>
>

Figure 1.9: Comparison between scattered and unscattered waves. The Argand diagram in
A shows how the amplitude of a wave transmitted through the sample (Vgapm ) is similar to
that of the unscattered wave (¥,,). Instead, by introducing a £90° shift in the phase of the
scattered wave (Vg), the amplitude of Vsam will be significantly different from that of W,
generating sufficient phase contrast (B). Figure credits: Davide Floris. Design inspired by
Orlova and Saibil (2011), figure 8.

From a practical point of view this result can be achieved by taking advantage of the aberrations
of the microscope, and manipulating its operating conditions. Phase shift effects, instead, are
better appreciated in Fourier space, where amplitudes and phases can be directly correlated to
spatial frequencies (R). The observed image of an object W, () is mathematically related to the

Usum(7) described in Equation 1.12; and to the point spread function (PSF) of the microscope

F{Wobs(M} = F{Wsam (1)} - F{PSF ()} (1.13)
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where F indicates the Fourier transform operation. In detail, the PSF can be approximated as
the product of separate aberrations, known as contrast transfer function (CTF) and envelope
function (E)

F{PSF(f)} = CTF(R) - E(R) (1.14)

While the frequency-dependent signal damping described by the envelope function is accounted
for by various instabilities such as beam-induced motion and radiation damage, the CTF is
tightly related to the phase shift arising from the spherical aberration of the objective lens and
the defocus (Af) used:

CTF(R) = exp(iv) (1.15)

with

. 1 | .
¥(R) = —2m (§A fAR? — ZCSA3R4) (1.16)

Fine tuning of the current in the objective lens allows to modify the A f value in Equation 1.16,
producing the phase shift described graphically in Figure 1.9. The change in (phase) contrast

is visible in micrographs collected at different A f values (Figure 1.10).

Af=4pm Af=1.3 pm Af=0pm Af=-1.3 pm Af= -4 pm

Over-focus Focus Under-focus

Figure 1.10: Defocus imaging in real space. The same spot in a layer of amorphous holey
carbon was imaged at different defocus (Af) values to show how contrast improves when
micrographs are collected far from focus. Specifically, under-focus imaging yields sharper
features, and is generally preferred for data collection. Figure credits: Davide Floris.

CTF modulation, instead, is more evident from its signature in Fourier space. Since the Fourier
transform of a real space image is a complex number, only the power spectrum of its amplitude
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(often simplistically referred to as “Fourier transform”) can be represented. Here the dependence
of phase contrast on 25in(*y(ﬁ)) is evident from the alternating positive and negative amplitude
values. This creates a characteristic pattern of concentric light and dark rings (known as
Thon rings) that oscillate more rapidly and closer to the origin for increasing A f values. The
power spectrum of the micrographs in Figure 1.10 provides a clear example of the phenomenon

(Figure 1.11). A detailed description of how signal quality is influenced by all variables in

Af=4pm Af=1.3 pm Af=0pm Af=-1.3 pm Af= -4 pm

Over-focus Focus Under-focus

Figure 1.11: Defocus imaging in Fourier space. Power spectrum of the micrographs in
Figure 1.10 showing how the pattern of amplitude oscillations (Thon rings) increases its
frequency at progressively higher defocus values. Figure credits: Davide Floris.

Equation 1.13 to 1.16 is beyond the introductory purpose of this chapter. For general reference
the CTF plots in Figure 1.12, simulated according to Jiang and Chiu (2001), provide a compact

and informative synopsis on the influence of the most relevant parameters: A, envelope, and Af.

Convolution of Wy, (7) with the point spread function causes features in different size ranges
to have inverse contrast, and corrupts the high-resolution information contained in the image.
Since the presence of CTF zeros forbids the restoration of the original signal quality by simple
deconvolution, most software for image processing accomplishes this task in multiple steps. After
detection and compensation for astigmatism, 2D power spectra are rotationally averaged and
compared to a theoretical model calculated at different A f values. The best match is then used
as a reference to phase flip the CTF at spatial frequencies where it reverses its sign. Subsequently,
signal damping due to the envelope function is partially recovered with amplitude correction.
A linear amplification of CTF at all spatial frequencies would result in extensive noise build up
in the zero and near-zero regions of the function, where noise rather than signal dominates the
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Figure 1.12: Parameter-dependent variation of the CTF profile. The CTF function
simulated at constant Af (plots in the left column) shows how imaging at higher voltages
(i.e. smaller \ values) moves the first zero of the function farther from the origin, and
reduces the total number of oscillations. Voltage influence over signal degradation at high
spatial frequencies is also evident by the trend of the envelope function, which becomes
steeper for larger A\ wvalues (plots in the central column). Lastly, higher defocus values
increase the number of oscillations and improve contrast at all voltages (plots in the right
column). Figure credits: Davide Floris.

spectrum. To prevent that, amplification is weighted depending on the ratio between signal and
noise (SNR), calculated as

Psi na
SNR = —sona (1.17)

Pnoise

where the energy value P is the integral of the power spectrum of the signal after normalization.
The recorded image I'm is finally corrected (Imeq-) with a Wiener filter where noise contribution
. . _ 1 .
is introduced as ¢ = g3p:

(1.18)

R {]—"{Im}CTF}

CTF? +¢
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More variables are introduced with the conversion of waves into digital images. Electron
behaviour can be modelled as a continuous time signal, and described with a discrete number of
samples that correspond to the physical pixels in the chip of the detector (Figure 1.5, Figure 1.6).
The quality of this model description can be maximised according to the Nyquist-Shannon
sampling theorem for band-limited functions. In the case of TEM, band limitation is based on
the calibrated image point size (also known as pixel size or “Apix”) used for imaging. Sampling
is achieved by multiplying the Fourier transform of the signal by a function that describes
m sampling intervals, where the value ﬁ is often referred to as Nyquist frequency. This
produces a new function where multiple copies of the signal are positioned with regular spacing,

as shown for a one-dimensional example signal in Figure 1.13 A (top plot row).

Signal periodicity introduced by the sampling function is particularly clear in images that were
binned n-fold times to boost contrast. This operation, consisting in a wider sampling in real
space, produces an n-fold increase in the density of signal repetitions in Fourier space. The
result is a phenomenon known as “aliasing”, where tightly packed copies of the signal partly
overlap with their neighbours. Figure 1.13 A (bottom plot row) and Figure 1.13 B illustrate
the aspect of aliased signals in one and two-dimensional examples respectively. Overlapping of

high frequencies is avoided with appropriate anti-aliasing filters (i.e. a low-pass filters).

The last fundamental aspects to include in the basics of image formation in TEM are related to
the signal detection performance of direct electron detectors. As briefly mentioned in section 1.3,
direct detectors outperform film and CCDs in both speed and dynamic range. The main
advantage of fast acquisition is not only to increase data throughput, but also to dramatically
decrease in-frame motion. In the context of Equation 1.13 and 1.14, this translates into a

reduction in envelope function steepness, leading to sharper images. The dynamic range, instead,
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Figure 1.13: Nyquist-Shannon sampling and aliasing. (A) Plots in the top row show the
periodicity of the product function between the Fourier transform of a band-limited 1D signal
and a sampling function. The bottom row shows how binning the signal twice doubles the
sampling frequency, hence the periodicity of the product. The overlapping between adjacent
repetitions (aliasing) becomes particularly clear in the Fourier transform of highly binned
2D signals (B). Figure credits: Davide Floris.

is influenced by signal recording efficiency and spatial frequency-associated noise levels. The
recording efficiency is described by the modulation transfer function (MTF), which corresponds
to the magnitude of the complex-valued Fourier transform of the PSF. The noise accumulation is
described by the detective quantum efficiency (DQE), corresponding to the relationship between

output (SN Ryy) and input (SN R;,) signal to noise ratio:

(SN Rout)?

DRE(R) =[Gy

(1.19)
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Finally, Equation 1.20 ties together DQE, image noise (described from its power spectrum,

NPS), and electron dose:

—

— ose X 2
DQE(R) =2 NP]ZZ; (F) (1.20)

Detectors with high DQE values are particularly advantageous when analysing
radiation-sensitive specimens, since they require lower electron doses to record high spatial
frequency information with acceptable signal to noise ratio. Of all cameras currently on the
market, FEI’s Falcon 4 is the one featuring the best efficiency, with a DQE of 0.9, 0.75 and 0.35

at 0%, 50% and Nyquist frequency (FEI, 2020).

1.5 Electron cryo-tomography and subtomogram averaging*

The availability of numerous projections in multiple orientations is the primary requirement for
three-dimensional reconstruction of two-dimensional TEM data. In electron cryo-tomography
these conditions are met by imaging the same target while tilting the stage, and collecting all
projections in an array of micrographs known as “tilt series”. In practice this is done with a
specific sequence of operations (Figure 1.14), looped every 2° or 3° over a £60° rotation range,
for a total of 61 or 41 images respectively. Once a suitable target is found, the area is brought
to the center of the field of view, and the beam is shifted along the tilt axis to avoid excessive
radiation damage (“low dose mode” operation). Here a minimum of four images are collected:
the first two are cross-correlated to determine stage drift and position (tracking routine), the
last two are used to determine the focus value (focusing routine). If drift is sufficiently low,
and defocus within the specified range, the beam is shifted back onto the feature and a single
exposure image is collected (recording routine). For all successive acquisitions the tracking and

focusing routines will update the displacement of the feature of interest on the xy and z axis

“The content of this subsection is based on Rosenthal and Henderson (2003), Frank (2006), Garces et al.
(2011), Orlova and Saibil (2011), Henderson et al. (2012), Scheres and Chen (2012) and Sanchez et al. (2019)
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respectively, then use the information to iteratively re-center the tilted feature before a new

exposure.

[stage tilt and beam shift|

Recording Tracking Recording

‘Eessy s
SAliEg g L

Ist
exposure

track focus  record record
image image  image | xy coordinate J | z coordinate J image
(FFT) correction correction

Figure 1.14: Simplified description of the tomographic low dose acquisition routine. After
the first image acquisition (left recording panel), the stage is tilted and the beam is shifted
away from the feature of interest. Here the grid is imaged four times to calculate and
confirm the in-plane shift (two images, tracking panel), then the vertical displacement (two
images, focusing panel). Finally, the beam is shifted back onto the target and the tilted
image is recorded (right recording panel). Figure credits: Davide Floris.

Once data collection is concluded, the images in each tilt series are motion and CTF corrected,
then put in register with each other to compensate for misalignments due to small imperfections
in the mechanics of the stage. This step is routinely performed by aligning (manually or
semi-automatically) strong features that are well visible at all tilts, such as gold fiducials.
Alternatively, for gold-less preparations, large patches of the untilted image in each stack are
tracked independently through the tilt series by cross-correlation. This step is usually the most
time consuming of the whole tomographic pipeline, since the quality of alignment influences

deeply the detail available in the final reconstruction.

The central slice theorem states that a volume v projected in the direction 6; generates an

image pg, corresponding to the inverse Fourier transform of the slice through F{v} in the
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same direction. Accordingly, a set pg of k projections can be used to create an approximative
reconstruction (o) of the specimen (Figure 1.15 points 1 and 2), exhibiting characteristic
features that depend on the technique of choice. Of all reconstruction methods available,
the most common is a discretized version of the inverse Radon transform: the weighted back
projection algorithm. Carried out in real space, this procedure analyses complex data from
its one-dimensional components. Each pixel of a given projection is “stretched back” along
the corresponding tilt angle towards the volume to be reconstructed, generating arrays of
lines known as ray sums (Figure 1.15 point 3). Their intersection in the three-dimensional

space defines the density value associated to each voxel of the final volume (Figure 1.15 point 4).

Back projection algorithms are computationally efficient and strictly dependent on experimental
data, but cannot provide a perfect representation of objects in cryo-ET because of two main
types of distortions. The first distortion, introduced by convolution of the tomographic
volumes with the PSF (Equation 1.14), consists in a diffuse blurring that degrades signal
quality in a spatial frequency-dependent manner. The second distortion, consequence of
the limited tilt range, consists in the artificial elongation of all features along the beam
direction. While PSF blurring can be computationally reduced with the application of a
frequency-dependent ramp filter (i.e. Radon convolution kernel) corresponding to the inverse of

the PSF, distortions due to the number of projections require more complex resolution strategies.

Ideally, tilt series should have a high number of projections at all angles, with uniformly strong
contrast. In practice, however, the average TEM features a single axis stage that can rotate up
to £70°, and specimen thickness at high tilts is often unsuitable for proper elastic scattering
transmission. A regular increase of the electron dose throughout tilt series acquisition might
yield sufficiently homogeneous contrast in all images, but the radiation sensitivity of biological
samples imposes strict limitations to this approach. In most cases all the high-resolution

detail is preserved within the first ~20 e~/ A2 of exposure, then reduces steadily until at ~80
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Figure 1.15: Simplified description of tomographic tilt series acquisition and volume
generation. Thin specimens (1) are positioned on the stage of the microscope, then
iteratively irradiated and tilted to £60° in small discrete angle steps to obtain a tilt series
(2). Red arrows indicate the angle of projection. Every image is stretched back (grey outlines
in 3) at the same angle, and a tomographic volume is generated from their intersection (4).
Cross sections of the tomographic volume at different heights reveal the structural features
of the sample. Figure credits: Davide Floris.

e~ /A? only low resolution information is available. Since radiation dose is measured as energy
deposition per unit of mass (gray, J - kg~') both values are only indicative. The observed
damage is dependent on the type of biological material, wavelength used (i.e. TEM voltage),

and ice thickness (i.e. total volume).

Careful selection of the appropriate tilt scheme geometry and total dose is therefore of
paramount importance to achieve optimal imaging conditions for tomographic data collection.

