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To those who loved me and still do.

Light breaks where no sun shines;
Where no sea runs, the waters of the heart
Push in their tide

Dylan Thomas

- Light breaks where no sun shines
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Abstract

Photosynthesis is probably the most important process for allowing life to develop into
the diverse forms we see today. In this process, solar radiation is used to convert CO-
into biomass. From this process, we obtain oxygen to breathe, sources of food (plant
biomass), and the potential for clean and sustainable energy. Photosystem II
(PSII) - a key enzyme in photosynthesis —, is a protein complex located in the
thylakoid membrane of photosynthetic organisms. PSII and its light-harvesting
antennae capture light energy, driving a charge separation process, which leads to the
extraction of electrons from water molecules, forming and releasing molecular oxygen.
A PSII dimer is composed of more than 20 unique proteins and hundreds of cofactors
which fine-tune the mechanisms of light-harvesting and water oxidation, and stabilize
the whole complex. While the arrangement of most (but not all!) of these proteins and
cofactors is known, their dynamics and individual contributions are not yet fully
understood.

In my thesis work, I took on the challenge of resolving the structure of large
protein complexes, such as PSII complexes from various photosynthetic organisms,
using a technique called eryogenic electron microscopy (cryo-EM). This PhD
dissertation focuses on structurally describing these macromolecular assemblies and
how their components (protein, cofactors, and substrate) interact with each other or
with their immediate cellular environment.

Among the several outcomes of my research on PSII, I would like to highlight
the following findings: 1) the usage of digitonin as a detergent to solubilize PSII
destroys the catalytic activity and changes LHCII pigment content, among other
consequences; 2) PSIT does not seem to incorporate chlorophyll (Chl) a molecules with
a farnesyl tail, and the Chl tails’ flexibility justifies not resolving the full-length of some
of these molecules in PSII structures. We concluded that flexibility may be an
advantage to PSII function; 3) cryo-EM is a technique with the potential to reveal
information about electron/proton transfer processes within PSII, and provided us
with data, for instance, to suggest a pathway for the protonation of Qs, the final
electron acceptor in PSII.

In another project, also using cryo-EM, I studied the structure of the S-layer
Deinoxanthin Binding Complex (SDBC), a membrane protein complex from
Deinococcus radiodurans. This complex is an essential part of the cell envelope, the
outermost barrier of this bacterium, and it is known to bind a carotenoid called
deinoxanthin, which has significant spectroscopic and antioxidant properties.
Additionally, we studied the function of this complex and showed that the SDBC is a



quencher of UVC-UVB radiation and reactive oxygen species, with superoxide
dismutase activity. This complex has an a-[ coiled-coil stalk long enough to reach the
inner membrane of the cell envelope.

In summary, visualizing the structural organization and chemistry within these
complexes allowed us to gain a new understanding of their function and diversity.
Furthermore, this work demonstrates the potential of cryo-EM as a method to render
complementary information at resolution superior to state-of-the-art X-ray diffraction

methods.



Sammanfattning pa svenska

Fotosyntesen &r formodligen den viktigaste processen for att liv ska kunna utvecklas
till de olika former vi ser idag. I denna process anvénds solstralning for att omvandla
CO. till biomassa. Fran denna process fir vi syre att andas, killor till mat
(vaxtbiomassa) och potentialen for ren och héillbar energi. Fotosystem II (PSII) -
ett nyckelenzym i fotosyntesen - &r ett proteinkomplex som finns i
thylakoidmembranet hos fotosyntetiserande organismer. PSII och dess antenner
fangar upp ljusenergi och driver en laddningsseparationsprocess som leder till att
elektroner extraheras fran vattenmolekyler, vilket bildar och frigér molekylart syre.
PSII bestar av mer dn 20 unika proteiner och hundratals kofaktorer som finjusterar
mekanismerna for ljusinsamling och vattenoxidation, och stabiliserar hela komplexet.
Aven om de flesta (men inte alla!) av dessa proteiner och kofaktorer ir kinda, 4r deras
dynamik och individuella bidrag dnnu inte klarlagda.

I mitt avhandlingsarbete antog jag utmaningen att 16sa strukturen hos stora
proteinkomplex, sasom PSII-komplex fran olika fotosyntetiska organismer, med hjélp
av en teknik som kallas kryogen elektronmikroskopi (cryo-EM). Denna
avhandling fokuserar pa att strukturellt beskriva dessa makromolekyldra
sammansattningar och hur deras komponenter (protein, kofaktorer och substrat)
interagerar med varandra eller med deras omedelbara celluldra miljo.

Bland de resultat fran min forskning om PSII skulle jag vilja lyfta fram féljande:
1) Anvindningen av digitonin som detergent for att solubilisera PSII forstor den
katalytiska aktiviteten och fordndrar LHCII:s pigmentinnehall, bland andra
konsekvenser. 2) PSII verkar inte inforliva klorofyll (Chl) a-molekyler med en
farnesylsvans, och Chl-svansarnas flexibilitet motiverar att vissa av dessa molekyler
inte har full langd i PSIIL:s strukturer. Vi drog slutsatsen att flexibilitet kan vara en
fordel for PSII:s funktion; 3) cryo-EM ar en teknik med potential att avslgja
information om elektronoverforingsprocesser inom PSII, och gav oss data, till
exempel for att foresld en vag for protonering av Qs, den slutliga elektronacceptorn i
PSII.

I ett annat projekt, dér jag ocksa anviande cryo-EM, studerade jag strukturen hos
S-layer Deinoxanthin Binding Complex (SDBC), ett membranproteinkomplex
fr&n Deinococcus radiodurans. Detta komplex ar en viktig del av cellhdljet, den
yttersta barridren hos denna bakterie, och det ar kiint att det binder en karotenoid som
kallas deinoxanthin, som har betydande spektroskopiska och antioxidativa
egenskaper. Vi studerade dessutom komplexets funktion och visade att SDBC ar en
slickare av =~ UVC-UVB-strdlning och reaktiva  syreforeningar, med
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superoxiddismutasaktivitet. Komplexet har en a-p-spiralstjalk som ar tillrackligt 1ing
for att né cellholjets inre membran.

Sammanfattningsvis har visualiseringen av den strukturella organisationen och
kemin i dessa komplex gett oss en ny forstielse for deras funktion och méngfald.
Dessutom visar detta arbete potentialen hos cryo-EM som en metod for att iterge data
med kompletterande kvalitet och upplosning som ar overldgsen de modernaste

rontgendiffraktionsmetoderna.
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Papers at a Glance

Paper

Main Findings

Paper I

e First high-resolution structure of Arabidopsis PSII.

¢ Digitonin is not a good detergent to extract PSII
supercomplexes: it destroys PSII catalytic activity and
changes LHCII pigment content, among other effects.

e The inactive OEC configuration is a proxy to its structure
before the process of photoactivation.

Paper 11

e SDBC’s collar and stalk region have been resolved
identifying protein DR_0644 and a SLH domain.

e DR_0644 is a Cuz*-only superoxide dismutase.

e DR_2577 has along a-f coiled coil stalk, flanked by the
outer membrane and SLH domains, long enough to reach
the inner membrane of the cell envelope.

e SDBC is a quencher of UVC-UVB radiation and ROS.

Paper I11

e PSII from photosynthetic organisms (likely) does not
incorporate Chl a molecules with a farnesyl tail

e FPPS enzyme exists in all genera of oxygenic
photosynthetic organisms evaluated in this study,
including mesophilic cyanobacteria.

¢ Flexibility seems to be the only reason for not resolving the
full-length of Chl tails in most PSII structures.

e Mesophilic cyanobacteria (7N80O) and diatom (7VD5)
structures display a density of a full phytyl tail for PsbC-
CLA504; increased shielding effect of this Chl pocket
correlates with longer PsbC-CLA504 tail density, and this
region’s flexibility may be important for PSII functions.

Paper IV

o The shared proton between D1-Yz and D1-H190 is
observed.

e Protons shared between D2-Y244 and BCT, as well as near
03 of BCT and D1-Y246, are detected.

e Qg is suggested to be protonated through D1-H215, with
subsequent re-protonation mediated by W63 and D1-Y246.

xiii




Popular scientific summary

When the sun shines on photosynthetic organisms, photosynthesis happens!
Photosynthesis light-dependent reactions rely on Photosystem II (PSII), a protein
complex with multiple pigments that can harvest sunlight and convert it into chemical
energy. In doing so, it splits water, producing dioxygen (O-), which is released into the
environment. This remarkable reaction is what sustains life on Earth. Through the
ages, the action of PSII has allowed for the development of the diverse natural
organisms we find on our planet. It's no wonder that PSII is such an important subject
of research.