Number and angular distribution of the projections available influence the distortions present
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in each reconstruction, as evident from the weighted back projections of the synthetic reference
in Figure 1.16. Electron dose, instead, influences contrast and resolution: short exposures
produce poor contrast but preserve high resolution detail, while long exposures have the
opposite effect. This balance needs to be adjusted carefully, depending on the goal of the
investigation. Up to 200 e~ /AQ can be used to explore macroscopic features, such as the
architecture of large membrane systems, while weaker irradiation (~60-80 e~/A?) is required

to achieve high-resolution detail in thin specimens.

The dim signal that characterizes low-dose tomography, together with the intrinsically poor
contrast generated by biological specimens, prevents direct investigation of the intimate
molecular detail of small features such as protein complexes. To circumvent this limit, the
signal-to-noise ratio is boosted by combining information from multiple copies of the same
object. In the case of three-dimensional reconstructions the operation is performed with a
computational technique known as subtomogram averaging (STA) (Figure 1.17). The procedure
has an extraction, alignment and averaging stage, followed by a concluding step of resolution
determination. Extraction begins with manual or, with the most advanced software, automatic
screening of tomographic volumes with sufficiently resolved features. Here the position of all
targets of interest is recorded on a list of Cartesian coordinates. A small portion (subtomogram,
or subvolume) of the larger volume is extracted (Figure 1.17 point 1) for each entry of the
list, then pooled with hundreds of other three-dimensional particles featuring a similar signal
profile. That is, subvolumes generated from data collected with the same detector, at the same

magnification, under similar imaging conditions.

Selection of a suitable initial reference for the alignment procedure is required to estimate
the orientation of each particle in the dataset. This choice is particularly important, since
introduction of any form of bias affects all analyses downstream. When preliminary knowledge

of the sample is available, it is safe to use structures such as X-ray crystallography or cryo-EM
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Figure 1.16: Influence of tilt geometry over tomographic reconstruction. Panel A highlights
how the reconstruction of a synthetic reference from a limited number of projections yields
features with increasingly low definition but comparable distortion in the z axis. Panel B
shows instead how reconstructions from a constant number of projections but larger missing
wedge of information feature massive distortions along the z axis.
particularly clear in the Fourier transform (F) of the sections through the xy plane, the one
normal to the tilt axis. Figure credits: Davide Floris.

maps, band-pass filtered to an adequately low resolution.

not known, instead, primitive solids (e.g.

the dataset can be used to avoid unwanted artefacts.

The tilt geometry is

When the target of interest is
cylinders, cubes, spheres) or random particles in

Throughout the alignment procedure

the reference is compared recursively to the same subvolume, according to a predetermined

combination of rotations and translations (Figure 1.17 point 2).
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Figure 1.17: Subtomogram averaging routine. (1) Portions of the main tomographic
reconstruction (green arrows) are extracted in smaller cubic volumes (subtomograms,
framed in red). (2) A suitable low resolution reference is compared to each subvolume
by cross-correlation. (3) The rotation and translation values found by cross-correlation
are applied to each subtomogram to achieve a common orientation. (4) All well-oriented
particles are averaged into a single high resolution density map. Figure credits: Davide
Floris.

The parameters leading to the highest cross-correlation score between the reference and every
particle in the dataset are eventually stored in a text file, where each entry features a triplet
of shifts in the Cartesian axes, and a triplet of Euler angles describing the three-dimensional
rotation. If multiple initial models were provided (multi-reference alignment, MRA), an
additional parameter assigns each particle to the class whose reference yielded the highest
cross-correlation score. All alignments are finally used to bring the subvolumes to the same
orientation (Figure 1.17 point 3), and average them into a single density map (Figure 1.17

point 4). The whole processing pipeline is often repeated on the same data after subboxing,
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a procedure where the box size of the particles is reduced enough to encompass a single
feature of interest (e.g. the subunit of a protein complex). This approach enhances the final
reconstruction by improving local alignment and, when multiple copies of the same feature are

present in each subtomogram, increasing the amount of data available.

The average obtained from each iteration of data processing is used as initial reference for the
successive round, until alignment converges to a global optimum. A major disadvantage of
the self-referential design of this procedure is that, when unsupervised, it can easily promote
the creation of noise artefacts. To avoid unwanted bias, processing is carried out according
to the “gold standard procedure”, where the dataset is randomly split in two equally sized
subsets that are processed independently from one another. The noise profile of the resulting

reconstructions, often referred to as half-maps, should be unrelated.

The resolution of three-dimensional data is assessed by Fourier Shell Correlation (FSC). This
method evaluates the similarity of two half-maps by cross correlating shells of information
in Fourier space, and plotting the resulting coefficients against the frequency domain. The
higher the correlation near Nyquist, the better the quality of the final map. What complicates
resolution determination is the lack of a solid system to identify spatial frequencies where signal,
rather than noise, accounts for the correlation detected. The most widespread convention,
introduced by Rosenthal and Henderson (2003), is based on the figure of merit, a measure of
map interpretability used for resolution estimation in X-ray crystallography. The equivalent
form proposed for EM maps relays on the correlation C,.s between the map (calculated from
a full dataset) and a perfect reference, which is 50% when FSC equals 0.143. Accordingly, the
spatial frequency corresponding to FSCy 143 is considered as the nominal resolution of the final

reconstruction.

The use of fixed-value FSC thresholds is widely accepted in the cryo-EM community, with few
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questioning the statistical assumptions underpinning the validity of such criterion (van Heel and
Schatz, 2005, 2017). A common consensus, however, was reached on the elements of secondary
structure that must be evident at different resolution ranges. Maps with resolution better than
10 A should feature long a-helices and wide S-sheets. At 4.5 A helical pitch, S-strands and
bulky side chains should be visible. At 2 A resolution individual atoms should be resolved.
No guidelines are currently available for structures beyond the nanometer-resolution range. A
last, practical way to validate the absence of noise overfitting and artefactual features is to
calculate the FSC between regular and phase randomised half-maps. In healthy reconstructions
this procedure outputs a function with the same profile as the regular FSC, up to the spatial
frequency where one of the two halves was randomised. Here the correlation should drop

sharply to zero in the form of a straight vertical line, and never rise again.

The average resolution of all subtomogram averaging maps deposited to date is 27 A, while the
average for single-particle analysis maps is 6 A (EMBL-EBI, 2021a,c). These statistics highlight
the wide gap in the structural detail accessible to both cryo-EM techniques. Dose distribution
across multiple images, increased thickness at high tilts, large pixel size, and small number of
particles, are just a few of the factors that limit the resolution of subtomogram averages. On the
other hand, these disadvantages are compensated by the possibility to investigate biological and
biochemical phenomena on a wide scale spectrum, spanning from the cellular to the molecular
level. Recent subtomogram averaging maps approaching the 3 A resolution mark (EMBL-EBI,
2021a) outline the inexorable trend towards the near-atomic resolution range, strengthening
further the role of electron cryo-tomography as elective technique for structural determination

n situ.
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1.6 Specimen preparation for cryo-EM?’

The easiest and most common procedure to prepare biological specimens for cryo-EM analysis
consists in spreading a thin film of protein solution or membrane suspension on a TEM grid,
then freeze it immediately in a cryogenic bath. The purification of biological material, however,
is often carried out in physiological buffer systems that contain salts in high concentration,
viscous osmoprotectants or other high-density components that are incompatible with electron
imaging. Preliminary requirement of the entire preparation pipeline is therefore to find a
compromise between reducing osmolyte concentration and preserving the native state of the

sample in the short time between buffer exchange and freezing.

Equally important is the choice of an appropriate type of grid. TEM grids are metallic meshes
cut in 3 mm-wide discs, with a continuous outer diameter and a thin backing layer where the
sample is deposited (Figure 1.18). In most cases this structure is stabilized further with a
clipping support (central components in Figure 1.18), that allows manipulation by auto-loading
systems (Figure 1.1 C 10). Different combinations of metals and backing materials yield
unique, application-specific desirable properties. Because of their availability in different mesh
size and hole configuration, copper grids with holey carbon support are the most common
choice for preliminary tests. Gold grids with holey gold film support, instead, are becoming
increasingly popular alternatives for advanced experiments, where their low cytotoxicity and
extreme mechanical stability are exploited for on-grid cell cultivation and data collection with

very low beam induced motion.

Once sample stability is assessed, and a suitable type of grid chosen, the freezing procedure
consists of three simple steps, summarised in Figure 1.19. Grid hydrophilization is the first
one. The surface of backing materials such as amorphous carbon (and, to a certain extent,

gold) is hydrophobic, and prevents the uniform spread of aqueous solutions. The easiest way

®The content of this subsection is based on Dubochet and Lepault (1984), Dubochet et al. (1988), Cyrklaff
and Kiihlbrandt (1994) and Passmore and Russo (2016)

61



1.6. SPECIMEN PREPARATION FOR CRYO-EM

copper mesh

gold mesh

TEM grids TEM AutoGrids

Figure 1.18: TEM grids. The left side of the image shows the appearance of copper and
gold grids. A darker shade on either side of the copper mesh suggests the position of the
amorphous carbon support. The central dashed frame shows the components of the AutoGrid
clipping system: the clip ring (top) and the c-clip (bottom). Properly clipped grids are shown
in the right side of the image. Figure credits: Davide Floris.

to make it hydrophilic is a technique known as glow discharging. Grids are placed within the
high vacuum chamber of the discharging apparatus, right between the plates of a high current
circuit. Then, once the amount of residual air is low enough, a 30 mA current is applied to
the plates, producing an air plasma (magenta glow in Figure 1.19 point 1) that charges the
surface of the grid. Plasma treatment produces only a transient modification of the surface
properties, with reversion to the hydrophobic state in less than 30 minutes. Permanent results
and finer control over charge polarity, however, can be obtained by chemical functionalization

with various classes of dopants, as elaborated later on in chapter 2.

After hydrophilization, grids are ready for the second step: sample application. This is usually
carried out inside the humidified chamber of a freezing apparatus, where the grid is held
with a pair of high-precision tweezers connected to a plunger shaft. Here a small droplet of
sample, usually a 3 pl volume, is applied on one side of the grid, then blotted away with a
piece of filter paper. The aim of this operation is to remove most of the excess volume and
leave on the grid just a thin, continuous film of solution. When preparing large or delicate
structures (e.g. entire cells or organelles), blotting can be performed on the rear side of

the grid, so the sample is not mechanically damaged and the solution can pass through the
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Vitrobot

Grid hydrophilization

Hydrophobic grid

Hydrophilic grid

Glow discharge treatment

Vitrification

Sample application Blotting Plunge freezing

Figure 1.19: Freezing procedure. Hydrophobic grids are placed within a discharging
apparatus (1), where air plasma (magenta glow in 1) hydrophilizes their surface. Successful
treatments reduce greatly the contact angle of a water droplet on the surface of the grid.
Immediately after, the grid is transferred into a vitrification apparatus (Vitrobot) controlled
by a computer system (2). Inside a small chamber (3) humidified by a water reservoir
(4), the grid is held between two disks of blotting paper (5) attached to plastic paddles (6).
A micropipette (7) deposits a droplet of sample on one side of the grid (red frame and
magnified inset), then the paddles move towards the grid to blot the excess solution (blotting
panel). Finally, the bottom cover lid (8) of the chamber is moved sideways and the grid is
shot into a cup of liquid ethane (9), cooled in a liquid nitrogen bath (10). Figure credits:
Davide Floris.

holey support. Of all steps of the freezing procedure, sample application is the hardest one
to control in a reproducible manner. Minimal fluctuations in humidity, temperature, paper
behaviour, and mechanical stability of the apparatus, lead to unpredictable changes in the

blotting time required to achieve ideal ice thickness, jeopardizing the outcome of the experiment.

At last, right when the blotting paper is removed, the preparation is concluded by shooting

the grid into a cup filled with cryogen. Here the swift drop in temperature transforms the film
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of aqueous solution into a thin slab of ice. Mere solidification, however, is far from sufficient
to preserve the native state required for cryo-EM analysis. To satisfy this condition, liquid
water in the sample must vitrify. Vitrification takes place when the cooling speed approaches
109°C/s, so that the temperature drops instantly below the glass transition temperature of
water (T,, circa —137°C), where it becomes too viscous to allow any movement or nucleation
phenomenon. For thin specimens, such state transition happens in about 10~ s, and causes a

2-3% volumetric expansion.

Cryogens meet the strict thermodynamic requirements for vitrification if their boiling
temperature at atmospheric pressure is higher than 7, and if they can absorb a large amount
of thermal energy without transitioning to the gaseous phase. Phase stability is particularly
important to maximise direct heat transfer, as the large temperature gap between TEM grid
(4-24°C) and cryogen (<—150°C) would easily induce calefaction (or Leidenfrost effect), a
process where the formation of an insulating layer of gas around the specimen prevents fast
and homogeneous freezing. For this reason cryogens with high heat capacity, such as liquid
ethane and propane, are the standard for vitrification. Others with much lower boiling point
but worse heat capacity, such as liquid nitrogen, are not as efficient, and are mostly used to

keep the sample at low temperature during manipulation.

When the cooling rate is too slow, random nucleation centers trigger the growth of hexagonal
ice crystals. Hexagonal ice forms micrometer-sized crystals that cause two distinct types of
damage. First, solutes that are gradually excluded from the crystalline lattice concentrate on
the ice surface, creating osmotic imbalance and ramified crystal structures. Second, progressive
expansion of the lattice disrupts mechanically any biological component present in the specimen
under analysis. Cubic ice instead, generated by warming vitreous water above its transition

temperature, forms nanometer-sized crystals that cause no evident mechanical damage.
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The improvement in quality and reproducibility of the freezing procedure is being greatly
facilitated by the latest developments in specimen preparation technology for cryo-EM. In
the case of protein samples intended for single-particle analysis, particular effort is put in
minimising the time between droplet deposition on the grid and vitrification, since longer
intervals are associated with the increase of preferential orientation and denaturation of the
sample (Jain et al., 2012; Wei et al., 2018; Rubinstein et al., 2019; Ravelli et al., 2020). Thicker
specimens intended for cryo-tomography, such as suspensions of organelles or entire cells, are
instead vitrified and thinned down to subtle cryo-lamellae with a focused ion beam (FIB)
apparatus, integrated in a scanning electron microscope (SEM) (Schur et al., 2015; Engel et al.,

2015; Schaffer et al., 2017; Wietrzynski et al., 2020).

The combination of advanced preparation techniques and direct detection technology is opening
the “correlative” chapter of the resolution revolution era, where the same sample can be
shuttled across multiple analytical platforms. At the current state of the art in specimen
preparation it is already possible to vitrify whole Caenorhabditis elegans, identify features of
interest by cryo-fluorescence microscopy, then lift out thin vitreous lamellae and explore the
molecular detail by electron cryo-tomography (Schaffer et al., 2019). In the near future the
integration of lift-out technology with additional powerful techniques, such as high resolution
mass spectrometry imaging (Porta Siegel et al., 2018), will bring in situ structural biology at

molecular-resolution to the tissue scale.
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Chapter 2

Protein denaturation at the

alr-water interface

The research in this chapter stems from an interesting observation made by Dr. Edoardo
D’Imprima while working on vitrified protein specimens prepared for cryo-EM single-particle
analysis. Despite strong evidence about the stability of the protein preparation, confirmed
biochemically and by negative stain EM screening tests, in-silico analysis of multiple cryo-EM
datasets highlighted extensive structural damage in virtually all vitrified particles. The most
plausible explanation for such seemingly contradictory results was the fast denaturation known
to affect proteins upon interaction with the interface between air and water. Investigated since
the early 1900s, protein denaturation at the air-water interface has been extensively described
through indirect experimental evidence. Direct observation of this elusive phenomenon
remained impossible for over a century, due to the lack of advanced technology to visualize
single molecules and, above all, determine their orientation towards the invisible boundary

between two phases of matter.

Considering the performance of both direct detection cameras and modern processing software,
I thought that a slab of vitrified solution could be an ideal target to finally examine protein

behaviour at the air-water interface, so I decided to take the challenge and use electron
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cryo-tomography to visualize this icy landscape. The results of my tomographic investigation
became the core of a more elaborate study, eventually published in the journal eLife (D’Imprima
et al., 2019) in collaboration with my supervisor Prof. Dr. Werner Kiihlbrandt, colleagues Dr.
Edoardo D’Imprima and Ricardo Sanchez, and our external collaborators Prof. Dr. Martin

Grininger and Mirko Joppe from the Buchmann Institute for Molecular Life Sciences (BMLS).

2.1 Introduction

As previously summarised in section 1.5 and 1.6, sample stability and thin ice are the first
two essential requirements for high-resolution structure determination of proteins by cryo-EM.
Purified proteins retain their stability in aqueous solutions that resemble their physiological
environment, but the gradual increase of surface-to-volume ratio occurring during the blotting
step of cryo-fixation (Figure 1.19) forces them to interact with an hazardous component: the

atmosphere.

For a long time contact with the air-water interface has been linked to protein denaturation
phenomena or, in the case of more resistant proteins, preferential orientation in the vitrified
buffer (Devaux, 1935; Kaplan and Fraser, 1954; Trurnit, 1960; Ramsden, 1994; Yoshimura et al.,
1994; Taylor and Glaeser, 2008; Glaeser and Han, 2017). When the film of aqueous solution
becomes thin enough to be suitable for EM imaging (i.e. right before plunge freezing), protein
diffusion from the bulk solution is so fast that each molecule collides with the interface dozens
of times each millisecond (Taylor and Glaeser, 2008; Israelachvili, 2011; Naydenova and Russo,
2017). Every contact augments the probability of partial unfolding. The high frequency of
these events highlights a major weakness of traditional plunge freezing methods (Figure 1.19),

where exposure to the atmosphere often takes seconds.

Numerous methods have been developed in the past few years to reduce air-water
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interface-induced denaturation and preferential orientation. Some rely on fast nanodispensers
combined with self-blotting grids (Jain et al., 2012; Wei et al., 2018; Dandey et al., 2018).
Others rely on surfactants such as fluorinated detergents (Popot, 2010), that form a protective
film at the interface while minimally interacting with the proteins (Efremov et al., 2015; Blees
et al., 2017). Both these promising approaches, however, rely on the access to costly machines

and extensive screening and beam time.

The presence of physical supports such as continuous films of amorphous carbon, commonly
used to optimize protein distribution on cryo-EM grids (Bai et al., 2013; D’Imprima et al., 2017;
Nguyen et al., 2015; Schraidt and Marlovits, 2011), may offer a cheaper alternative to prevent
contact with the air-water interface. However, carbon backing has several disadvantages.
These include the introduction of additional background noise, poor electron conductivity, and
increased beam-induced motion compared to unsupported specimens (Brink et al., 1998; Larson
et al., 2011; Russo and Passmore, 2014). Backing materials that overcome these limitations are

not easily found, and graphene is surely among the most promising candidates.

Graphene is a carbon allotrope where atoms connected by sigma bonds are organised in a
two-dimensional hexagonal crystal. The peculiar structure of the graphene monolayer confers it
multiple desirable properties, such as high conductivity (Geim and Novoselov, 2007), structural
stability when exposed to 300 kV electrons (Sader et al., 2013), and high electron transparency
up to the first Bragg peak (2.13 A) (Pantelic et al., 2012). On the other hand, these sheets of
pure carbon are highly hydrophobic, and require a preliminary hydrophilization step to interact
with biological samples in aqueous solution. While plasma-based methods are commonly used
to make graphene hydrophilic (Russo and Passmore, 2014), non-covalent chemical doping is also
a valid alternative to achieve the same goal (Pantelic et al., 2014). Specifically, the -7 stacking
interaction between graphene and aromatic planar molecules (e.g. the 1-pyrenecarboxylic acid)

is particularly advantageous to create a permanent surface charge, and does not compromise
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the structural integrity of the monolayer.

This study investigates the interaction between the air-water interface and the fatty acid
synthase (FAS) from Saccharomyces cerevisiae. Due to its sheer size and detailed structural
characterization (Jenni et al., 2007; Johansson et al., 2008; Lomakin et al., 2007; Gipson et al.,
2010), FAS is an ideal experimental target to identify denatured regions and their orientation
with respect to the interface. Using electron cryo-tomography I was able to reconstruct the
volume of the unsupported, vitrified protein solution, and use atmospheric ice contamination to
identify the position of the air-water interface on either side of the grid. Here, in combination
with subtomogram averaging, I was able to show the denaturation of individual FAS molecules.
With the same approach, I reconstructed and analysed the sample in presence of a hydrophilized
graphene layer, and showed how its presence prevented protein denaturation. These results,
confirmed independently by Dr. D’Imprima via high-resolution single-particle analysis, provide
unprecedented insight into protein denaturation at the air-water interface, and explore the

protective action and advantages of hydrophilized graphene supports.

2.2 Results

2.2.1 Protein stability before and after cryo-EM grid preparation

Size-exclusion chromatography (SEC) and both blue-native (BN-) and denaturing (SDS-)
polyacrylamide gel electrophoresis (PAGE) show that the fatty acid synthase from S. cerevisiae
was isolated in a pure, homogeneous fraction (Figure 2.1, panels A to C). The structural integrity
of the complex is clear in negative stain micrographs and 2D class averages (Figure 2.1, panel
D). Accordingly, thermal shift assays show that the enzyme was stable and catalytically
active at 1500-3000 mU/mg (Fichtlscherer et al., 2000) (Figure 2.1, panel E). Surprisingly, the
cryo-EM analysis of unsupported, vitrified films of the same protein solution revealed that most

of the particles withstood major structural damage. The central section of 3D class averages
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showed that prior to, or during the grid preparation procedure, 90% of the FAS complexes lost
up to half of their density, while the remnant 10% featured beta domes with weak peripheral
densities (Figure 2.2). The reconstruction of this small population of reasonably preserved

particles (~8000 projections) was refined to 9.5 A resolution.
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Figure 2.1: Sample stability before vitrification. (A) Size-exclusion chromatography. (B)
SDS-PAGE. (C) BN-PAGE. (D) Negative-stain EM and representative 2D class averages.
(E) Thermal shift assay in different buffers, showing the normalized fluorescence emission
as a function of the temperature. The respective melting temperatures (T,,) are reported in
the inset. Scale bars: 400 A (D), 100 A (D, inset). Modified from D’Imprima et al. (2019),
figures 1 supplement 1 and 1 supplement 2.

2.2.2 Distribution of FAS particles in the vitrified buffer

The same grids used for single-particle analysis, prepared after multiple purification procedures
and vitrified by different users, were analysed by electron cryo-tomography. Particle distribution
within the slab of vitrified buffer was clearly resolved (Figure 2.3). FAS molecules surrounded

by small denatured fragments (Figure 2.3, inset in panel #3) were found in all imaged
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Figure 2.2: Sample stability after vitrification. Single-particle cryo-EM analysis of the same
FAS samples in Figure 2.1, imaged through unsupported vitrified buffer, split the particles
in two classes with evident missing density (class 2 and 3, red dashed ovals) and a third
class that preserved most of its native features (class 1). The final reconstruction from the
particles in class 1 was limited to 9.5 A resolution. Modified from D’Imprima et al. (2019),

figure 1.

areas, attached to either side of the unsupported vitreous surface (Figure 2.4). One surface
(lower meniscus) was densely packed with protein complexes. The other (upper meniscus)
featured just few, sparse molecules (Figure 2.4, panel B). This neat segregation, combined
with the position of small atmospheric ice contaminants on the outer surface of the vitrified
buffer, allowed me to trace the air-water interface precisely. Most FAS complexes, when
examined individually, appeared flattened on the side exposed to the interface, with regions
of missing density (Figure 2.4, panel C). These features were found in particles attached to
both the upper and lower meniscus. Overall, the molecular landscape in each tomographic
reconstruction suggested that most protein complexes adsorbed to the air-water interface, and
were progressively denatured in the time window between sample application to the EM grid

and vitrification.

2.2.3 Structural damage and orientation towards the interface

To confirm the loss of native structure, 1724 FAS particles were extracted from 7 tomograms,

and analysed by subtomogram averaging. The procedure yielded a final reconstruction where
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#2 %—@ Vitrified buffer
m FAS particles
Holey carbon

Figure 2.3: Film of vitrified protein solution on a cryo-EM grid. Consecutive slices
through a representative tomographic reconstruction show the position of atmospheric ice
contamination (#1 and #4, blue circles), and FAS particles at the upper (#2) and lower
meniscus (#3), indicated by red arrowheads. The inset in #3 shows a magnified detail of
the damaged protein complexes and debris surrounding them (dashed green rectangle). Scale
bar: 150 nm. Modified from D’Imprima et al. (2019), figure 2 supplement 1.

almost half of the expected density appeared to be missing from one side of the complex, while
all features were present on the opposite side (Figure 2.5, panel A). This result confirmed
that most FAS molecules in the vitrified buffer were denatured in part. To determine whether
the denatured side of FAS complexes was facing the air-water interface, the orientation of
each molecule was compared to a reference surface passing through the center of all particles
(Figure 2.5, panel C). Each particle was assigned a vector pointing from its center towards the
damaged side, then the divergence of this vector from the normal to the reference surface in
the corresponding coordinate point was quantified (detail in Figure 2.5, panel C). This analysis

confirmed that the vectors were pointing towards the air-water interface (Figure 2.5, panel D).

Considering the heterogeneity detected in the 3D class averages from single-particle analysis
(Figure 2.2), the presence of a small population of subtomograms containing intact particles was
explored by multi-reference alignment (MRA). Using 3 noisy copies of the same cryo-EM map
of FAS (previously published by Gipson et al. (2010), EMD-1623) as initial references, MRA
split the dataset into three classes that matched the ones found by single-particle analysis. Two

classes, accounting for 86% of the dataset, included particles where one side was missing entirely.
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Figure 2.4: Distribution and structure of FAS in unsupported vitrified buffer. (A) Surface
segmentation of a representative area of unsupported cryo-EM grids. (B) Side view of the
central section in A showing a slab of vitrified buffer, together with the disposition of FAS
complexes, holey carbon, and atmospheric ice contamination. (C) Detail of a single-particle,
indicating flattening on the side in contact with the air-water interface. Scale bars: 100 nm
(A), 150 A (C). Modified from D’Imprima et al. (2019), figure 2.

The remnant class included a 14% of particles whose peripheral regions appeared uniformly
damaged, but to a lesser extent (Figure 2.5, panel B). While the presence of a few undamaged
particles trapped in the bulk phase cannot be excluded, manual inspection of all tomograms
revealed none. It is therefore safe to conclude that most -if not all- protein complexes near the

surface of the film of vitrified buffer were damaged by the air-water interface.
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Figure 2.5: Structure and orientation of FAS in unsupported cryo preparations. (A)
The local denaturation of FAS is evident from the comparison between an intact
reference (EMD-1623) and the subtomogram average of all particles in the dataset. (B)
Multi-reference alignment confirms the SPA classification results in Figure 2.2. (C)
Reference surface (Sestimate) based on the position of all FAS molecules attached to the
lower meniscus. In the inset: density map (Renat) and its missing part (Rmissing) define
the vector Pgenat. The angle § defines the displacement between Pgyenqa: and the normal
(Prormal) to the corresponding coordinate point in Sestimate- (D) Angular distribution of
all displacement angles. Scale bar: 100 A. Modified from D’ Imprima et al. (2019), figure 3
and figure 8 supplement 1.

2.2.4 Air denatures proteins in solution

To verify that air can denature proteins in solution under different experimental conditions,
three additional experiments were performed. In the first experiment, intact FAS particles
(Figure 2.6, panel A) were exposed to air by bubbling it into the protein solution. In the
second experiment, exposure was maximised by pouring the protein solution over a glass rod
(Trurnit, 1960), where it spreads as a thin film with high surface-to-volume ratio. In the third
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experiment, the FAS particles in contact with the interface were collected from the surface of a

large (20 pl) drop of solution deposited on a carbon-backed EM grid.