In plants, light harvesting is performed by chlorophyll and carotenoid pigments.
Algae, diatoms, cyanobacteria, and purple bacteria, have distinct proteins and
pigments capable of harvesting light to drive photosynthesis. Also, the non-
photosynthetic bacterium Deinococcus radiodurans, produces the deinoxanthin
pigment that harvests ultraviolet light.

During the past five years, my research focused on studying the structure of
membrane protein assemblies with light-harvesting capabilities using cryo-electron
microscopy (cryo-EM). Cryo-EM is a powerful technique that enables us to capture
images of proteins and reconstruct 3D models of protein structures with such high
resolution that we can see individual atoms! The work presented in this dissertation is
divided into five different projects. Four of these projects shed light on the structures
of PSII from different photosynthetic organisms while a fifth study delved into the
structure and function of the S-layer Deinoxanthin Binding Complex (SDBC)
of Deinococcus radiodurans.

In Project I, PSII particles which were removed from the plants’ thylakoid
membrane using the digitonin detergent were not able to produce oxygen. Therefore,
I recommend caution with the use of this detergent for the extraction of PSII and other
membrane protein complexes. Building on this and other observations, I have
modified the PSII extraction protocol to extract PSII particles that produce O.. This
project had a successful outcome, with the extraction of oxygen-producing PSII and
its structure resolved.

Structural data can at times be difficult to interpret, particularly when certain
features of a molecule are flexible. In these scenarios, the signal in the data may be
absent, even when in reality the molecules/features are present. The signal detected
in many PSII datasets for certain chlorophyll molecules in PSII does not cover all of
their expected structure. This raises the question: can truncated chlorophylls exist?
The data I present in Paper II (Project II), shows that PSII does not contain

Xiv



truncated forms of chlorophyll pigments and supports the explanation that we don’t
see full signal coverage of the chlorophylls due to their intrinsic flexibility.

Photosystem II complexes may be damaged and recycled/repaired. This repair
process has several stages, but we have little knowledge of each of them. Project III
aimed at studying a population of immature PSII reported to be an intermediate of the
PSII repair cycle. Surprisingly, the structure I obtained resembles the predicted
structure of an intermediate belonging to the de novo PSII biogenesis, and not of the
repair cycle.

Project IV started as a challenging proof-of-concept experiment. In this

experiment, I wanted to demonstrate that cryo-EM can provide new knowledge about
PSIT’s structure beyond what other state-of-the-art methods have provided. The
obtained data (Paper IV) allowed me not only to demonstrate what I aimed for but
also to pinpoint regions of the protein involved in energy transfer processes. As these
processes are central to the PSII function, the new knowledge is of the outermost
importance.
In Project V / Paper II, we were able to characterize some of SDBC’s functions,
resolve for the first time the structure of certain regions of this protein complex, and
relate its functions to the obtained structure. We concluded that SDBC protects D.
radiodurans against UVC-UVB light and harmful oxidation events.

XV



Populirvetenskaplig sammanfattning

Nir solen skiner pa fotosyntetiska organismer sker fotosyntes! Fotosyntesens
ljusberoende reaktioner ir beroende av fotosystem II (PSII), ett proteinkomplex
med flera pigment som kan skérda solljus och omvandla det till kemisk energi. P4 sa
sétt spjalkas vatten, vilket ger upphov till dioxygen (O-) som sldpps ut i miljon. Denna
anmarkningsvarda reaktion ar vad som uppritthaller livet pa jorden. Genom tiderna
har PSII:s verkan majliggjort utvecklingen av de olika naturliga organismer som vi
hittar pa var planet. Det ar inte konstigt att PSII ar ett sa viktigt forskningsomrade.

I vaxter skordas ljuset av klorofyll och karotenoidpigment. Alger, kiselalger,
cyanobakterier och lila bakterier har distinkta proteiner och pigment som kan skorda
ljus for att driva fotosyntesen. Aven den icke-fotosyntetiska bakterien Deinococcus
radiodurans producerar pigmentet deinoxanthin som skérdar ultraviolett ljus.

Under de senaste fem aren har min forskning fokuserat pa att studera strukturen
hos membranproteinsammansittningar med ljusskordande formaga med hjilp av
kryoelektronmikroskopi (cryo-EM). Cryo-EM ir en kraftfull teknik som gor det
mojligt for oss att ta bilder av proteiner och rekonstruera 3D-modeller av
proteinstrukturer med s hog upplosning att vi kan se enskilda atomer! Det arbete
som presenteras i denna avhandling ar uppdelat i fem olika projekt. Fyra av dessa
projekt belyser strukturerna hos PSII fran olika fotosyntetiserande organismer,
medan en femte studie undersokte strukturen och funktionen hos S-layer
Deinoxanthin Binding Complex (SDBC) hos Deinococcus radiodurans.

I Projekt I kunde de PSII-partiklar som avldgsnades frin véxternas
thylakoidmembran med hjilp av digitonin-detergenten inte producera syre, och
darfor rekommenderar jag forsiktighet vid anvindning av detta detergent for
extraktion av PSII och andra membranproteinkomplex. Baserat pa denna och andra
observationer har jag modifierat PSII-extraktionsprotokollet for att extrahera PSII-
partiklar som producerar O.. Detta projekt hade ett framgéngsrikt resultat, med
extraktion av syreproducerande PSII och dess struktur faststalld.

Strukturdata kan ibland vara svira att tolka, sarskilt nér vissa egenskaper hos en
molekyl ar flexibla. I dessa scenarier kan signalen i data vara franvarande, 4&ven om
molekylerna/egenskaperna i verkligheten ar narvarande. Den signal som detekteras i
manga PSII-datauppséttningar for vissa klorofyllmolekyler i PSII ticker inte hela
deras forvintade struktur. Detta vicker fragan: kan trunkerade klorofyll existera? De
data som jag presenterar i Artikel II (Projekt II) visar att PSII inte innehaller
trunkerade former av klorofyllpigment och stoder forklaringen att vi inte ser full
signaltickning av klorofyllerna pa grund av deras inneboende flexibilitet.
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Fotosystem II-komplex kan skadas och &tervinnas/repareras. Denna
reparationsprocess har flera steg, men vi har liten kunskap om vart och ett av dem.
Projekt III syftade till att studera en population av omogna PSII som rapporterats
vara en mellanprodukt i PSII:s reparationscykel. Overraskande nog liknar den
struktur jag fick fram den forutspiddda strukturen hos en intermedidr som hor till de
novo PSII-biogenesen, och inte till reparationscykeln.

Projekt IV borjade som ett utmanande proof-of-concept-experiment. I detta

experiment ville jag visa att cryo-EM kan ge ny kunskap om PSII:s struktur utéver vad
andra avancerade metoder har gett. De data som erholls (Paper IV) gjorde det
majligt for mig att inte bara visa vad jag strivade efter utan ocksa att peka ut regioner
iproteinet som ar involverade i energioverforingsprocesser. Eftersom dessa processer
ar centrala for PSII:s funktion dr den nya kunskapen av yttersta vikt.
I Projekt V / Paper II kunde vi karakterisera nagra av SDBC:s funktioner, for forsta
gangen 16sa upp strukturen for vissa regioner i detta proteinkomplex och relatera dess
funktioner till den erhdllna strukturen. Vi drog slutsatsen att SDBC skyddar D.
radiodurans mot UVC-UVB-ljus och skadliga oxidationshandelser.
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Resumo cientifico para o publico geral

Quando o sol incide sobre organismos fotossintéticos, da-se a fotossintese! As reacgbes
fotossintéticas dependentes da luz iniciam-se no Fotossistema II (PSII), um
complexo proteico com varios pigmentos que consegue captar a luz solar e converté-
la em energia quimica. Ao fazé-lo, divide a agua, produzindo dioxigénio (O-), que é
libertado para o ambiente. Esta reagdo notavel é o que sustenta a vida na Terra. Ao
longo dos tempos, a acdo do PSII permitiu o desenvolvimento dos diversos
organismos naturais que encontramos no nosso planeta. Nao é de admirar que o PSII
seja um tema de investigacao cientifica tdo importante.

Nas plantas, a captacdo de luz é efectuada pelos pigmentos clorofila e
carotenodides. As algas, as diatoméceas, as cianobactérias e as bactérias purpuras tém
proteinas e pigmentos distintos capazes de captar a luz para realizar a fotossintese.
Também a bactéria Deinococcus radiodurans, embora seja um organismo nao
fotossintético, contém um pigmento chamado deinoxantina que capta a luz solar na
gama ultravioleta.

Durante os dltimos cinco anos, a minha investigacdo centrou-se no estudo da
estrutura de conjuntos de proteinas membranares com capacidades de captacido de
luz, utilizando a microscopia crioelectrénica (cryo-EM). A cryo-EM é uma
técnica poderosa que nos permite captar imagens de proteinas e reconstruir modelos
3D de estruturas proteicas com uma resolucio tao elevada que podemos ver tomos
individuais! O trabalho apresentado nesta dissertagdo esta dividido em cinco projectos
diferentes. Quatro destes projectos elucidaram as estruturas do PSII de diferentes
organismos fotossintéticos, enquanto um quinto estudo focou na estrutura e fungdo
da “S-layer Deinoxanthin Binding Complex” (SDBC) de Deinococcus
radiodurans.