Negative stain EM of the protein solution collected from all three experiments revealed that
FAS complexes suffered different degrees of structural damage. Air bubbling into the protein
solution (experiment 1) induced the complete denaturation of all particles, while few of the
particles retrieved from the bottom of the glass rod (experiment 2, Figure 2.6, panel B) or
from the surface of the drop (experiment 3, Figure 2.6, panel C) were still partially intact.
Instead, all particles adsorbed to the carbon film supporting the 20 nl drop used in experiment
3 appeared to be perfectly intact (Figure 2.6, panel D). The results of these experiments
were in perfect agreement with those obtained from cryo-ET and displacement angle analysis
(Figure 2.5). Furthermore, they highlighted how the presence of a thin layer of supporting

material on one side of the TEM grid creates a barrier against the air-water interface.

oo

FAS particles from the FAS particles from the

Control grid :
(standard negative stain sli?i?ls I;iggesﬁsf;e; d surface of a large droplet  carbon-supported bottom
preparation) g § of protein solution of the dropletin C
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Figure 2.6: Negative-stain analysis of FAS after controlled air exposure. (A) Intact FAS
particles. (B) Ezxperiment 2. Pouring the protein solution over a glass rod denatured most
complexes. (C) Experiment 3. FAS molecules collected from the surface of a large droplet
of sample are denatured, while the ones attached to the carbon support of the same grid (D)
are intact. Scale bar: 100 nm. Modified from D’Imprima et al. (2019), figure 4.
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2.2.5 Hydrophilized graphene supports prevent protein denaturation

A final set of experiments was performed to determine whether the protective effect of supporting
materials applied to TEM grids is retained in cryo-preparations. In this case, graphene was
the substrate of choice. After application on the carbon side of the grid (Figure 2.7, panel
A and D), the integrity of graphene monolayers was assessed by electron diffraction before
(Figure 2.7, panel B) and after (Figure 2.7, panel E) hydrophilization with 1-pyrenecarboxylic
acid (1-pyrCA). In both cases, continuous monolayers yielded a characteristic hexagonal pattern
of diffraction spots, unaffected by the presence of the dopant. Hydrophilicity was evident
from the reduced contact angle of a water droplet deposited on the surface of the grid before

(Figure 2.7, panel C) and after (Figure 2.7, panel F) treatment.

(0.6 Errridd?a(ﬁfeter) Diffraction pattern Hydrophilicity
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D F
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Figure 2.7: Functionalization of graphene-supported grids. (A) Regular Quantifoil R0.6/1
grid with graphene backing.  (B) In diffraction mode, hexagonal patterns of sharp
peaks characterize reqular monolayers. (C) The high contact angle of a 3ul droplet of
distilled water on the grid surface shows the hydrophobicity of untreated graphene. After
functionalization with 1-PyrCA the graphene surface is slightly contaminated (D), but
perfectly intact (E) and hydrophilic (F). Modified from D’Imprima et al. (2019), figure
5 supplement 1.

Next, FAS preparations vitrified on graphene-supported grids were examined by cryo-ET.
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In the tomographic reconstructions, graphene was identified by small, electron dense surface
contaminants, most likely residues of the manufacturing process (Figure 2.8, panels A and
B #3). The position of the air-water interface, instead, was once again outlined by small
atmospheric ice crystals (Figure 2.8, panels A and B #1). All FAS particles appeared to be
attached to the graphene-water interface (Figure 2.8, panels A and B #2). To assess whether
the complexes preserved their structural integrity, 2090 particles were extracted and analysed
by subtomogram averaging. The reconstruction from all particles in the dataset yielded a 17 A
resolution map, with well-resolved features in all domains of the FAS complex (Figure 2.9,
panels A and B). Structural integrity was further investigated by multi-reference alignment.
Here, despite using as initial references three noisy copies of the denatured FAS obtained from
the unsupported dataset, all classes converged to density maps where FAS appeared perfectly

intact (Figure 2.9, panel C).

These results were confirmed by independent single-particle analysis experiments performed
by Dr. D’Imprima on different batches of purified FAS, vitrified with the same procedure.
In this case, however, the features of intact FAS complexes could be determined up to 4 A
resolution. The quality of this data indicated that hydrophilized graphene grids not only
preserve the native architecture of FAS complexes, but are also suitable for high-resolution

structural determination by cryo-EM.

2.3 Discussion

The cryo-tomographic analysis of FAS particles vitrified in unsupported TEM grids revealed
the tendency of this large (2.6 MDa) complex to attach to the air-water interface (Figure 2.3,

Figure 2.4). According to similar analyses from Noble et al. (2018), smaller proteins exhibit
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Tomographic volume rendering Cross-sections

i
~ 80 nm

Vitrified buffer

— Crystalline ice contaminations (#1)

~— FAS complexes adsorbed to the graphene-water interface (#2)
Graphene contaminations (#3)

— FAS complexes adsorbed to the holey carbon

Figure 2.8: Tomographic reconstruction of FAS on hydrophilized graphene supports. (A)
Surface rendering of the tomographic volume, seen from top (top panel) and side view
(bottom panel). (B) Ten-pizel sections through the tomogram, indicating the disposition of
atmospheric ice contamination (#1, blue circles), FAS particles (#2, red arrowheads and
inset), and graphene surface contamination (#3 and inset). Scale bar: 100 nm. Modified
from D’Imprima et al. (2019), figure 5 and figure 5 supplement 2.

the same behaviour. What determines particle migration towards the upper or lower meniscus
during the blotting procedure remains unknown. Considering that the FAS preparations used
in this study were blotted symmetrically on both sides of the grid, the distribution is likely to
be stochastic. Particle abundance, instead, is probably influenced by how long each meniscus

was exposed to air. The longer the exposure, the higher the number of particles attached to

the meniscus.

Structure determination by single-particle analysis (Figure 2.2) and subtomogram averaging
(Figure 2.5, panels A and B) showed that up to 90% of all FAS complexes, still intact

(Figure 2.1) when deposited on the grid, were denatured right before vitrification. While
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Figure 2.9: Subtomogram averaging and classification of FAS on hydrophilized graphene
supports. (A) FAS particles on graphene are intact. (B) The subtomogram average
was refined to ~17 A resolution. (C) Multireference alignment indicates the absence of
significatively large populations of denatured particles. Scale bar: 100A. Modified from
D’Imprima et al. (2019), figure 5, figure 5 supplements 4 and 5.

correlation between protein denaturation and contact with the air-water interface is well known
(Trurnit, 1960; Yoshimura et al., 1994; Ramsden, 1994; Taylor and Glaeser, 2008; Glaeser and

Han, 2017), causality has never been proven.

This is likely due to the fact that before the advent of direct detection technology and modern
computational tools, it was impossible to create a single model encompassing (i) information
about particle distribution within the slab of vitrified buffer (Figure 2.4), (ii) a mathematical
estimate of the surface of the air-water interface (Figure 2.5, panel C), and (iii) the high
resolution required to determine per-particle structural integrity (Figure 2.5, panels A and B)
and orientation (Figure 2.5, panel D). My tomographic reconstruction of the icy landscape
of cryo-EM grids was therefore essential to put together all the tiles of this unsolved puzzle.
Proving that contact with air-water interface induces the localised denaturation of protein

complexes is arguably the most relevant result of this study.
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Figure 2.10: Single-particle analysis and classification of FAS on hydrophilized graphene
supports. (A) 3D classification confirms that all FAS complexes were intact. (B) Particles
from the best looking class show well defined elements of secondary structure, and was refined
to 4 A resolution (C). Scale bar: 50 A. Modified from D’Imprima et al. (2019), figure 6 and
figure 6 supplement 2.

From a technical perspective, the protective role of hydrophilized graphene supports in cryo
specimen preparation is also an important result. When applied to graphene-backed grids, FAS
particles attached to the graphene-water interface (Figure 2.8), and preserved their structural
integrity (Figure 2.9). The full extent of this improvement, however, became clear from the
dramatic increase in the quality of single-particle reconstruction. Ten percent of the particles
contributed to the best class of the unsupported dataset, and yielded a 9.5A resolution
structure of FAS (Figure 2.2). In the graphene-supported dataset, instead, up to 50% of the

particles were in the best class, and produced a 4 A resolution map (Figure 2.10).

At the moment, most high-resolution cryo-EM studies show similar profiles, where only a small

percentage of all particles contributes to the best final reconstruction. For instance: ~14%
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good particles were used for the 4.4 A resolution structure of the nucleosome-bound PRC2
subunit EZH2 (Finogenova et al., 2020), ~9% for the 3.4 A structure of human y-secretase
(Bai et al., 2015), and only ~6% for the structure of a Nat channel complex from electric
eel at 4A resolution (Yan et al, 2017). All datasets were collected from unsupported
grids. Assuming perfect biochemical stability before vitrification, these numbers suggest that
the use of hydrophilized graphene might be beneficial not only for specimen quality, but also

for reducing the total cost and computational time required to obtain high-resolution structures.

The procedure proposed in this chapter is therefore a potential game-changer for the future of

cryo-EM.

2.4 Materials and methods

2.4.1 Protein purification and enzymatic activity

FAS was purified by Mirko Joppe under the supervision of Prof. Dr. Martin Grininger
according to previously published protocols (Chakravarty et al., 2004; Gajewski et al., 2017b).
S. cerevisiae cells transfected with FAS-encoding plasmids were grown in YPD medium, then
disrupted by bead-beating. The soluble fraction, isolated by differential centrifugation, was
applied to strep-Tactin affinity resin. Immediately after elution, FAS complexes were purified
further by size exclusion chromatography and concentrated to ~4 mg/ml. Sample purity was

assessed by SDS- and BN-PAGE.

Samples were prepared for thermal stability assays by mixing 2pul of protein solution (0.9
mg/ml) with 21pnl of 100 mM phosphate buffer (pH 6.5) and 2l of 62.5 X SYPRO Orange
protein gel stain. The temperature was increased in 0.5 °C/min steps from 5°C to 95 °C, while

fluorescence was monitored at A=450-490 nm (excitation) and A=560-580 nm (emission).

Finally, NADPH consumption was monitored at 334 nm to determine FAS enzymatic activity,
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as previously described by Gajewski et al. (2017a).

2.4.2 Preparation of hydrophilic graphene grids

Regular Quantifoil R0.6/1 or R2/2 copper grids were washed overnight in chloroform to
eliminate plastic residues, then placed into a water bath where a 1cm? graphene pad was
floated on the holey carbon side. Annealing between carbon and graphene was achieved by

heating the grids to 150 °C for one hour.

After a sequential cleaning step in 100% acetone (1 h) and 100% isopropanol, grids were dried
under a nitrogen stream and dipped for 1 minute into a 50 mM solution of 1-pyrenecarboxyilic
acid in DMSO. The dopant in excess was removed with one change of isopropanol and ethanol.

Grids were finally dried with a nitrogen stream or kept under vacuum until use.

For quality control experiments, graphene-backed grids were imaged with a FEI Tecnai G2
Spirit BioTwin operated at 120 kV. The calibrated pixel size at the specimen level was 1.19
nm. Diffraction patterns were recorded in diffraction mode, with a camera length of 540 mm

and a 150 mm aperture.

2.4.3 Air-induced protein denaturation experiments

A 0.01 mg/ml solution of FAS in purification buffer (100 mM sodium phosphate, pH 6.5) was
used to carry out three separate experiments of controlled protein denaturation. In the first
experiment a micropipette was used to bubble air through 200l of protein solution for 10
seconds. In the second experiment, 200 pl of FAS solution were poured over a 5 cm disposable
glass capillary, and collected into a 1.5 ml Eppendorf tube. In the third experiment, 20 pl of
protein solution were deposited on a carbon-backed TEM grid and incubated for 15 seconds.
The drop surface was then touched with the carbon side of a second grid, and the excess volume
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blotted with filter paper.

All preparations, including a negative control (i.e. freshly prepared FAS solution), were
analysed by negative-stain TEM. A 3nl drop of each preparation was deposited on carbon
coated TEM grids, then stained with 2% (w/v) sodium silicotungstate as previously described
in Salzer et al. (2016). The samples from experiment 3 were directly blotted and stained. A
FEI Tecnai G2 Spirit operated at 120 kV was used to record micrographs of each grid, at a

calibrated pixel size of 2.68 A.

2.4.4 Single-particle analysis

Three microliters of 1 mg/ml FAS solution were deposited on Quantifoil R2/2 holey carbon
copper grids for single-particle analysis of unsupported preparations. For graphene-supported
specimens, instead, a concentration of 0.2 mg/ml and Quantifoil R0.6/1 grids were preferred.
The vitrification procedure was performed at 10 °C and 100% humidity with a Vitrobot Mark

IV. The blotting time ranged between 6 and 8 seconds.

Micrographs were collected automatically with the software EPU in a Titan Krios TEM
operated at 300 kV, with a calibrated pixel size of 1.053 A. All datasets were recorded on a
Falcon III EC direct electron detector. Dose-fractionated movies (2648 for unsupported and
1055 for graphene supported grids) were collected with a total exposure of ~32 e~/ A% Motion
correction was performed with Unblur (Grant and Grigorieff, 2015) and MotionCor2 (Zheng
et al., 2017), while CTF estimation with CTFFIND 4.1.10 (Rohou and Grigorieff, 2015). All
other steps in the data processing pipeline were performed with Relion 2.1 (Kimanius et al.,

2016).

Datasets of 81163 and 57021 particles were picked automatically from micrographs of
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unsupported and graphene-supported specimens respectively. After 2D classification, good
particles were used for an initial 3D consensus refinement against a 50 A low pass filtered
map of FAS (EMD-1623, Gipson et al. (2010)). After a second round of 3D classification, the
best particles were combined for a final round of reconstruction, with MTF correction and
B-factor sharpening (—130 A2). The unsupported dataset yielded a 9.5 A resolution map (C1
symmetry), while the map from the graphene supported dataset achieved a resolution of 4.8

(C1 symmetry) and 4.0 A (D3 symmetry).

The 4.0 A resolution FAS map was deposited in the EMDB with accession code EMD-0178.

2.4.5 Electron cryo-tomography and volume rendering

Tomographic tilt series of unsupported and graphene-supported specimens were collected
automatically with a Titan Krios TEM operated in EFTEM mode at 300 kV, with a calibrated
pixel size of 3.39 or 2.2 A. Dose fractionated micrographs were recorded in counting mode with
a K2 summit direct detector. A total exposure of ~90 e~/ A? was distributed over a £60° tilt
series (3° step), collected with a bidirectional dose-symmetric scheme (Hagen et al., 2017) in

SerialEM (Mastronarde, 2005).

Movie frames were aligned with MotionCor2 (Zheng et al., 2017), CTF corrected with Getf
(Zhang, 2016), then processed further in IMOD (Kremer et al., 1996). After patch-tracking
alignment, the tomographic volumes were reconstructed by weighted back-projection, then NAD
filtered (Frangakis and Hegerl, 2001) and segmented with an EMAN-based convolutional neural
network (Chen et al., 2017; Tang et al., 2007) for visualization in Chimera (Pettersen et al.,

2004).

2.4.6 Subtomogram averaging

Subtomogram averaging was performed with Dynamo (Castano-Diez, 2017) according to the
“gold standard” procedure (Scheres and Chen, 2012). A total of 1724 and 2090 subtomograms
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were extracted from the tomographic reconstruction of unsupported and graphene-supported

specimens, respectively. Initial references were generated by averaging 20 random particles.

The final reconstruction of intact FAS on hydrophilized graphene was refined to ~17 A resolution,
and the absence of mask bias was assessed by phase randomization of one of the halves. This map
was deposited in the EMDB with accession code EMD-0179. The heterogeneity of unsupported
and graphene-supported FAS datasets was explored by multi-reference alignment, where three
noisy copies of intact and denatured FAS (low pass filtered to 50 A resolution) were respectively

used as initial references.

2.4.7 Displacement angle determination

With the assumption that the plane tangent to the denatured side of FAS is parallel to the
air-water interface, the coordinates of each FAS subtomogram were used as input for the
thin-plate interpolator function of MATLAB’s Curve Fitting Toolbox to create a mathematical
model of the interface surface (Sestimate)-

At the same time, two vectors were defined for each particle. One, P,ormai, describing the
normal of Se¢gimate at the coordinate point of the particle. The other, P jepqt, pointing from the
center of the particle towards the center of mass of the corresponding missing density (Rmissing)-
Specifically, Rinissing Was calculated from the difference between the map of an intact FAS
particle (Rintact) and the map of a denatured FAS particle (Rgenat)-

The displacement angle (§) between Prmar and Pgenge was calculated for each particle with a
sampling step of 7.5°, then the distribution of all § values was plotted as a .bild file in Chimera

(Pettersen et al., 2004).

2.5 Experimental contributions

Dr. Edoardo D’Imprima prepared the FAS samples for cryo-EM analysis (hydrophilized

graphene-backed grids preparation included), carried out the controlled protein denaturation
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experiments, collected and analysed the single-particle datasets.

I collected the tomographic datasets, reconstructed and segmented the volumes, performed the

subtomogram averaging analysis, and created the mathematical model of the air-water interface

surface.

Mirko Joppe (BMLS) performed FAS purification, activity assays, and stability measurements.

Ricardo Sanchez performed the displacement angle analysis.
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Chapter 3

Molecular landscape of etioplast

inner membranes

This chapter focuses on the results of the main research project I designed with Prof. Dr.

Werner Kiihlbrandt at the beginning of my PhD.

The idea for this study originated from a memory that sat in the back of my mind since 2010,
when I attended the first classes of plant cytology and physiology at the University of Cagliari.
During a lecture about plant plastids, the professor showed a schematic diagram listing a dozen
weird organelles that originated from a common plastid precursor, but she ended up focussing
for most of the course on just one of them: the chloroplast. After five years of studies and
a Master’s thesis on the purification and crystallization of the photosystem II from tobacco,
I realized that chloroplasts were incredibly well characterised, and offered little room for new
discoveries. Much to my surprise, many basic aspects of all other plastids were barely known.

One that attracted my attention in particular is the etioplast.

Etioplasts, abundant in plant tissues that have been exposed to little or no light at all, lack
chlorophyll and are photosynthetically inactive. Upon illumination, however, they undergo

an extraordinary metamorphosis that culminates in the formation of mature chloroplasts.
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Since the etioplast inner membranes provide the primary framework for the construction of
thylakoids, I decided to characterize the molecular detail of these immature membranes by
electron cryo-tomography. The results of my study were published in the journal Nature Plants,

with running title “Molecular landscape of etioplast inner membranes in higher plants”.

3.1 Introduction

The metabolism of plants depends largely on the photosynthetic reactions in the chloroplasts.
The internal membrane system of mature chloroplasts consists of a network of grana stacks
and stroma lamellae (Daum et al., 2010). Stroma and grana are specialized membrane regions
that contain the complexes of the photosynthetic electron transport chain: photosystems I and
IT with their light-harvesting complexes (PSI, PSII, LHCI, LHCII), together with Cytochrome
b6/f (Cyt b6/f) and ATP synthase (Nelson and Ben-Shem, 2004). Each complex partitions into
a particular membrane region (Tomizioli et al., 2014). PSIT and LHCII define the appressed
grana stacks, while PSI, LHCI and ATP synthase populate the unstacked stroma lamellae. Cyt

b6/f is found in both.

The distribution of these complexes in chloroplasts from higher plants (Daum et al., 2010)
and algae (Wietrzynski et al., 2020) has been extensively characterized with a combination
of cryo-ET and subtomogram averaging. Accurate TEM analysis of chloroplast precursors
known as etioplasts, instead, is currently limited by the chemical fixation and resin embedding
steps required for specimen preparation. Both treatments deteriorate the molecular detail, and
prevent unambiguous identification and in situ structure determination of protein complexes
(Lindsten et al., 1988; Philippar et al., 2007; Kanervo et al., 2008; Rudowska et al., 2012; Grzyb

et al., 2013; Kowalewska et al., 2016).

Etioplasts are particularly important for understanding chloroplast development. They
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are photosynthetically inactive organelles that accumulate in angiosperm seedlings growing
under limited light. Delimited by two membrane bilayers, etioplasts feature a unique inner
membrane system consisting of membrane tubes arranged in a complex paracrystalline mesh
(the prolamellar body), and thylakoid precursors (the prothylakoids) attached to its periphery
(Adam et al., 2011). Specifically, plastic sections of leaves and isolated intact etioplasts
show that prothylakoids have a disk-like planar shape (Philippar et al., 2007; Kanervo et al.,
2008; Rudowska et al., 2012; Kowalewska et al., 2016; Fujii et al., 2019), but adopt a typical
vesicular shape in isolated inner-membrane fractions (Lindsten et al., 1988; Wellburn et al.,
1977; Ryberg et al., 1983; Sandelius and Selstam, 1984; Widell-Wigge and Selstam, 1990;
Selstam et al., 2007). Light exposure triggers an extensive metamorphosis of the entire system,
with progressive assembly of the membrane protein complexes involved in photosynthesis and
stacking of interconnected grana (Kanervo et al., 2008; Rudowska et al., 2012; Kowalewska

et al., 2016).

The Light-dependent Protochlorophyllide Oxidoreductase (LPOR) is known to be the most
abundant protein in etioplast inner membranes of numerous plant species (e.g. Arabidopsis
(Philippar et al., 2007), barley (Ploscher et al., 2011), maize (Shen et al., 2009), pea (Kanervo
et al., 2008), wheat (Lindsten et al., 1988; Blomqvist et al., 2008)), found in particularly
high concentration in the prolamellar body (Lindsten et al., 1988; Engdahl et al.; 2001;
Blomqvist et al., 2008). The requirement for light to perform catalysis (Zhang et al., 2019)

is perhaps the most striking characteristic of this protein, shared with just a handful of enzymes.

In etioplasts LPOR is found in a photoactive complex with its substrate protochlorophyllide, and
one NADPH molecule. Upon light exposure protochlorophyllide is reduced to chlorophyllide,
then diffusion towards the chlorophyll synthase promotes the last step of chlorophyll biosynthesis:
the esterification of the C17 propionate with a phytol chain (Erdei et al., 2005; Masuda and

Fujita, 2008). Additionally, in wvitro experiments support a possible photoprotective role of
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the photoactive complex, which prevents the formation of singlet oxygen species from excited
triplet protochlorophyllide (Buhr et al., 2008). Chlorophyll biosynthesis in absence of light is
only possible in organisms that express a structurally and phylogenetically unrelated enzyme,

the Dark-operative Protochlorophyllide Oxidoreductase (DPOR) (Muraki et al., 2010).

The first X-ray structures of LPOR from Synechocystis sp. and T. elongatus, lacking a few
flexible domains, were published about one year ago (Zhang et al., 2019), completing two
decades of biochemical and biocomputational characterization (Heyes et al., 2000; Heyes and
Hunter, 2004; McFarlane et al., 2005; Sytina et al., 2009; Heyes et al., 2009, 2015; Archipowa
et al., 2018). The structures from cyanobacteria confirmed the similarity between LPOR, and
the short-chain dehydrogenase and reductase (SDR) proteins, both featuring a central beta

sheet and six main alpha helices. Many important questions, however, remained unanswered.

The location, membrane association, and oligomeric state of LPOR (Reinbothe et al., 2003a;
Kanervo et al., 2008; Gabruk et al., 2015), together with its membrane-shaping function and
control over the size of the prolamellar body (Ryberg and Sundqvist, 1988; Sperling et al.,
1997; Franck et al., 2000; Frick et al., 2003; Masuda et al., 2003) are fundamental to understand
the complex role of this enzyme during photomorphogenesis. The structural basis of all these
aspects is therefore of greatest interest. While only small amounts of LPOR in the prothylakoids
are found, the second-most abundant complex in etioplast inner membranes, ATP synthase, is

thought to populate this membrane region (Lindsten et al., 1988).

In this project I explored the molecular landscape of etioplast inner membranes from pea
and maize by electron cryo-tomography. Preserving the molecular detail by cryo fixation, I
was able to implement the morphological features of this membrane system with structural
information about the main protein complexes populating it. This information was not

accessible to previous studies, where etioplasts were chemically fixed and resin-embedded before
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TEM analysis. Cryo-tomographic reconstruction confirmed the segregation of monomeric
ATP synthase in the prothylakoids, while plastid ribosomes were found in the stromal region
of the paracrystalline prolamellar body. Careful analysis of the tubular membranes that
constitute the prolamellar body revealed that they are uniformly covered by arrays of a
small, membrane-associated protein. With a combination of biochemistry and subtomogram
averaging I identified it as LPOR. The membrane-bound structure of this 37 kDa enzyme at
sub-nanometer resolution, together with the organisation observed in situ, shed light on many

unclear aspects of its physiological functions.

3.2 Results

3.2.1 Inner membrane morphology

The sheer size of intact plastids isolated from plant leaves makes cryo-EM analysis particularly
challenging. Daum et al. (2010), however, proved that blotting-induced rupture of these
organelles immediately before plunge-freezing produces a negligible destabilization of their
inner membrane architecture, while making it suitably thin for TEM. Intact pea etioplasts
vitrified according to this procedure provided similar results, and were analysed by electron

cryo-tomography.

In micrographs collected at low magnification, prolamellar bodies are evident as large, dense
regions, interrupted in regular patterns by the lighter (i.e. less dense) stromal space (Figure 3.1,
panel A and detail in panel B). The regularity of this density mesh is particularly clear in
the Fourier transform of isolated micrograph patches (Figure 3.1, panel C). At the periphery
of the prolamellar body, prothylakoids appear as large membrane vesicles (red arrowheads in

Figure 3.1, panel D).

Cross sections through the tomographic reconstruction of well-ordered prolamellar bodies reveal
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Figure 3.1: Inner membranes from pea etioplasts. (A) Overall morphology of wvitrified
etioplast inner membranes. Prolamellar bodies (dashed magenta square) are highly regular,
and extend to the second order of diffraction at 1/23 nm (detail in B and its Fourier
transform C). Prothylakoids (dashed green rectangle) appear as large membrane vesicles
(red arrowheads in D) attached to the paracrystalline core. Scale bar: 500 nm. Reproduced
from Floris and Kihlbrandt (2021), Figure 1.

the regular structure of their paracrystalline core (Figure 3.2, panels A and B). Intersecting
at an angle of ~120°, 28 nanometer-wide membrane tubes form tetrahedral units that repeat
every ~60 nm in a characteristic diamond cubic lattice. The architecture of the prolamellar
body becomes increasingly disordered towards the periphery, where multiple ~24 nm circular

junctions connect its membrane tubes to the prothylakoids (Figure 3.2, panels C and D).

Figure 3.2: Three-dimensional reconstruction.  (A) Consecutive slices through the
tomographic volume of a pea prolamellar body, and its segmented surface (B), highlight the
disposition of tetrahedral membrane tubes in a diamond cubic lattice. Prothylakoids appear
as large membrane vesicles (C), connected to the tubular lattice by circular junctions (red
arrowheads in C and its segmented surface D). Scale bar: 50 nm. Reproduced from Floris
and Kihlbrandt (2021), Figure 1.
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The two membrane domains are usually attached to each other. Occasionally, however, they
separate but remain connected by long, single membrane tubes (Figure 3.3, panel A). The loose
end of those tubes that are not in contact with a prothylakoid are sealed (Figure 3.3, panel B),
and delimit a closed compartment that extends to the entire inner membrane system. Lastly,
spherical densities that can be interpreted as plastoglobuli are ubiquitously distributed on the

surface of the inner membranes (Figure 3.3, panels C and D).