No Praojeto I, as particulas de PSII removidas da membrana tilacoide das
plantas utilizando o detergente digitonina nao foram capazes de produzir oxigénio,
pelo que recomendo cautela na utilizacao deste detergente para a extracdo do PSII e
de outros complexos proteicos membranares. Com base nesta e noutras observacoes,
modifiquei o protocolo de extragdo de PSII para extrair particulas de PSII que
produzem O-. Este projeto foi bem-sucedido, finalizando com a extracao de PSII capaz
de produzir oxigénio e a determinago da sua estrutura.

Os dados estruturais podem, por vezes, ser dificeis de interpretar, especialmente
quando as moléculas sdo flexiveis. Nestes cenarios, o sinal destas moléculas pode ndo
ser detectado nos resultados, mesmo quando na realidade as moléculas estdo
presentes. O sinal detectado em muitos resultados estruturais para certas moléculas
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de clorofila no PSII nao cobre a totalidade da estrutura esperada. Isto levantou a
questdo: sera que podem existir clorofilas truncadas? Os resultados que apresento no
Artigo II (Projeto IT) mostram que o PSII ndo contém formas truncadas de
pigmentos de clorofila e explicam que nao se detecta sinal ao longo de todo o
comprimento da clorofila devido a sua flexibilidade.

Os complexos do fotossistema II podem ser danificados e reciclados/reparados.
Este processo de reparacio tem varias fases, mas delas pouco se conhece. O Projeto
IIT teve como objetivo estudar uma populacio de PSII imaturos, normalmente
associada a intermediarios do ciclo de reparacao do PSII. Surpreendentemente, a
estrutura que obtive assemelha-se a estrutura prevista de um intermediario
pertencente a biogénese de novo do PSII, e nao ao ciclo de reparagao.

O Projeto IV comecou como uma experiéncia de prova de conceito. Com esta
experiéncia pretendi demonstrar que a cryo-EM pode fornecer novos conhecimentos
sobre a estrutura do PSII, para além dos obtidos, até a data, com outros métodos de
dltima geracdo. Os resultados obtidos (Artigo IV) permitiram-me nao s6 demonstrar
o que pretendia, como também identificar regioes das proteinas envolvidas em
processos de transferéncia de energia. Como estes processos sdo centrais para o
funcionamento do PSII, este novo conhecimento é de extrema importancia.

No Projeto V / Artigo II, conseguimos caraterizar algumas das funcbes do
SDBC, determinar pela primeira vez a estrutura de certas regiées deste complexo
proteico, e bem como relacionar as suas fungdes com a estrutura obtida. Concluimos
que o SDBC protege D. radiodurans contra a luz UVC-UVB e eventos de oxidacao

prejudiciais.
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Podsumowanie popularnonaukowe

Kiedy slorice $wieci na organizmy fotosyntetyzujace, zachodzi proces, fotosyntezy!
Reakcje fotosyntezy zalezne od Swiatla opieraja sie na fotosystemie II (PSII),
kompleksie bialkowym z wieloma pigmentami, ktéry moze pochlania¢ $wiatlo
stoneczne i przeksztalcat je w energie chemiczna. Podczas tego procesu, woda ulega
rozszczepieniu i tlen (O.) jest uwalniany do $rodowiska. Ta niezwykla reakcja
chemiczna podtrzymuje zycie na Ziemi. Na przestrzeni wiekow dzialanie PSII
pozwolilo na rozwéj réznorodnych organizméw, ktére mozemy znalezé na naszej
planecie. Nic dziwnego, ze PSII jest tak waznym przedmiotem badan.

W roélinach zbieranie $wiatla odbywa sie za pomoca chlorofilu i pigmentow
karotenoidowych. Glony, okrzemki, sinice i bakterie purpurowe maja rozne bialtka i
pigmenty zdolne do pochlaniania $§wiatlta i przeprowadzania procesu fotosyntezy.
Réwniez niefotosyntetyzujaca bakteria Deinococcus radiodurans wytwarza pigment
dezoksantyne, ktory pochlania $wiatlo ultrafioletowe.

W ciagu ostatnich pieciu lat moje badania koncentrowaly sie na okreéleniu
struktury zespoléw bialek blonowych z mozliwoscia zbierania $wiatla za pomoca
techniki kriomikroskopii elektronowej (cryo-EM). Cryo-EM jest efektywna
metodg, ktéra pozwala nam rejestrowac obrazy bialek i rekonstruowaé¢ modele 3D
struktur bialkowych z tak wysoka rozdzielczoécia, Zze mozemy zobaczy¢ pojedyncze
atomy! Badania zawarte w tej rozprawie sa podzielone na pie¢ ré6znych projektow.
Cztery z tych projektow rzucily $wiatlo na struktury PSII z r6znych organizméow
fotosyntetycznych, podczas gdy piate badanie dotyczylo struktury i funkcji kompleksu
S-layer Deinoxanthin Binding Complex (SDBC) Deinococcus radiodurans.

W Projekcie I czasteczki PSII usuniete z blony tylakoidéw roslin przy uzyciu
detergentu digitoniny nie byly w stanie produkowa¢ tlenu, dlatego zalecam ostrozno$é
w stosowaniu tego detergentu do ekstrakcji PSII i innych komplekséw bialek
blonowych. Opierajac sie na tej i innych obserwacjach, zmodyfikowalem protokot
ekstrakeji PSII, aby wyodrebni¢ czasteczki PSII, ktére wytwarzaja O-. Projekt ten
zakonczy! sie sukcesem, dzieki ekstrakeji PSII produkujacego tlen i rozwiazaniu jego
struktury.

Dane strukturalne mogg by¢ czasami trudne do zinterpretowania, szczego6lnie
gdy czasteczki sa elastyczne. W takich przypadkach sygnal moze nie byé odczytany,
nawet je$li w rzeczywistoSci czasteczki takie wystepuja. Sygnal wykryty w wielu
zestawach danych PSII dla niektdrych czasteczek chlorofilu w PSII nie obejmuje calej
ich oczekiwanej struktury. Rodzi to pytanie: czy skrécone formy barwnikow
chlorofilowych moga istnieé¢? Dane, ktore przedstawiam w Artykule IT (Projekt IT),
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pokazuja, ze PSII nie zawiera okrojonych form pigmentéw chlorofilowych i
potwierdzaja wyjasnienie, ze nie widzimy pelnego pokrycia sygnalu chlorofili ze
wzgledu na ich wewnetrzna elastycznosc.

Kompleksy fotosystemu II mogg zosta¢c uszkodzone i poddane
recyklingowi/naprawie. Ten proces naprawy ma kilka etapow, ale mamy niewielka
wiedze na temat kazdego z nich. Projekt III mial na celu zbadanie populacji
niedojrzalego PSII, o ktébrym mowi sie, ze jest posrednim etapem cyklu naprawy PSII.
Co zaskakujace, uzyskana przeze mnie struktura przypomina przewidywana strukture
produktu pos$rdniego w biogenezie PSII de novo, a nie cyklu naprawczego.

Projekt IV rozpoczat sie jako wymagajacy eksperyment potwierdzajacy moja
koncepcje. W tym eksperymencie chcialem zademonstrowaé, ze krio-EM moze
dostarczy¢ nowej wiedzy na temat struktury PSII, wykraczajacej poza to, co zapewnily
inne najnowocze$niejsze metody. Uzyskane dane (Praca IV) pozwolily mi nie tylko
zademonstrowac to, do czego dazylem, ale takze wskazac regiony bialka zaangazowane
w procesy transferu energii. Poniewaz procesy te s kluczowe dla funkcjonowania
PSII, ta nowa wiedza ma ogromne znaczenie.

W Projekcie V / Pracy II udalo nam sie scharakteryzowaé niektére funkcje
SDBC, i po raz pierwszy rozpozna¢ strukture niektorych regiondow tego kompleksu
biatkowego i powiazaé jego funkcje z uzyskana struktura. DoszliSmy do wniosku, ze
SDBC chroni D. radiodurans przed $wiattem UVC-UVB i szkodliwymi procesami

utleniania.
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So my life is at a critical stage. A pivot, we have. The hinge of the door to my future
is my thesis. So deliberately but uncounsciously I don't oil the hinge, I let it groan
loudly just in case I want to scamper back and choose another door. Now I have
been told to go back and oil the hinge. The door will swing soundlessly open and

everything will be fine and smooth.

Stephen Fry
- Making History






1 Introduction

This first thesis chapter is divided into two major sections: general biological
background and technical background. The biological background summarizes some
of the knowledge we currently hold about Photosystem II and the S-layer
Deinoxanthin Binding Complex necessary to understand the research projects
presented in this thesis. In “Technical background” the readership is introduced to
cryo-EM single-particle analysis workflow, the main experimental method used in my
research.

Refer to chapter 3 for methodology details, while chapter 4 provides additional
biological background pertinent to each project before presenting the results of each

study.
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1.1 Biological background

Photosynthesis is the process by which plants, algae, cyanobacteria, and diatoms use
sunlight, carbon dioxide, and water to produce glucose and molecular oxygen [1, 2].
Although glucose synthesis is reflected in plant biomass growth and becomes an
important source of energy for humans, it is the underlying processes of carbon
dioxide capture and the release of molecular oxygen that emerged as essential
processes for the development of life as we know it. These underlying processes are
topics of immense research interest because they serve as biological templates for



artificial CO. catalytic conversion and artificial solar energy conversion, currently
topics of extreme importance to sustaining life on our planet.

The primary source of energy for photosynthesis is sunlight, which plants are
capable of harvesting. A photon that penetrates a leaf with enough energy to excite an
electron may trigger a series of electron flow reactions that are central to the process
of photosynthesis. Inside the chloroplast, electrons flow along the electron transport
chain (ETC) — a group of protein complexes and other molecules able to perform
reduction-oxidation chemistry — to ultimately produce NADPH and ATP molecules
[3]. NADPH and ATP are usually recognized as the currency for energy transfer in
biological processes, and are used in downstream processes of photosynthesis. At the
very beginning of the electron transport chain, according to the linear electron flow
(Figure 1), the membrane protein complex Photosystem II initiates the light-
dependent photosynthesis events.

Thylakoid Grana Stacks Thylakoid Stroma Lamellae

Stroma

PSII Cyt b f PSI ATP synthase

Figure 1 - Simplified scheme of the forward linear electron flow, part of the light-dependent
reactions of photosynthesis represented with experimentally determined structures of the main
membrane protein complexes from the spinach thylakoid membrane, and the luminal protein
electron carrier plastocyanin (PC, PDB 1AG6) and ferredoxin reductase (FNR, PDB 1FND). The
main membrane complexes of the electron transport chain in plant thylakoid membranes are
Photosystem II (PSII, PDB 3JCU), cytochrome bef (Cyt bsf, PDB 7ZYV), Photosystem I (PSI, PDB
7DKZ) and ATP synthase (PDB 6VOL).



1.1.1  Photosystem II

Photosystem II (PSII), localized in the thylakoid membrane, is a water-to-
plastoquinone oxidoreductase capable of forming molecular oxygen (O-) through a
water-splitting/oxidation mechanism. Like many other protein complexes, its
structural dynamics, and the function of (all) its protein subunits - either as individual
entities or as an ensemble - are yet to be fully understood.

Photosynthetic organisms harvest the light of the sun with chromophore
molecules such as chlorophylls (Chl), carotenoids, or phycobilins which are embedded

into the protein matrix of PSII and its auxiliary light-harvesting proteins.

1.1.1.1  Photosynthetic water oxidation and the primary electron
transfer pathway within Photosystem II

In 1969, Pierre Joliot published his findings of a flash-induced period four oscillation
pattern of oxygen evolution in algal suspensions [4]. A year later, Kok et al. confirmed
the period four oscillation of oxygen evolution in dark-adapted spinach chloroplasts.
In these experiments, the first spike in oxygen production is observed not at the 4t
flash, but after the 3rdflash. This led Bessel Kok to propose that oxygen evolves through
a five redox state mechanism, later known as the S; (i=0-4, where 1 is the number of
accumulated oxidizing equivalents) state model or the Kok cycle. In this model, the
cycle is driven by four light absorption events (So-Si, Si-S2, S2-Ss, S3-S,); once S, is
reached oxygen is produced and released, and the oxygen-evolving complex (OEC)
spontaneously returns to the ground state (So). The dark stable state of the OEC is the
S: state which explains why oxygen is first seen after 3 light flashes [5]. At the time,
this was as much as it was known about the OEC inside the chloroplast organelle.
Years later these events were pinpointed to happen within Photosystem II, and the
OEC was identified as an inorganic metal cluster within PSII (reviewed in [6]).

The initial photochemistry that takes place in the PSII reaction center is a one-
electron reaction which is further complicated as the electrons exit the reaction center
via a two electron/two proton reduction of a plastoquinone molecule [7]. The sequence
of electron transfer events within PSII and the cofactors involved are graphically
represented in Figure 2. In summary, the process starts by the absorption of a photon
leading to an excited PSII reaction center (P680*). The excited primary electron
donor, P680*, gives off an electron to an acceptor (pheophytin) and becomes P680+;
a phenomenon called charge separation [8]. The acceptor passes the electron further
onto the primary plastoquinone (Qa). This Qa molecule is immobile within the PSII
structure and does not undergo protonation but acts as a mediator for the double
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Figure 2 — The sequence of electron transfer events inside Photosystem II: when excitation
energy transfer from an accessory chlorophyl reaches the primary electron donor with enough
energy to drive 1) charge separation, this occurs between P680 and Chlp: and an electron is
transferred to PheoD1; 2) electron transfer between Pheop; and Qa; 3) on the donor side the redox-
active Y, replaces the electron hole in P680; 4) Mn,CaOs provides electrons to Y; 5) on the
acceptor-side electron transfer between Qa and Qg is mediated by a bicarbonate-Fe2*complex; 6)
Qs is eventually protonated twice and is exchanged with another molecule from the plastoquinone
pool. The structure presented in the background is a monomeric cyanobacterial PSII (PDB 7RF1)
where only the larger core proteins and the lumenal OEC stabilizing proteins are represented.

reduction of the secondary plastoquinone Qs (Qs - QpH:). The mobile
plastohydroquinone (QsH:) exchanges with the environment outside PSII. Each
charge separation leaves an electron-hole that is filled by the OEC (through the redox
active amino acid Tyr-Z), neutralizing P680* to P680. These reactions drive OEC’s
oxidation until after four successive oxidations the OEC splits two water molecules to
form an O=0 bond, releasing dioxygen as a byproduct, and returning the OEC to the
So state. The overall reaction pattern is clear, and the Kok cycle is widely accepted,
however, the important molecular details that explain the high catalytic efficiency of
the OEC remain to be fully resolved [9].

1.1.2 Structural biology of Photosystem II

1.1.2.1  The structure of the catalytic heart of Photosystem II: an oxo-
bridged Mn,CaOj cluster

For decades, researchers have been trying to understand how nature splits water. A
water molecule has a dissociation energy of 497.1 kJ/mol (HO-H bond) [10], which is
16 times higher than the energy generated by the hydrolysis of ATP to ADP (30



kJ/mol). Situated at the OEC site (/electron donor side of PSII), the manganese cluster
— also referred to as the Mn,CaOs cluster, or simply Mn,Ca (as a 6 oxygen atom is
associated with the complex at a specific time of the Kok cycle) —, is the central player
of this reaction, which not only provides electrons to important upstream processes
but also releases molecular oxygen (O-) and protons into the environment (reviewed
in [11]).

The structural elucidation of the cluster has been a major focus of research in the
field of photosynthesis. X-ray crystallography and spectroscopic techniques, such as
X-ray absorption spectroscopy (XAS) and electron paramagnetic resonance (EPR)
spectroscopy, have played pivotal roles in uncovering the three-dimensional
arrangement of the cluster. These studies have revealed a cuboidal arrangement of the
four Mn ions with the Ca ion occupying a central position, forming a unique structure,
roughly the shape of a chair. The precise arrangement of the oxo-bridged metal cluster
is essential for the reaction of water oxidation and changes at each step of the Kok cycle
[12]. Also important are the amino acid ligands to the cluster as well as the water
channels and H-bond networks around it, together they compose the OEC (Figure 1 of
Paper IV).

Several research works have contributed significantly to understanding the
mechanism of water oxidation at the OEC. One approach involves the use of site-
directed mutagenesis, where specific amino acids near the Mn,CaOs cluster or at
bottleneck sites of the water channels are altered to probe their role in the catalytic
process [13, 14]. Additionally, studies employing advanced infrared (IR) spectroscopic
techniques have provided valuable insights into the dynamics and changes in
coordination of amino acid ligands to the Mn,CaOs cluster during the Kok cycle [15].

Furthermore, recent advancements in time-resolved spectroscopy have allowed
researchers to capture transient intermediates of the water oxidation process,
shedding light on the sequence of events leading to oxygen evolution. Femtosecond X-
ray crystallography has emerged as a powerful tool in this regard, enabling the
observation of structural changes in the Mn,CaOs cluster on ultrafast timescales [16].