Figure 3.3: Details of the etioplast inner membranes from pea. (A) Membrane tube (red
arrowhead) connecting the prolamellar body to a distant prothylakoid. (B) Sealed ends
(red arrowheads) of the membrane tubes at the periphery of a prolamellar body. (C)
Plastoglobuli (red arrowheads) are found in the outer leaflet of both prothylakoids and (D)
tubular membranes. All images are sections through tomographic volumes. Scale bars: 100
nm (A), 50 nm (B, C, D). Reproduced from Floris and Kihlbrandt (2021), Extended Data
Figure 1.

3.2.2 Ribosomes, ATP synthase, and unknown protein components

Of all protein complexes resolved in the tomograms of etioplast inner membranes (Figure 3.4,
panel A), the largest ones were ~25 nm-wide globular densities, located within the stromal
regions of the prolamellar body (magenta arrowheads in Figure 3.4 panels A and B). The ~26 A
resolution map reconstructed by subtomogram averaging (Figure 3.4 panel D, and Figure 3.5
panel F) identified these particles as fully assembled plastid ribosomes. Rigid-body fitting of
the large (50S) and small (30S) subunit of the chlororibosome into the STA map shows that

they match perfectly (Figure 3.5, panel A), including the flexible, chloroplast-specific subunits

95



3.2. RESULTS

cS22 and ¢S23 (Figure 3.5, panel B). Additionally, three regions of unaccounted density were

identified near the subunits ul.10c, bSlc, and the polypeptide exit site (Figure 3.5, panels C to

Subtomogram averaging
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Chloroplast ribosome Chloroplast ATP synthase
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(low-pass filtered to 24 A) (low-pass filtered to 27 A)

Figure 38.4: Large protein complexes in the inner membranes from pea etioplasts. (A)
Section through a tomographic volume highlighting the distribution of ribosomes (magenta
arrowheads in A and detail B), and ATP synthase (green arrowheads in A and detail C).
(D) STA maps confirming the identity of both complexes. Scale bars: 100 nm (A), 50 nm
(B,C), 10 nm (D). Modified from Floris and Kiihlbrandt (2021), Extended Data Figure 2
and Supplementary Figure 1.

The second-largest membrane protein complex found in the tomographic reconstructions
of etioplast preparations has a unique lollipop shape. The soluble ~12 nm-wide domain,
surrounded by the stroma, extends ~16 nm on top of the prothylakoid membrane (green
arrowheads in Figure 3.4 panels A and C). The ~30 A resolution subtomogram average map
(Figure 3.4 panel D, and Figure 3.6 panels A and B) identified this complex as the plastid ATP
synthase. Arranged in a seemingly random distribution (Figure 3.6, panel C), this complex
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Figure 3.5: Detail of the plastid ribosome map. (A) The atomic model of the chlororibosome
(508 and 30S subunits in cyan and pink respectively) fits perfectly within the STA map. Four
inset show the fitting detail of the chlororibosome specific subunits c¢S23 and cS22 in the
foot region (B), and extra densities (dashed red circles) near the uL10c and bS1c subunits
(C and D respectively), together with the one near the polypeptide exit site (highlighted by
a red sphere in E). (F) Fourier shell correlation plot reporting the map resolution (26 A).
Scale bar: 10 nm. Reproduced from Floris and Kihlbrandt (2021), Extended Data Figure
1.

does not form dimers or higher oligomers. While densities with similar features are present on
the stromal side of prolamellar membrane tubes (Figure 3.6, panel D), their identity was not
confirmed. Signal from the surrounding membranes is indeed much stronger than that from
the particle itself, and compromised alignment accuracy during the subtomogram averaging

procedure.

One last element of this complex molecular landscape was identified when the paracrystalline
meshwork of the prolamellar body was squeezed into a ~100 nm-thin film of buffer solution

(Figure 3.7, panel A) during the blotting procedure. Here, the striking helical pattern of a

97



3.2. RESULTS

A Rigid-body ﬁtting - B L unmasked FSC
) 09 4 masked FSC
N B ( y £ phases randomized FSC
] 4 o8|\l | FSC=0.143
bady 5\ e 431A
g o ¢ v
- >4 = 06 -
- /7; 7 Y § 0s | v
0.4 4 ,}y«
§ i
03
02
vitrified buffer 1IN
#1 _ s & holey carbon 0 A VTV d |
#9 ____ . O prothylakoid 0 0.05 0.1 0.15 0.2

resolution (1/A)

"‘«j ATP synthase

Figure 3.6: Detail of the ATP synthase map from pea. (A) The atomic model of the
chloroplast ATP synthase (PDB 6fkf, green) fits perfectly within the STA map. The
peripheral stalk is not resolved. (B) Fourier shell correlation plot reporting the map
resolution (~30 A ). (C) Tomographic sections through the surface (#1) and middle (#2) of
a prothylakoid show the random distribution of ATP synthase complexes. Similar densities
are sometimes evident within the stromal region of the prolamellar body (D and inset). Scale
bar: 10 nm (A), 100 nm (C), 150 nm (D). Modified from Floris and Kihlbrandt (2021),
Extended Data Figure 8 and Supplementary Figure 1.

small, membrane-associated protein was found to uniformly encapsulate the membrane tubes
(Figure 3.7, panel B). Such decoration was not found in prothylakoids (Figure 3.6, panel C).
Pea etioplast revealed to be far from ideal to determine the identity and structure of this
protein. Not only is the amount of organelles that can be purified from the small etiolated
pea leaves insufficient for biochemical analysis, but also the morphology of their appressed
prolamellar bodies (Figure 3.7, panels A and B) is too convoluted to allow proper processing

by subtomogram averaging. Maize (Zea mays L.), instead, appeared to be more suitable.

Etiolated maize plants produce big leaves, providing a much larger amount of etioplasts for
each preparation. Furthermore, mechanically stressed Maize prolamellar bodies are known to
form straight, ~26 nm-wide membrane tubes (Selstam et al., 2007), which would be optimal for
subtomogram averaging. Since the blotting compression during cryo-EM specimen preparation
may be sufficient to reproduce such ideal morphology in EM grids, I repeated the purification
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and vitrification procedures with material isolated from maize leaves. To exclude the influence
of all experimental parameters other than mechanical stress, I used a buffer with pH 8.0 and
low salt concentration (see materials and methods for details), optimized for stable etioplast

preparations (Blomqvist et al., 2008).

vitrified buffer
& holey carbon

ocal ice thickness: ~80 nm

prolamellar body

Figure 3.7: Small protein complexes in the inner membranes of pea etioplasts. (A) Slices
through the tomographic volume of an appressed pea prolamellar body. In cross section,
the distribution of membrane tubes (red arrowheads) and atmospheric contaminants (black
arrowheads) outline the thickness of the wvitrified slab. (B) The membrane surface of
appressed prolamellar bodies is fully covered by a continuous, reqularly packed protein lattice
(yellow arrowheads). (C) The same decoration, although slightly blurrier, is also evident
is consecutive surface (#1) and cross sections (#2) of membrane tubes from well ordered
(i.e. non-appressed) prolamellar bodies. Scale bar: 150 nm (A), 50 nm (B). Modified from
Floris and Kuhlbrandt (2021), Figure 2 and Extended Data Figures 1 and 4.

3.2.3 LPOR helical arrays cover the prolamellar body membrane tubes

The minimally disturbed inner membranes of maize etioplasts are indistinguishable from those
of pea (Figure 3.8). When confined into thin slabs of vitrified buffer, the periphery of maize
prolamellar bodies features instead long, straight membrane tubes (Figure 3.9). The tubes

are often found farther away from the paracrystalline mesh, either isolated or in small clusters
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(Figure 3.9, panel A), and their outer surface is covered by a protein pattern (Figure 3.9, panel

B) that appears to be identical to that of pea.

- Tomographic sections

(local ice thickness: ~340 nm) (local ice thickness: ~220 nm)

Figure 3.8: Inner membranes from maize etioplasts. (A) Owverall morphology of vitrified
etioplast inner membranes. Prolamellar bodies (dashed magenta square) are highly regular
(detail in B and its Fourier transform C, tomographic section E). Prothylakoids (dashed
green rectangle) appear as large membrane wvesicles (red arrowheads in D, tomographic
section F) attached to the paracrystalline core. Scale bar: 250 nm (A), 150 nm (E, F).
Modified from Floris and Kihlbrandt (2021), Extended Data Figure 5.

Sucrose density gradient centrifugation separates homogenized maize etioplasts into a lighter
inner membrane fraction and a heavier pellet of starch and intact organelles (Figure 3.10, panel
A). According to Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
analysis, the lighter fraction features two main protein components (Figure 3.10, panel B).
The most abundant one has a molecular mass of ~37 kDa, while the other has a mass of

~60 kDa. Western blot analysis identified them as the Light-dependent Protochlorophyllide
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vitrified buffer
' holey carbon
O membrane tube

Figure 3.9: Protein decoration of inner membrane tubes. (A) The core of appressed maize
prolamellar bodies retains part of its paracrystalline order (black arrowheads). Its periphery
is populated by long membrane tubes (yellow arrowheads), often gathered in small clusters
(dashed oval). (B) Consecutive tomographic sections (#1 to #3) show that the surface of
these tubes is decorated by a continuous helical pattern, seemingly identical to the one found
in pea Figure 3.7. Scale bar: 250 nm. Modified from Floris and Kiihlbrandt (2021), Figure
3.

Oxidoreductase (LPOR) and ATP synthase subunits o and 8 (Figure 3.10, panel B), confirming
the results of previous studies from Lindsten et al. (1988) and Blomqvist et al. (2008). Leaf
plastic sections that were immuno-gold labelled with anti-LPOR antibodies accumulated gold
beads on the regular mesh of the etioplast prolamellar body (Figure 3.10, panel C). The
surrounding area remained instead largely unlabelled. Altogether, these results confirmed that

the regular decoration on the prolamellar membranes is indeed LPOR.

Subtomogram averaging shows that LPOR encapsulates each membrane tube in a left-handed
three start helix of dimers, with a ~24 nm pitch. The diameter of these helices is not constant.
Multi-reference alignment classified all subvolumes into two main classes, storing particles with
16 (class 1) or 15 (class 2) units per turn (Figure 3.11). Class-1 tubes have an outer and inner
diameter of ~29 and ~14 nm respectively. Class-2 tubes are ~2 nm narrower in both dimensions.

The final STA maps were refined to ~18 A resolution (Figure 3.11, FSC plots).
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Figure 3.10: Biochemical analysis of the inner membranes. (A) Inner membranes
isolated by sucrose gradient centrifugation accumulate at the 30-40% interface (dashed
red rectangle). (B) SDS-PAGE highlights the presence of two main protein components,
identified by western blot as LPOR and ATP synthase. (C) Immuno-gold labelling (carried
out with expert assistance from Mark Linder) confirms LPOR localization (red arrowheads)
in the prolamellar body (dashed orange oval). Reproduced from Floris and Kuhlbrandt
(2021), Extended Data Figure 6.

3.2.4 Molecular structure of membrane-bound LPOR

The subtomogram averaging maps from class 1 and class 2 helical arrays were refined further
by subboxing. Along the helical path, small volumes encompassing few LPOR dimers were
extracted from each particle in the dataset. Independent STA processing resulted in largely
identical subboxed maps (Figure 3.12, panel A), and it is therefore sufficient to describe the

one from class 1.

Since an experimental model of LPOR from higher plants was not available, I used the software
I-TASSER to create a template-based 3D model from the primary sequence of Zea mays LPOR
and the X-ray structure of Synechocystis LPOR (PDB: 6r48) (Figure 3.13). The resulting
model features 10 a-helices that surround a central 8-stranded S-sheet. One NADPH molecule
was positioned within the catalytic site, as observed in the X-ray map from cyanobacteria. The

protochlorophyllide substrate, absent in the reference map, was not modelled.
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Figure 3.11: Subtomogram averaging of membrane tube segments. LPOR arranges in
left-handed helical arrays of dimers, with 16 (class 1) or 15 (class 2) units per turn. The
final resolution reported by the the Fourier shell correlation plots of both maps is ~18 A.
Scale bar: 10 nm. Modified from Floris and Kihlbrandt (2021), Figure 3 and Supplementary
Figure 2.

LPOR forms ~80 by ~50 A symmetrical dimers, that protrude ~57 A from the membrane surface
and induce a local negative curvature along the helix axis (Figure 3.14 panel A, and dashed red
lines in Figure 3.12 panel A). Partly resolved elements of secondary structure (Figure 3.14,
panel C) can be identified in the 9 A resolution (Figure 3.12 panel B) reconstruction. The
template-based simulation of maize LPOR fitted the STA density map perfectly (Figure 3.14
panel B, correlation factor = 0.9), and showed how the orientation of the [-sheet and main
helices is almost normal to the membrane surface. Considering the absence of transmembrane

regions, helices 7 and 8 are likely responsible for anchoring of LPOR to the bilayer.
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Figure 8.12: Map subboxing. (A) The subtomogram average of class 1 and 2 subboxes reveals
the molecular detail of membrane-bound LPOR dimers. The membrane region beneath each
dimer is characterised by a negative curvature (dashed red lines). Both maps share the same
features, and reach a final resolution of ~9A (B). Scale bar: 8 nm. Modified from Floris
and Kihlbrandt (2021), Figure 4 and Extended Data Figures 8 and 9.

In each monomer, residues connecting strand 2 to helix 2 and strand 3 to helix 3 are close
to their counterparts in the opposite monomer, and establish the dimer interface (Figure 3.15,
panel A). The interface between flanking dimers is instead established by the strand 4 - helix 4
and strand 5 - helix 5 flexible links, arranged as displayed in Figure 3.15, panel C. Lastly, the
segments that join strand 8 to helix 10 on opposite helical filaments seem to engage in smaller

contact sites, which might stabilise interactions across the helix groove (Figure 3.15, panel B).
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LPOR Zea mays
(I-TASSER prediction model)
this work
B
LPOR Synechocystis
(X-ray structure, PDB 6R48)
Zhang et al. 2019
C
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Figure 3.13: Comparison between LPOR atomic models. (A) Maize LPOR structure
predicted by I-TASSER. (B) Experimental X-ray map from cyanobacteria. (C)

Superposition of both models confirms that they resemble each other closely. Reproduced
from Floris and Kuhlbrandt (2021), Extended Data Figure 10

3.3 Discussion

Electron cryo-tomography is an ideal technique to investigate the structure and organization of
protein complexes in vitrified inner membranes from pea and maize etioplasts. Outer membrane
disruption during the blotting procedure takes place immediately before plunge freezing, and
allows the preparation of cryo-grids where the inner membrane system is readily available for
data collection. Introduced by Daum et al. (2010), this method preserves protein complexes
in their native state and does not affect the lateral membrane heterogeneity. Before this work,
numerous research groups used TEM to characterise etioplasts, but the detail they achieved
was limited by the protocols of chemical fixation and resin embedding employed to stabilize the
sample during electron imaging (Rudowska et al., 2012; Grzyb et al., 2013; Kowalewska et al.,
2016). Molecular detail was not revealed. The results of my study, where vitrified organelles
are analysed by a combination of cryo-tomography and subtomogram averaging, break this
resolution barrier, and describe the three-dimensional structure of etioplast inner membrane

proteins in situ.
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Figure 3.14: Structural detail of membrane-bound LPOR. (A) The subtomogram average
of class 1 subbozxes shows the size and orientation of LPOR dimers attached to the inner
membrane tubes. (B) Multiple side views at a higher contour level display the features
of a single monomer, and their correspondence (transparent isosurface views) with the
maize LPOR structure predicted with I-TASSER. (C) Close up views of the density map.
The central (-sheet fits into a wide, planar density region, while the «a-helices overlap
with elongated cylindrical densities, as expected for sub-nanometer resolution cryo-EM
structures. Reproduced from Floris and Kihlbrandt (2021), Figure 4.

Like the grana end membranes and stroma lamellae of mature chloroplasts, prothylakoids
feature a low curvature and high percentage of the bilayer-forming lipid DGDG. Appressed
regions are absent. A vesicular morphology, instead, is commonly observed in preparations

where inner membranes are extracted from purified etioplasts (Wellburn et al., 1977; Ryberg
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Subtomogram averaging
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Figure 3.15: Membrane attachment and interaction between LPOR monomers. Multiple
copies of the maize LPOR model fitted as rigid bodies into the STA map. Blue and orange
models belong to the central filament and its neighbours, respectively. Additional panels show
details of the contact sites at the dimer interface (A), between monomers on opposite sides
of the helical groove (B), and between flanking dimers (C). Secondary structure elements
from different monomers in (C) are separated by dashed black lines. (D) LPOR anchors to
the membrane (gray surface) through helix 7 and 8. Four Phe residues in this region (inset,
green atoms) might stabilise the interaction. The catalytic pocket is located right above the
membrane, with a lid domain (magenta) requlating its accessibility. Reproduced from Floris
and Kihlbrandt (2021), Figure 5.

et al., 1983; Lindsten et al., 1988; Widell-Wigge and Selstam, 1990; Selstam et al., 2007).

In my specimens, the presence of vesicular prothylakoids (Figure 3.1, Figure 3.8) is likely

induced by slight osmotic swelling, happening during plunge freezing. The interaction between

prothylakoids and the low-osmolarity cryo buffer used for vitrification cannot be avoided, since

the osmolyte composition of isosmotic buffers would compromise the contrast for cryo-EM

analysis.

Prothylakoid membranes host a large population of ATP synthase complexes, which appear to

be randomly distributed(Figure 3.4 panels A and C, Figure 3.6 panel C). As expected from

previous cryo-tomographic studies of thylakoid membranes (Daum et al., 2010) and native gel
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electrophoresis (Ploscher et al., 2011), etioplast ATP synthase is monomeric (Figure 3.6, panel
C). Interestingly, a membrane protein complex with a characteristic lollipop shape is often
visible in the tubular lattice of the prolamellar body (Figure 3.6, panel D), suggesting the
existence of a second ATP synthase pool. This would be consistent with earlier biochemical

findings from Lindsten et al. (1988).

Most complexes of the photosynthetic electron transport chain are not present in etioplasts,
making the operational framework of ATP synthase a rather mysterious topic. A study by
Kambakam et al. (2016), and others on different photosynthetically inactive plastids (reviewed
in Renato et al. (2015)), suggest the existence of a plastid-specific oxidative phosphorylation
pathway.  Accordingly, the chemiosmotic requirements of ATP synthase would be met
through the proton-pumping activity of NAD(P)H Dehydrogenase (NDH) and Cytochrome
b6/f (Cyt b6/f), with contributions from terminal oxidases and other enzymes involved in
carotenoid biosynthesis. None of these complexes were visible in the tomograms I collected.
Considering their small mass and/or dimension of their soluble domains, this result is perfectly
understandable, and it might take many years of technical development in cryo-EM before such

small components can be visualised in situ.

The stromal region within the paracrystalline lattice of the prolamellar body is occasionally
occupied by large globular densities (Figure 3.4 panels A and B). Wellburn et al. (1977)
were first to report the existence of these structures, and dubbed them “ribosome-like
particles” because they were broken down by treatment with ribonucleases. My subtomogram
averaging analysis has shown that they are indeed fully assembled chloroplast ribosomes
(Figure 3.4 panel D,Figure 3.5). Due to the insufficient resolution of the STA map, mostly
limited by the small number of particles averaged, the three density regions that do not
correspond to any part of the atomic model published by Bieri et al. (2017) cannot be identified.

Similar features, however, were observed in earlier studies, and might provide useful information.
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A large hook-shaped density near the 50S ul.10c subunit is the largest of the three unknown
features (dashed red line in Figure 3.5, panel C). Its aspect and position resemble the density
attributed by Diaconu et al. (2005) to L7/L12 oligomers of bacterial ribosomes. Under
physiological conditions these assemblies are thought to recruit translation factors, and trigger
their activation by GTP hydrolysis. The second unknown feature is a small density protruding
from the 30S bSlc subunit (Figure 3.5, panel D). This flexible protein, involved in mRNA
binding and translation initiation, is not completely resolved in the model from Bieri et al.
(2017). Here just one of the three oligonucleotide-binding folds of bSlc was identified. The
remnant two might account the unassigned region in the subtomogram map (dashed red line
in Figure 3.5 panel D). The third and last unknown feature is a small density at the bottom
of the 50S subunit, close to the polypeptide exit site (Figure 3.5, panel E). Frauenfeld et al.
(2011) observed a similar feature in the same region of bacterial ribosomes, where a small
rRNA loop contacts the outer membrane leaflet to stabilise co-translational translocation.
Additional experiments are required to determine the activation state of plastidial ribosomes

in the prolamellar body, and describe their interaction with the paracrystalline membrane tubes.

The surface of prolamellar bodies is decorated by a regular helical lattice of LPOR dimers
(Figure 3.7 panels B and C, Figure 3.9 panel B). This unprecedented insight explains why
the size and stability of the paracrystalline membrane network is strictly correlated to LPOR
expression levels (Sperling et al., 1997; Franck et al., 2000; Frick et al., 2003). Furthermore, it
explains why etiolated cyanobacteria overexpressing LPOR produce large membrane structures
that resemble prolamellar bodies (Yamamoto et al., 2020). The diameter of prolamellar
membrane tubes (Figure 3.2, panel A) is the same as that of isolated membrane tubes
(Figure 3.9 panel B, Figure 3.11), confirming earlier observations from Selstam et al. (2007).
Their straightness and greater length, however, might be a consequence of the mechanical stress

occurring during the blotting procedure, when the etioplast outer membranes rupture. Further
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experiments on FIB-milled cryo-lamellae of intact plant cells are required to clarify the origin of
these morphological differences. Also, it might explain the narrower diameter of prothylakoid
junctions (Figure 3.2, panels C and D), which may be due to a change in protein composition
or LPOR order across the two membrane domains. LPOR decoration appears to be absent in
prothylakoids, but the presence of a disordered pool scattered across their surface cannot be

excluded.

The results of several studies in the past seemed to suggest a possible association of LPOR
into large oligomers, based on the results of cross-linking and spectroscopy analysis of native
membranes and reconstituted photoactive complexes (Boddi et al., 1989; Gabruk et al., 2016,
2017). However the localisation, and the potential arrangement and order of LPOR aggregates
remained unknown. My cryo-tomographic analysis provides direct evidence that, in vivo, this
enzyme forms regular helical arrays. This organization is far more complex than the hexameric
Light-Harvesting POR:Protochlorophyllide (LHPP) supercomplex model proposed by the in

vitro reconstitution studies from Reinbothe and co-authors (Reinbothe et al., 1999, 2003a).

In the structural model I propose, LPOR dimerises via non-covalent contacts between residues
located in helix 2 - strand 2, helix 3 - strand 3, or the flexible linkers connecting them
(Figure 3.15, panel A). Side contacts between consecutive dimers appear instead to be mediated
by a loop upstream helix 5 (Figure 3.15, panel C), spanning from Gly166 to Asp201. Deletion of
this region, known as “extra loop”, impairs the formation of LPOR oligomers (Reinbothe et al.,
2003b). Rigid-body fitting of the maize LPOR prediction model into the STA density map
(Figure 3.14 panel B, Figure 3.15) suggests that the protein-membrane interaction might be
mediated by helices 7 and 8, possibly through Phe259, Phe263, Phe266 and Phe269 (Figure 3.15

panel D).

The presence of LPOR dimers induces a local negative curvature in the surface of the inner
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membrane tubes (Figure 3.12 panel A, Figure 3.14 panel A). Membrane curvature may be
intensified by the physicochemical properties of the most abundant lipid in the prolamellar
body, the monogalactosyldiacylglycerol (MGDG) (Ryberg et al., 1983). MGDG forms inverse
hexagonal lipid phases that generate elastic stress and facilitate negative membrane bending,
with consequent increase in lateral pressure on the embedded protein complexes. This lipid
was also found to exert a strong regulatory function on the catalytic activity of LPOR,
presumably by an unknown allosteric mechanism (Gabruk et al., 2017). In its absence, instead,
the photoactive complex does not form larger assemblies (Fujii et al., 2019). Lutein and
other photoprotective carotenoids may play an equally important function in the landscape
of etioplast inner membranes, since they are known to affect the structure of the prolamellar
body and the ability to bind LPOR (Park et al., 2002). The extent of their physiological role,

however, remains to be determined.

By binding protochlorophyllide, LPOR may prevent the formation and diffusion of its toxic
photo-oxidized species upon light exposure (Erdei et al., 2005). Additionally, this enzyme
might play an active role in energy dissipation, as the protein framework provided by the tight
helical pattern would be optimal to promote resonance-energy transfer between neighbouring
complexes. Such speculative mechanism, already proposed in earlier works (Reinbothe et al.,
1999, 2003a), might resemble the well-characterised photoprotective system found in mature
thylakoids, which relays on carotenoid and chlorophyll molecules bound to photosystems and

light-harvesting complexes (Pinnola and Bassi, 2018).

The last, fundamental insight that emerged from my research project is related to the
orientation of the photoactive LPOR complexes on the membrane of the prolamellar body.
According to Zhang et al. (2019), a short lid domain (residues 246-252) regulates the access to

the catalytic site of LPOR in cyanobacteria. The same region in maize corresponds to residues
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Figure 3.16: Chlorophyll biosynthesis in etioplasts and proposed role for LPOR. During
skotomorphogenesis etioplasts contain no chlorophyll, and LPOR arrays encapsulate regular
prolamellar membranes. Upon light exposure the prolamellar body becomes disordered,
LPOR arrays dissociate, and protochlorophyllide (Pchlide) is converted into chlorophyllide
(Chlide) by reduction of its C17-C18 bond (red arrows in the bottom panel). LPOR
releases Chlide molecules in the membrane, where they slowly diffuse towards the chlorophyll
synthase. Here chlorophyll is synthesised by esterification of Pchlide with a phytol chain
(blue arrow in the bottom panel), and is finally ready to be inserted into a photosynthetic
complex. Reproduced from Floris and Kihlbrandt (2021), Figure 6.

246-252, extending from helix 6 to the loop that connects it to S-strand 6 (Figure 3.15, panel
D). My subtomogram average map (Figure 3.12 panel A, Figure 3.14) shows how LPOR keeps
its catalytic site close to the surface of the membrane tube, in a configuration that would
optimise fast exchange of protochlorophyllide and chlorophyllide between the enzyme and the
outer membrane leaflet (Figure 3.16). According to earlier results from Mysliwa-Kurdziel
and co-authors (Mysliwa-Kurdziel et al., 2013a,b), the lipid head groups of membranes can
indeed accommodate amphipathic protochlorophyllide molecules, potentially facilitating uptake

from LPOR. If confirmed by further experimental evidence, this novel substrate-shuttling
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system would fill an important gap in our understanding of the already complex dynamics of

chlorophyll biosynthesis in plants.

3.4 Materials and methods

3.4.1 Growth of plant specimens and etioplast purification

All experiments with plant material were carried out in a climatised dark room, where
manipulation occurred under dim, photosynthetically inactive green light. Pea and maize seeds
were purchased from a local store, and sowed in trays containing few (~5) centimetres of regular
potting soil over a perforated bottom. To synchronize growth and prevent the formation of
moulds all trays were loosely covered with aluminum foil, and watered from the saucer at the
bottom of the tray. Once the seedlings reached a length of 3-4 cm the cover was removed, and

growth continued for about 7 (pea) or 13 (maize) days.