In-depth computational studies, including density functional theory (DFT)
calculations, have complemented experimental efforts by providing theoretical
frameworks for understanding the electronic and geometric properties of the
Mn,CaO; cluster [17, 18]. These simulations aid in deciphering the energetics of the
water oxidation reaction and predicting potential reaction pathways.

Despite significant progress, challenges persist in fully unraveling the intricacies
of water oxidation in PSII. Ongoing research continues to explore the role of protein
dynamics, proton-coupled electron transfer processes, and the coordination



chemistry of the Mn,CaOjs cluster in achieving a comprehensive understanding of this
vital step in photosynthesis. The Mn,CaOs cluster remains a focal point for
interdisciplinary investigations, bridging the gap between structural biology,
spectroscopy, and theoretical chemistry to unravel the mysteries of water oxidation in

Photosystem II.

1.1.2.2  Substrate water channels and proton release pathways

The water channels in PSII play a crucial role in facilitating the ingress of water
molecules to the Mn,CaOj cluster (please refer to Figure 3 of Paper IV). These
channels provide a pathway for water molecules, the ‘mobile source’ of electrons for
the photosynthetic electron transport chain, to reach the catalytic site. Simultaneously,
the process of water oxidation is coupled to coordinated proton and electron
movements essential to the mechanism of the OEC. Protons are transferred and
released into the thylakoid lumen while electrons flow along the electron transport
chain. Proton release pathways are intricately linked to the hydrogen-bond networks
which exist within the water channels (reviewed in [19]).

X-ray crystallography and cryo-electron microscopy studies have provided
valuable insights into the architecture of the water channels in PSII. The atomic
models that resulted from these studies allowed the mapping of channels from the
OEC to the lumen exposed surface, and have revealed the specific amino acids and
water molecules that form intricate hydrogen-bond networks. High-resolution data (<
3 A) is needed to identify the position of water molecules and create a model of
potential pathways for water substrate ingress and proton release in the vicinity of the
Mn,4CaOs cluster. In particular, X-ray free-electron laser (XFEL) experiments have not
only enabled the capture the transient states and intermediate structures of the
manganese cluster, but have additionally provided a dynamic picture of the water
channels during different stages of the water oxidation cycle and a gating mechanism
for proton release through the Cl1 channel [20].

Research focused on water ingress into PSII has utilized site-directed
mutagenesis to probe the role of specific amino acids in the formation and regulation
of the water channels. By altering key residues near the catalytic site, researchers can
investigate the impact that water molecule access has on the efficiency of water
oxidation. This approach has provided experimental support of the amino acids that
affect water access through the water channels, influencing substrate exchange
kinetics [13, 21].



Furthermore, advanced spectroscopic techniques, such as time-resolved
infrared spectroscopy, have been instrumental in monitoring the dynamics of water
molecules during the Kok cycle of PSII [15]. These studies provide real-time
information on changes in the hydrogen-bonding network (water-protein interaction)
and proton release pathways within the channels, offering crucial insights into the
temporal aspects of water substrate ingress.

Molecular dynamics (MD) simulations have been employed to explore the
dynamic behavior of water molecules within the channels of PSII. These simulations,
based on principles of statistical mechanics, allow researchers to observe the
movement of water molecules over time and assess the flexibility and selectivity of the
channels. Computational studies contribute to our understanding of the structural
dynamics governing water substrate ingress, offering a complementary perspective to
experimental findings [22].

Understanding the structure and dynamics of these water channels is essential
for unraveling the water ingress and substrate exchange, as well as the proton release
mechanisms. Integrating experimental and computational approaches provides a
holistic view of the structural and dynamic features governing these processes,
ultimately contributing to the broader understanding of biological water oxidation in
PSIIL.

1.1.2.3 X-ray diffraction studies

For an extended period, structural studies of Photosystem II were restricted to X-ray
crystallography methods requiring high concentrations of pure complexes with the
capacity to form crystals [23, 24]. For most projects, the limiting factor in the X-ray
crystallography method is the crystallization process. The protocols and media utilized
for the extraction of cyanobacteria PSII proved to be compatible with crystallization
[25—29]. Thermosynechococcus vestitus (previously termed T. elongatus) and
Thermosynechococcus vulcanus cell cultures can be grown in large batches and their
highly-stable PSII preparations provided the groundwork for the first high- to near
atomic resolution structures, between 1.9-3.8 A average resolution.

PSII samples from the same organisms were later analyzed with time-resolved
measurements using a XFEL [30—32]. Also, the structure of PSII from the red alga
Cyanidium caldarium was determined by X-ray crystallography at 2.76-A resolution
[33].

Although attempted for many years, the crystallization of Photosystem II from
higher plants did not have the same success as the cyanobacterial and red alga



counterpart [34]. However, the crystal structures of the PSII subunits: LHCII [35],
CP29 [36], PsbS [37], PsbP [38], and PsbQ [39] from higher plants have been
independently resolved. Structures with somewhat lower resolution have been
achieved through room temperature electron microscopy (EM).

1.1.2.4 Land plants’ Photosystem II structures

Traditionally, higher plant PSII supercomplexes have been extracted from thylakoid
membranes using dodecylmaltoside detergents (a- or - isoforms) and digitonin.
Despite screening various detergents, results showed that PSII complexes lack
stability in a broad range of detergents. The hindrance in forming stable crystal
assemblies for X-ray diffraction (XRD) studies arises from both the elevated detergent
concentrations and the heterogeneity of PSII complexes extracted from thylakoid
membranes [40—44]. A novel avenue for studying the structure of higher plant PSII
emerged with recent advancements in cryogenic electron microscopy (cryo-EM).
Cryo-EM makes available the determination of structures from large protein
complexes at resolutions comparable to X-ray crystallography [45].

In the year 2016, amid the “resolution revolution” in cryo-EM [46], the structure
of the C.S.-type PSII-LHCII supercomplex from Spinacia oleracea (Spinach) was
determined at 3.2-A resolution (PDB: 3JCU) using cryo-EM [47]. Not long after,
Pisum Sativum (Pea) PSII structures were also solved with a resolution of 2.7 A and
3.2 A (PDB: 5XNL and 5XNM) [48], for the C.S:M.-type complex and the C.S2-type
complex, respectively (the C.S./C.S-M. PSII nomenclature is described in section
1.1.2.6). These structures confirmed that most PSII core proteins have a similar
structure to cyanobacterial PSII and revealed the structure of small transmembrane
proteins, luminal proteins, and the peripheral light harvesting proteins specific to
plant PSII. This allowed for the determination of the potential energy-transfer
pathways between pigments, a very important piece of knowledge to study electron
flow and great tools for advancing computational simulations in the field of plant

photosynthesis.

1.1.2.5 Alarge complex of proteins that hold the catalytic site, pigments
and other cofactors

The largest transmembrane proteins (TMP) of PSII are chlorophyll-binding proteins.
The core of PSII is made up of four such proteins; PsbA (D1), PsbB (CP47), PsbC
(CP43) and PsbD (D2). Additionally, two proteins comprise the heterodimeric
cytochrome b559, PsbE (a-subunit) and PsbF (-subunit). Cytochrome b559 is known



to be essential to PSII assembly and protection against photoinhibition, but it is not
involved in the primary electron transfer pathway within PSII. The D1 and D2 proteins
form the essential heterodimer that hosts the catalytic site and several cofactors
indispensable to the catalytic reaction, while CP47 and CP43 act as the central light-
harvesting antennae [49].

Many small TMP subunits (<11 kDa) exist between the major PSII proteins as
well as in the periphery of the core complex, whose roles are to support the structural
integrity of the complex and to aid the principal functions of the larger subunits[50].
The subunits PsbH, Psbl, PsbJ, PsbK, PsbL, PsbM, PsbN, PsbTc, PsbX and PsbZ exist
in photosystem II from all photosynthetic organisms. Other small transmembrane
proteins exist that may differ between classes of photosynthetic organisms such as
PsbR and PsbW. Despite evolutionary divergence, PsbY is present in most
photosynthetic organisms, but its presence in green algae is still disputed.

A smaller subset of three to five extrinsic proteins (Table 1) can be found at the
lumen side, shielding the OEC, and participating in the optimization of oxygen
evolution.

1.1.2.6  Differences between Photosystem II complexes of land plants,
algae, diatoms and cyanobacteria

Overall, the function and structure of the PSII dimeric core is similar among the
different classes of photosynthetic organisms except for the following (see the

following review [51] and references therein):

1)  The core proteins D1, D2, CP47 and CP43 are extremely well conserved within
the same class of organisms but point mutation differences can be found

between classes of organisms.

2)  The light-harvesting antennae of land plants, green algae, and diatoms are
integrated into the membrane, while it is peripheral in cyanobacteria and red

algae.

3) PsbOisconserved across all photosynthetic organisms, however, differences can

occur in the other luminal subunits (see Table 1) [52—54].