A modified version of the method from Blomqvist et al. (2008) was used to isolate intact
etioplasts. FEtiolated leaves were severed from the rest of the plantlet with stainless steel
scissors, then transferred into a Waring blender and ground in ice-cold Buffer A (pea: 50
mM Tricine/NaOH pH 7.5, 300 mM sorbitol, 10mM CaCly, 10 mM MgCly; maize: 20 mM
HEPES/NaOH pH 8.0, 300 mM sorbitol, 10 mM NaHCOs, 5 mM MgCly) with few 3 sec bursts
at maximum speed. Large debris and organelles were separated by filtration through four
layers of Miracloth (Merck KGaA), followed by centrifugation at 4500 g for 15 minutes (4 °C).
The pellet was carefully resuspended with a soft brush, then loaded on a discontinuous 40-80%
Percoll (Merck KGaA) gradient in Buffer A. After centrifugation at 4500 g for 20 minutes
(4°C), intact etioplasts were collected at the 40-80% interface, then washed twice in Buffer A
to eliminate unwanted Percoll residues. Throughout the procedure samples were illuminated as

little as possible, and exclusively with safe green light.
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3.4.2 Analysis of inner membrane proteins

Intact maize etioplasts were disrupted gently with a glass Potter homogenizer, then loaded
onto a 10/30/45% sucrose step-gradient in Buffer A and centrifuged at 25400 g for 2 hours
(4°C). The fraction containing the inner membranes was collected at the 30-45% interface
and analysed by denaturing polyacrylamide gel electrophoresis (SDS-PAGE) according to the
protocol from Haniewicz et al. (2013), without modification. When necessary, proteins were
transferred on a PVDF membrane with a Trans-Blot Turbo system and RTA Transfer Kit
(Bio-Rad Laboratories Inc.) for Western blot analysis. The membranes were treated with
either Anti-POR (AS05 067) or anti-ATP synthase (AS08 370) primary antibodies from mouse
(Agrisera), then with a goat anti-mouse (9483902urw) secondary antibody (SouthernBiotech).
Enhanced chemiluminescence was generated with the ECL Start Western Blotting Reagent kit
(GE Healthcare), and the signal recorded with a ChemiDoc Touch Imaging System (Bio-Rad

Laboratories Inc.).

LPOR localisation within the prolamellar bodies was investigated by immuno-gold labelling.
Etiolated leaves were placed on top of a glass slide, then carefully sliced with a scalpel into small
pieces and processed according to a modified version of the protocol from Wilkes et al. (2017).
The leaf material was fixed in 4% paraformaldehyde in PBS, dehydrated in a ethanol-gradient
series, then embedded into LR white medium-grade acrylic resin (London Resin Company Ltd)
and left to cure for 48 hours at 65°C. The hardened pellets were sliced with a Ultracut S
Microtome (Leica) into 60-80 nm thin sections, deposited on carbon-Formvar coated gold grids
(Plano GmbH), and treated with the same mouse anti-POR antibody used for Western blot
analysis. The secondary antibody, instead, was the gold-conjugated AffiniPure goat anti-rabbit
(Jackson ImmunoResearch Europe Ltd). The position of the 10 nm wide gold beads on the leaf

plastic section was determined by TEM with a FEI Tecnai G2 Spirit BioTwin (FEI Company).
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3.4.3 Specimen preparation for cryo-EM

For specimen vitrification intact etioplasts were transferred to a cryo buffer (Buffer A containing
150 mM trehalose instead of sorbitol) by quick centrifugation (3 minutes) with a bench top
centrifuge, followed by gentle resuspension in half the initial volume. To exclude artefacts due to
accidental light exposure, the chlorophyll concentration was measured spectrophotometrically
after organic extraction in 80% ice-cold acetone, as previously described by Haniewicz et al.
(2015). Once the presence of chlorophylls was ruled out, etioplasts were mixed with tomographic
gold fiducials (6 or 10 nm in diameter) in a 3 to 1 ratio. Quantifoil R0.6/1 or R2/2 grids with a
copper mesh support (Quantifoil Micro Tools) were glow discharged and transferred inside the
humidified chamber of a Vitrobot Mark IV (FEI Company), where 3l of etioplast suspension

were applied, blotted (6-8 sec, 100% humidity) and plunge frozen.

3.4.4 Electron cryo-tomography

Tomographic data collection and processing was carried out as described in subsection 2.4.5
and D’Imprima et al. (2019). Briefly, tomographic tilt series were collected symmetrically in
counting mode on the K2 camera of a Titan Krios, with calibrated pixel size of 2.2 A, tilt range
of £60° (3° step), and 90 e~ /AZ of total exposure. Dose fractionated movies were motion
and CTF corrected, then dose weighted and used to reconstruct the tomographic volumes by
weighted back projection in IMOD. The contrast was enhanced with the application of a NAD
filter in IMOD, or a median filter in MATLAB (The MathWorks Inc.). Volume segmentation
was performed manually with the IMOD drawing tool plugin, in combination with the EMAN

convolutional neural network.
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3.4.5 Subtomogram averaging and homology modelling

Subtomogram averaging and multi reference alignment classification were performed with
Dynamo according to the “gold standard” procedure, as described in subsection 2.4.5 and
D’Imprima et al. (2019). A datased of 315 ribosomes and 377 ATP synthase complexes was
picked manually from the prolamellar body and prothylakoids of 7 tomograms. Ribosomes
outside the paracrystalline lattice, and ATP synthase in membranes without a clear connection
to the prolamellar body were not included. Initial references for both datasets were generated
by averaging 20 random particles. The final density maps were refined to a resolution of 26 A

(ribosome) and 30 A (ATP synthase).

LPOR-decorated tubular membranes, analysed from 17 tomograms, were regularly sampled
with the the addModPts function in PEET (Nicastro, 2006). MRA classification split the
dataset into two classes, one with 16 units per turn (class 1, 950 particles) the other with 15
units per turn (class 2, 728 particles). Fourier Shell Correlation reported a resolution of 18.2 and
18.1 A, respectively. The position of individual LPOR dimers, clear in both reconstructions,
was used to define a new set of coordinates for subboxing each particle along the helical
path. Accordingly, class 1 and class 2 provided 20082 and 17080 subboxes respectively. After
alignment and averaging in Dynamo, each particle in the respective dataset was traced back
to its 2D projection with the dyn2rel package, then extracted and processed with Relion-3
(Zivanov et al., 2018) to a final resolution of 9 A. Finally, structural features were compared
to a template-based 3D model. This was generated with I-TASSER (Yang and Zhang, 2015),
based on the mature sequence of Zea mays LPOR (GenBank: PWZ38724.1), and the X-ray

structure of Synechocystis LPOR (PDB: 6r48).

All subtomogram averaging structures were deposited in the EMDB with the following
accession codes: EMD-11959 (plastid ribosome), EMD-11958 (plastid ATP synthase),

EMD-11961 (LPOR helical arrays from class 1), EMD-11960 (LPOR helical arrays from class
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2), EMD-11963 (subboxed LPOR dimers from class 1), EMD-11962 (subboxed LPOR dimers

from class 2).
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Outlook and final remarks

The exciting results I achieved from the tomographic characterization of etioplast inner
membranes are just the tip of the large iceberg of photomorphogenesis in plants. While
the cryo-preparation method from Daum et al. (2010) is easy to perform and shown to be
compatible with etioplast vitrification, it is probably sub-optimal for the analysis of plastids
at intermediate maturation stages (i.e. etio-chloroplasts). The developmental model proposed
by Kowalewska et al. (2016), based on room-temperature tomography of resin embedded
greening leaves, shows that the transition from etioplast to chloroplasts proceeds with a gradual
degradation of the prolamellar body, accompanied by expansion and stacking of prothylakoids

into grana.

An alternative way to see this process is that plastid inner membranes undergo a deep
morphofunctional transformation, changing from a dark-adapted (prolamellar body and
prothylakoids) to a light-adapted configuration (grana and stroma lamellae). In both cases the
membrane architecture is stabilized by a densely packed protein scaffold: LPOR helical arrays
encapsulate the prolamellar body membrane tubes (Figure 3.7, Figure 3.11), photosystems and
light harvesting complexes weld the grana core (Daum et al., 2010; Albanese et al., 2017, 2020).
During the transition, however, none of these protein scaffolds is fully formed (Kanervo et al.,
2008; Rudowska et al., 2012). It is therefore reasonable to expect the entire system to be very
delicate, up to the point where minimal mechanical or osmotic stress would alter the native
membrane morphology. Furthermore, membranes that are large and flat (e.g. proto-grana)

would lie parallel to the grid surface, and provide no side view of the sample. This would
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prevent a proper description of the membrane architecture, and lead to STA maps with strong

artefacts due to the preferential orientation of the membrane protein complexes.

A new approach is therefore necessary to bring forward this part of my project, and characterize
the molecular landscape of plastids throughout photomorphogenesis. Structural stability and
optimal membrane orientation in ice might be achieved by vitrifying intact plastids with a
gentler blotting procedure, and complete the preparation with a FIB-milling step to obtain
thin cryo-lamellae. Considering the relevance of such a massive study for the physiology and
structural biology of plant development, it would be a promising concept for a research grant

proposal.

Approaching the end of my doctoral studies, I began to appreciate that not all the results I
obtained are related to scientific discovery. I realised more and more how important it was
for me to acquire a strict, methodical attitude towards research. The easiest scenario for a
PhD project -if such a thing as the “easy PhD” ever existed- is one where a master student
with former knowledge of a technique joins a group with strong expertise, and is given a very
narrow research target to hit. The scenario I dealt with was quite different. I started my
experience at the MPI of Biophysics with a vague idea of what electron microscopy was, and
I was given two precious things. The first one was access to a nearly unlimited amount of
resources, both economic and in terms of beam time. The second one was the freedom to
design a project and carry it out freely, without major constraints. Or, in other words, a lot of
trust. Unlimited resources and trust are a wonderful combination to do high-end research, but
adding inexperience to the mix makes things quite dangerous too. Mostly for the investor: the

supervisor.

Starting an entirely new project from scratch (chapter 3) was a challenging experience. Driven

by the excitement for each successful experiment I concluded, I spent the first two years
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collecting a series of very interesting results without paying sufficient attention to how many
of them would interlock into a meaningful picture. From a more mature perspective, I think I
got sidetracked by the pleasure of discovery. But with a bit of luck, I eventually understood
that I needed to change approach. In time I developed a solid analytical framework, where
I organised my knowledge around the most relevant open questions in the field of plastid
physiology, identified a core of basic concepts worth investigating, and only then decided which
experiments to perform. The ability to dissect and analyse complex phenomena with a network
of experiments is a powerful tool, probably the most important I acquired throughout this stage

of my career.

Working with electron cryo-tomography was a marvellous experience, and I found the final
results to be worth all difficulties and failures I endured from the beginning of my doctoral
studies. ~With the current technology cryo-EM is slowly entering its “atomic era”, but
tomography is still lagging behind. Only a small percentage of the total information in
cryo-tomograms can be visualized and processed to high resolution. Unlike other applications of
TEM, however, this technique allows to peek through the window of a room where everything
seems (and in way, is) frozen in time, where one can really see how nature builds and ties
together the smallest components of life. I conclude this stage of my higher education with the
hope to keep working in the field of electron cryo-microscopy, and actively contribute to its

improvement in the years to come.
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List of acronyms

CCD Charge-Coupled Device

CMOS Complementary Metal Oxide Semiconductor
cryo-EM Electron cryo-Microscopy
CTF Contrast Transfer Function

DDD Direct Detection Device

DQE Detective Quantum Efficiency
FEG Field Emission Gun

FIB Focused Ion Beam

FSC Fourier Shell Correlation

MAPS Monolithic Active Pixel Sensors
MRA Multi-Reference Alignment
MSA Multivariate Statistical Analysis
MTF Modulation Transfer Function
NPS Noise Power Spectrum

PSF Point Spread Function

123



Appendix

SEM Scanning Electron Microscope
SNR Signal to Noise Ratio
STA Subtomogram Averaging / Average

TEM Transmission Electron Microscope / Microscopy

List of symbols
2D Two-dimensional
3D Three-dimensional
 brightness / maximum angle of collection
f focal length

d; image distance

kV kilovolt

E}. kinetic energy

¢ speed of light

mA milliampere

M magnification

myg electron mass at rest
P momentum

d, object distance

pm picometer

h Planck’s constant
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U potential energy

Cs spherical aberration coefficient
T, Glass Temperature
v velocity

A wavelength
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Collaborative work and copyright declaration

Except where stated otherwise by reference or acknowledgement, the work presented was
generated by myself under the supervision of my advisors during my doctoral studies. All
contributions from colleagues are explicitly referenced in the thesis. The material listed below

was obtained in the context of collaborative research.

Figure 2.1:
the data in panels A, B, C and E was provided by Mirko Joppe (BMLS and Goethe Universitat);
the data in panel D was provided by Dr. Edoardo D’Imprima (MPI-BP);

I organised the layout of all five panels.

Figure 2.2:
the data in this figure was provided by Dr. Edoardo D’Imprima (MPI-BP);

I organised the layout of the image.

Figure 2.5:
the data in panel D was provided by Ricardo Sanchez (MPI-BP);
I computed the three-dimensional rendering of the vitrified buffer, particle, and angle plots,

and organise the the layout of the image.

Figure 2.6:
the negative-stain data in this figure was provided by Dr. Edoardo D’Imprima (MPI-BP);

I computed the 3D-graphics objects in the bottom panels.

Figure 2.7:
the data in this figure was provided by Dr. Edoardo D’Imprima (MPI-BP);

I organised the layout of the image.
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Figure 2.10:
the data in this figure was provided by Dr. Edoardo D’Imprima (MPI-BP);

I organised the layout of the image.

All panels of the figures in chapter 2 were previously published in D’Imprima et al. (2019), and
are reproduced under the Creative Commons Attribution 4.0 International (CC BY 4.0) licence.

Each figure legend in the chapter indicates its exact counterparts in the original publication.

All panels of the figures in chapter 3 were previously published in Floris and Kiihlbrandt (2021),

and are reproduced in conformity with the Springer Nature copyright policy. Each figure legend

in the chapter indicates its exact counterparts in the original publication.
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