4) PSII complexes from land plants and green algae contain two types of
chlorophyll molecules, chlorophyll a and b, while cyanobacteria and red algae
contain only chlorophyll a. Additionally, the types of carotenoids and the
presence of phycobilin pigments differ between land plants/green algae and
cyanobacteria/red algae.



Table 1 - Extrinsic lumenal proteins present in mature PSII complexes of land plants,
green and red algae, diatoms, and cyanobacteria. Crosses (masked “X”) mark the
presence of specific subunits (rows) for each group of organisms (columns). The
presence of PsbR in green algae (marked “?’) is debatable. CyanoP is present in some
preparations of cyanobacteria PSII, however it is still questionable if this subunit is
there in the mature form of the complex. The greyed cells represent proteins that have
never been observed in PSII structures for a given class of organisms, but whose
presence was confirmed by other experiments.

Protein rganism ;i:ﬁ;ls gf;:: Diatoms | Red algae | Cyanobacteria
PsbO X X X X X
PsbP / PsbP’ X X
PsbQ / PsbQ’ X X X X
PsbR X ?
PsbTn X
CyanoP X
CyanoQ X
PsbU X X X
PsbV X X X
Psb31 X

5)  Certain pigments and lipids do not always share conserved binding sites between

species of different kingdoms.

6) Diatom PSII’s are seen as a hybrid between green algae and red algae PSII
complexes, as their set of extrinsic protein subunits is very similar to that of red
algae, while containing transmembrane light-harvesting antennas that bind

chlorophyll a and c, like green algae and land plants PSII complexes [55, 56].

The organization of Photosystem II complexes (from different classes of
organisms) into larger mega-complexes is substantially different between kingdoms.
PSII from cyanobacteria and red algae associate with the rod-shaped phycobilisome
(PBS) complexes, which depending on the species, may contain different phycobilin
pigments to absorb at different (or a wider range of) wavelengths. Diatoms’ light-
harvesting antennae are termed fucoxanthin chlorophyll a/c proteins (FCP),
transmembrane proteins which generally associate in dimers and tetramers around
the dimeric PSII core. Likewise, PSII complexes of green algae and land plants are
surrounded by transmembrane proteins that bind several chlorophyll pigments (in
most cases Chl a and b). Those chlorophyll-binding proteins (CBP) attach to the PSII

core as monomers — the minor antennae CP24, CP26, CP29 [57, 58] — or as trimers
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named light-harvesting complex II (LHCII) [59, 60]. Comprising three polypeptides,
namely Lhcbi-3, the trimeric LHCII stands out as the predominant chlorophyll-
binding protein assembly in eukaryotic photosynthetic organisms. Multiple of these
trimeric assemblies can concurrently attach to specific sites on a PSII core complex
linked by the minor monomeric antennae subunits. Their positioning in relation to the
PSII dimeric core (C-) and the intensity of the PSII-LHCII interaction give rise to four
distinguishable categories: strong (S), medium (M), loose (L), and naked (N). The N-
and L- LHCII types[61] were recently discovered in the green algae [62—64] land
plants [65], respectively, however, those trimers are rarely found associated with PSII
under ideal light conditions. Depending on the LHCII category, the trimer can be
formed by the same (homotrimer) or a combination of the three polypeptides
(heterotrimer).

Under balanced light conditions, the C.S.M.-type complex is the most common
form of PSII assembly that exists in land plants. The C.S.M--type complexes contain
the core dimer (C.), along with two strongly bound LHC II trimers (S.) and two
medium bound LHC II trimers (M-). Photosystem II is one of the largest protein
complexes in nature, boasting over 60 protein subunits and a molecular mass
surpassing 1400 kDa. This extensive structure incorporates an intricate array of
pigments, lipids, and other crucial cofactors that bind to various proteins within the

complex.

1.1.2.7 Photosystem II, a piece of machinery that requires precise
assembly and repair mechanisms

An unfortunate consequence of the oxygen-producing chemistry of PSII, is the
occasional formation of reactive oxygen species (ROS), which expose the complex to
oxidative stress. This can be particularly damaging to the D1 protein [66]. To cope with
this, photosynthetic organisms developed the ability to repair damaged PSII, replacing
the D1 protein with the help of several chaperone proteins [67]. In high-light
conditions, where plants absorb more sunlight than they can use for photosynthesis,
damage to the D1 protein causes it to be replaced approximately every 20 to 30
minutes. This repair process is then in constant operation and works in an assembly
line-like manner.

An important step in the replacement of a damaged D1 protein is to assemble a
functional OEC in the nascent D1 protein. To become catalytically active, the OEC
undergoes a process known as photoactivation [66, 68]. In this light-driven

mechanism, which is not yet fully resolved, Mn2+ ions successively bind to D1 protein
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residues and are oxidized by light-driven charge separation reactions originating at
P680. Calcium and oxygen are indispensable components of the final high-valence
manganese cluster, Mn,CaOs. In an early step of photoactivation, manganese and
calcium ions are known to compete in the binding to the high-affinity Mn-binding site
(HAS) [68] followed by the oxidation of the first-bound manganese ion. Then, in a so-
called ‘dark rearrangement’ step, the C-terminus of the D1 protein changes its
conformation to a closed state that embraces the partly formed inorganic cluster. In
mature PSII, the manganese cluster is coordinated by several amino acids side chains
of the D1 and CP43 proteins.

Different research works have shown that the PSII’s repair cycle, whose main
purpose is to repair the damaged D1 subunit, is significantly different from the de novo
assembly process as it only detaches and reattaches the CP43-D1 module after the
replacement of the D1 subunit. These processes also require different combinations of
chaperone proteins to aid in each cycle. Most of the published works in this subject are
at the biochemistry level, with only a few recent structural studies of PSII assembly
intermediates (as reviewed in [69]). However, this area is currently becoming a very

active research topic.

1.1.3 Deinococcus radiodurans and its cell envelope

Deinococcus radiodurans is a remarkable extremophilic bacterium known for its
extraordinary resistance to various stressors, particularly ionizing radiation. This
organism, discovered in 1956, has not only several protection mechanisms against
radiation, but also multiple copies of its genome and fast mechanisms of DNA repair
that allow it to survive in extreme environments.

Extensive research has focused on understanding the molecular mechanisms
underlying its exceptional resilience, with particular emphasis on the unique features
of its cellular structures, such as its cell envelope and its surface layer (S-layer).

The S-layer of D. radiodurans is a crucial component of its cell envelope Figure
3. Comprising a crystalline array of proteinaceous subunits, the S-layer functions as
the outermost protective barrier contiguous to the outer membrane of the cell
envelope. Recent research has characterized the S-layer proteins (SLPs) that form this
membrane, revealing their involvement in maintaining cell shape, providing
structural stability, and contributing to the organism's resistance to environmental
challenges, including radiation.

The genomic analysis of D. radiodurans has uncovered a multitude of S-layer
protein-encoding genes, indicating a high degree of complexity in the formation of the
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Figure 3 — Simple schematic of D. radiodurans’ cell envelope that represents its overall
organization and the structure of the protein component of the S-layer (SlpA embedded in the
outer membrane, known at the time we started our study. The blue interrogation marks indicate
that the extension of the S-layer is still not fully understood, and it may or may not include HPI.

S-layer membrane. Studies employing molecular genetics and proteomic approaches
have sought to elucidate the expression, regulation, and assembly mechanisms of
these S-layer proteins.

In addition to its role in structural integrity, the cell envelope of D. radiodurans
has been implicated in the organism's resistance to desiccation. Investigations into the
dehydration tolerance mechanisms have revealed the significance of the S-layer in
preventing cellular damage during water loss. Understanding the intricacies of S-layer
protein synthesis and deployment is fundamental to deciphering the bacterium's
robust defense strategies.

Structural studies using techniques such as cryo-electron tomography have
provided detailed insights into the three-dimensional arrangement of the cell envelope
proteins in D. radiodurans. These studies have contributed to our understanding of
the molecular architecture of the S-layer membrane and its functional implications in
the bacterium's survival strategies.

Research on D. radiodurans has extended to exploring its potential applications
in biotechnology and radiation-resistant materials. The unique properties of the S-
layer, including its stability and resilience, have inspired efforts to harness these
features for various technological purposes. Applications range from bioremediation
of radioactive waste to the development of radiation-resistant materials for use in

extreme environments.

1.1.3.1  The S-layer deinoxanthin-binding complex: a main component
of the cell envelope

The S-layer deinoxanthin-binding complex (SDBC) is a hetero-oligomeric protein
complex localized to the S-layer/outer membrane of the D. radiodurans cell envelope.
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As the name reveals, this complex binds a pigment uniquely found in Deinococcus,
named deinoxanthin. Deinoxanthin harvests light in the ultraviolet range of the
electromagnetic spectrum.

The main SDBC component is the protein DR_2577 [70], also known as SIpA,
which assembles in SDBC as a homotrimer [71]. SIpA is a lipoprotein inserted into the
outer membrane [72]. SIpA binds deinoxanthin and thus is responsible for the
characteristic pink color of the D. radiodurans cell-wall fragments [73]. Apart from
SIpA, the SDBC is also formed by other less known proteins, namely: DR_2310,
DR_o0505, DR_A0281, DR_A0282, and DR_A0283 [74].

Until recently not much was known about the functions of the SDBC complex.
Prior to the study I present in this dissertation (Paper I1), it had only been shown that
SDBC has ion gating properties across the cell wall [74]. The first high-resolution
structure of trimeric SIpA was published in 2022 [71, 75].

1.2 Technical background: Single particle analysis
cryo-EM

Cryo-EM single particle analysis (SPA) has become a revolutionary tool in structural
biology, allowing researchers to elucidate the structures of a wide range of biological
molecules, from single proteins to large molecular complexes such as virus particles.
It has provided unprecedented insights into the molecular mechanisms underlying
various cellular processes, contributing significantly to our understanding of biology,
and enabling drug discovery and development. In the current section of this
dissertation, I refrained from historically contextualizing cryo-EM — as that can be
read in many textbooks —, to focus on introducing the readership to the concepts and
the important technical aspects significant to the work I will discuss. This section
spans from cryo-EM grid preparation to post-processing of 3D reconstructions. Data
processing and post-processing steps comprise a wide range of computational tasks of
which I provide a description of only the most useful/used approaches in my

workflow.

1.2.1 Grid preparation

Grid preparation is conducted in a room with low humidity [76, 77]. Transmission
electron microscopy (TEM) specimen supports —known as grids- have a standard 3.05

mm diameter but come in different forms [76, 77]. Grids differ in grid support material
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(frequently copper or gold for SPA), grid foil material (typically carbon or gold), grid
film/coating material (no coating, carbon, graphene, graphene oxide, silicon
monoxide and others), grid mesh size (100, 200, 300 or 400 squares), foil hole
diameter (spanning from 1 to 4 pm) and hole spacing width (usually between 1 and 2
um) [78]. The grid thickness ranges from 10 to 25 um depending on the grid type, and
thus grids are very fragile and must be handled with care [76].

In my experiments, I have used copper (Quantifoil® Cu 300, with or without 2
nm carbon foil) and gold (UltrAuFoil® Au 300) grids (Quantifoil Micro Tools).
UltrAuFoil® grids became particularly useful to achieve near-atomic resolution for the
cyanobacterial PSII datasets, as they reduce beam induced motion of the specimen
[79, 8o].

After selecting the specimen support, grids were plasma glow discharged using
PELCO easyGlow™ glow discharger to improve hydrophilicity, wettability, reduce

electrostatic charge, and to remove contaminants: 30 s at 15mA, with no special gas

supplied [76, 77].

1.2.2 Vitrification of a sample by blotting and plunge-freezing

Vitrification, from Latin vitri — glass, is the fast transfer of an object to the glassy state
without crystallization. In cryo-EM, vitrified ice, i.e. ice which has no ordered
structure, is strongly preferred to crystalized ice [81]. Therefore, vitrification depends
on achieving a rapid cooling rate that traverses the crystallization temperature ranges
in a time frame shorter than what is required for the formation of ice crystal nuclei.
Consequently, vitrification becomes more feasible when plunge-frozen in liquid
ethane (Molar heat capacity, Cpm = 68.5 J mol* K?) than liquid nitrogen (Cpm = 29.10
J mol* K+). Having a melting point slightly above the boiling point of liquid nitrogen
(90.4K) allows ethane to be cooled down by liquid nitrogen allowing it to remain in a
liquid state for a time frame large enough for plunge-freezing grids. Ethane has a
boiling point of 184 K which provides a significant temperature range before the liquid
boils, hence preventing calefaction and the Leidenfrost effect [81].

For all my experiments, two to four microliters of concentrated sample were
applied to the glow-discharged grids and grids were plunge-frozen in liquid ethane
using an FEI Vitrobot MKIV (Thermo Fisher Scientific) at 4°C and 100% humidity,
commonly using a blot force of -5 or -10, wait time of 1 second, and blotting time of 5
seconds. From the liquid ethane bath, grids were transferred to liquid nitrogen and

remained at liquid nitrogen temperatures whenever they were handled, stored or
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inside the microscope. After plunge-freezing, the fragile grids were clipped into rigid

copper rings to give them some rigidity and robustness for future handling [77].

1.2.3 Setting up a data collection session

Cryo-EM microscopes operate at liquid nitrogen temperature and vacuum conditions
[82, 83]. Modern cryo-EM microscopes have semi-automatic setups. Grids need to be
screened by the user, to inspect for ice quality and thickness, and to assess the
distribution of the particles of interest [77]. This is usually done on a lower or mid-
range cryo-EM microscope, before the actual data collection session. The promising
grids, as determined during the screening session, are loaded into the high-end
microscope and automated data acquisition can be set up. At this time, the user takes
several decisions that will impact the speed at which images are acquired and the
quality of the collected data. The most important parameters to define during a data
collection setup are the nominal magnification, the total electron beam exposure dose,
and the defocus levels at which to collect exposures [77]. A higher nominal
magnification can give a better resolution, due to the smaller pixel size, however, a
smaller pixel size results in a narrower field-of-view, which means fewer particles per
collected image, meaning less data in the final 3D reconstruction [77].

I performed all data collection sessions at the Umeé Core Facility for Electron
Microscopy, a node of the Swedish National Cryo-EM facility, using a Titan Krios G2

transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV.

1.2.4 Essential concepts of image formation

The primary aim of cryo-EM data processing is to reconstruct a three-dimensional
structure out of two-dimensional images. However, one of the fundamental roles of
data-processing is to correct aberrations and other pathologies, introduced by the
electron microscope, that affect the two-dimensional images. Regular calibration and
alignment of electron microscopes can minimize aberrations but cannot avoid them
completely. Software tools have been designed to correct for aberration artifacts
present in the images. The next subsections describe fundamental concepts in the field
of transmission electron microscopy (TEM), including two types of aberrations. These
aberrations are often the most pronounced anomalies in image formation, also called

first-order aberrations: the contrast transfer function and the two-fold astigmatism.
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1.2.4.1 Spatial frequency

Spatial frequency is the rate at which image details change across an image. In electron
microscopy, spatial frequency is often measured in reciprocal angstroms (A1),
representing the number of cycles per unit length. Spatial frequency is important to
understand the central TEM concept I want to introduce next: the contrast transfer
function, CTF.

1.2.4.2 Contrast transfer function, CTF

Electrons exhibit wave-like behavior due to their quantum nature. This wave behavior
is crucial in understanding how electrons interact with a specimen in an electron
microscope. When electrons pass through a specimen they undergo various
interactions, including scattering (elastic and inelastic) and diffraction [84]. These
interactions affect the way the specimen details are recorded by the detector.

Two components describe the CTF: phase contrast and amplitude contrast.
Phase contrast is related to the phase shift of the electron waves as they pass through
the specimen, while amplitude contrast is associated with the changes in intensity
(amplitude) of the electron waves [83, 85].

The CTF is a mathematical representation of the imaging process, considering
the electron wave interactions with the specimen, and essentially describes how
contrast is transferred from the specimen to the image as a function of spatial
frequency. The CTF is a sinusoidal wave that starts near zero at low spatial frequencies
and oscillates between positive and negative maxima, with zero-crossings indicating
frequencies containing no information. The positive and negative maxima correspond
to positive and negative contrast transfer, correspondingly. Therefore, the CTF of the
microscope has a profound impact on the quality of the final electron microscopy
image: at certain spatial frequencies, the CTF can enhance contrast, making certain
details more visible, while at other frequencies, it can result in a loss of contrast or even
inversion of contrast [85].

Furthermore, spatial and temporal incoherence by the electron beam dampens
the CTF at high spatial frequencies and is described by the so-called envelope
functions [85] (Figure 4).

In simpler terms, the CTF helps us understand how different features in a
specimen are imaged at various resolutions. Understanding the contrast transfer
function is crucial for optimizing electron microscopy imaging to obtain high-

resolution information about the structure and composition of specimens.
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Figure 4 - Representation of hypothetical CTF from a transmission electron microscope. A CTF
of an aberration-free system would be a simple sinusoidal function whose intensity would
decrease towards higher frequencies (s), dictated by the envelope function. One might argue that
the depicted CTF more closely resembles a real CTF, as it also reflects the impact of multiple
aberrations.

1.2.4.3 Two-fold astigmatism

Electron lenses, such as magnetic lenses used in electron microscopes, are responsible
for focusing the electron beam onto the specimen. Astigmatism arises when these
lenses fail to focus the electron beam equally in all directions. In an astigmatic electron
lens, the focal length differs along the two principal axes (axial and lateral). This
discrepancy results in elongation or stretching of the electron beam in one direction
and compression in the perpendicular direction which results in distorted and blurred
images [85].

Astigmatism introduced distortions are an obstacle to accurately representing
the true structure of the specimen and for achieving high-resolution 3D
reconstructions in single-particle cryo-EM. Electron microscopes often incorporate
astigmatism correction systems [86]. These systems use additional magnetic elements
or adjustments to compensate for the unequal focusing on different directions, aiming
to produce a more symmetrical and focused electron beam. Adjusting the electron
lenses for optimal focusing is a fundamental calibration procedure to minimize
astigmatism, performed immediately before the start of data collection [77].
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1.2.4.4 Radiation damage

Biological specimens exposed to the electron beam suffer radiation damage. Inelastic
scattering of primary electrons induces the excitation of atomic electrons within the
specimen to higher energy levels. The atom or molecule rapidly dissipates its excess
energy but may not always revert to its initial ground state, a consequence termed
ionization damage or radiolysis [87, 88]. Metal centers, disulfide bonds and
carboxylic acids are most affected by this type of radiation damage [89].

Most elastic collisions are characterized by minor scattering angles and minimal
energy transfer, contributing to the absence of damage while providing diffraction
patterns and amplitude or phase contrast important for image formation in TEM [85].
Although rare (due to a low elastic cross section), large-angle collisions can transfer
several electron volts (V) of energy to atomic nuclei, causing atom displacement and
the phenomenon known as knock-on damage [88]. This radiation damage process is
of relatively low efficiency compared to radiolysis. This damage occurs when the
primary electron beam's energy exceeds a threshold, dependent on atomic properties.
This threshold is typically high for atoms inside a specimen but lower for surface
atoms. At normal energies, atoms with low atomic number may be expelled into the
high vacuum of the microscope [88].

Changes in the ice are also observed when the electron beam hits the frozen
biological specimen, leading to particle movement, an effect known as beam-induced
motion [85]. Radiation damage, in several forms is a resolution limit factor in cryo-
EM.

1.2.4.5 Single particle analysis

Cryo-EM is performed at cryogenic temperatures to reduce the mobility of water and
of the biological specimen, and to mitigate the effects of radiation damage and the
resulting reactive species. The extent of radiation damage is dose-dependent, meaning
that higher electron doses can result in more severe damage to the specimen.
Minimizing the electron dose helps to reduce radiation damage, but it compromises
the signal-to-noise ratio (SNR). The main idea behind single-particle cryo-EM, is to
average multiple copies of the particle of interest, from images collected at low electron
doses. This improves the SNR, helping to mitigate the effects of radiation damage.
However, there is a limit to how much the electron dose can be reduced, as the SNR in
an image must not fall below the crucial threshold required to reliably average

particles. Therefore, radiolysis signs are common even in single-particle cryo-EM:
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breakage of covalent bonds, reduction of metal clusters and negatively charged amino
acids, and amino acid side chains adopting artifactual conformations.

The pinnacle of SPA is the 3D reconstruction of the specimen of interest from
2D images of single particles. Prior to specimen vitrification, the solubilized particles
tumble freely in solution and are therefore supposedly frozen in random orientations.
With a lot of computational power, the 3D structure of a specimen can be deduced

from the collection of 2D images of the specimen in various orientations.

1.2.5 Processing cryo-EM data

Processing cryo-EM data often alternates between treating the data in real space and
Fourier space. Section 1.2.5 and respective subsections were summarized from the
knowledge retained from the following references: [82, 83, 85, 86, 90—97]

Real space refers to the physical space in which the specimen exists. In electron
microscopy, this is the space where the structures and features of the specimen are
directly observed and represented in the final image. When the electron beam
interacts with the specimen, the resulting image in real space is a projection of the
specimen's structure onto a detector. The details in the real space image correspond
to the spatial distribution of electrons that have passed through or interacted with the
specimen. The resolution of real space images is determined by factors such as the
wavelength of the electrons, the magnification, and the quality of the electron optics

and detector in the microscope.
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Figure 5 - Examples of Fourier filtering a photography: Low-pass, high-pass and band-pass
filtering.
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Fourier space, also known as reciprocal space, is a mathematical space that is
related to the spatial frequencies present in an image. In the context of electron
microscopy, Fourier space is used to analyze the frequency components of the real
space image. The Fourier transform is the mathematical operation that converts
information from real space into Fourier space. In electron microscopy, this
transformation is often applied to the image to reveal the frequency content and filter
different spatial features. Fourier filtering and manipulation in Fourier space can be
used to improve contrast and correct or reject certain frequencies at given data
processing steps (Figure 5). In Fourier space, high-frequency components
correspond to fine details in the specimen, while low-frequency components represent

larger structural features.

1.2.5.1 Motion correction

Raw single-particle cryo-EM data is the result of a few seconds of exposure to the
electron beam, which is recorded by a fast direct electron detector (DED). The high
recording rates of the DED, together with the development of motion correction
software, was an important milestone in the path to achieving high-resolution 3D
reconstructions from single particles. The data recorded by DED is output in a movie
format rather than a single image file. Said movies usually contain hundreds of images
(frames), each exposed to a fraction of the total electron dose exposure. Having the
data segmented in this manner offers the possibility to correct for the motion caused
by the electron beam during the exposure/acquisition time. This is done by tracking
the image shifts between the movie frames to appropriately average them into a single
non-blurred image called the micrograph. Furthermore, as the raw data is
fractionated, the user can decide which frames to include in the micrograph, a trait
that confers a two-fold advantage: 1) fine control over the total dose used for
downstream processes; 2) exclusion of the data with most movement (early frames)
and/or the data which contains higher radiation damage (later frames). Although the
core of the motion correction process happens in real space, most motion correction
software applies a dose weighting scheme to the movie (Figure 6). According to this
scheme, the late movie frames are Fourier-filtered to contribute with less high-
frequency information to the averaged micrograph, thereby reducing the contribution

of radiation induced artifacts to the averaged micrograph.
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Figure 6 -Illustration of the application of the dose weighting scheme in the cryo-EM data
processing workflow.
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1.2.5.2 CTF estimation and correction

Since the CTF of the microscope introduces aberrations and artifacts in the image,
various correction methods can be employed to compensate for its effects, improving
the accuracy/detail and interpretability of the final image. CTF estimation is the
second step of cryo-EM SPA workflow and together with motion correction is labeled
as a pre-processing step, prior to the inspection of individual particles within a
micrograph.

The microscope CTF is a function of many terms such as the electron
wavelength, spherical aberration, and defocus. While the electron wavelength (defined
by the accelerating voltage at which the electron gun operates) and spherical
aberration remain constant during data collection, defocus varies and greatly impacts
the CTF. Identifying the true defocus is therefore crucial for accurate CTF estimation.
Applying the known CTF to an image mathematically restores its authentic version,
except for zero-crossing spatial frequencies where a complete loss of contrast transfer
occurred. However, this loss is compensated by other micrographs recorded at
different defocus levels.

Before a micrograph can be CTF corrected, the power spectrum of the
micrograph needs to be calculated (the micrograph needs to be converted into Fourier
space). Secondly, a theoretical mathematical model intended to describe the
microscope CTF is computed to fit the power spectrum of the micrograph (Figure 7).
From this fit, several parameters included in the mathematical model can be derived.
Depending on the software used, the mathematical model complexity may vary. The
most important task of CTF estimation jobs, after estimating the defocus value, is to
invert the negative signal of the function, effectively applying CTF correction.

In cryoSPARC — the SPA software that I have explored the most during my
research work as a PhD candidate —, the CTF estimation job divides the micrograph
in patches and in this way can determine variation between regions. The parameters
derived per micrograph are: astigmatism, average defocus, defocus range, defocus tilt
angle, phase shift, CTF fit score, CTF fit cross-correlation and relative ice thickness.
Parameters derived from motion correction and CTF estimation jobs can be used to
do statistical analysis of the collected dataset and include/exclude or segregate the

micrographs in sets.
1.2.5.3 Particle picking and extraction

The subsequent step of data processing involves the identification and extraction of

individual particle images from pre-processed micrographs. Various approaches exist
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Figure 7 — Micrographs of simple carbon film at different defocus levels (top row) and
corresponding power spectrum (bottom row) and calculated CTF. Images with high defocus are
generally less preferred due to their frequent zero-crossings, although their initial peaks at low
spatial frequencies lead to high-contrast visuals. Conversely, low defocus images better preserve
information due to fewer zero-crossings, but their content might still be imperceptible to the
naked eye. The oscillations in the CTF become evident in the power spectrum of cryo-EM images,
where concentric rings reveal alternating high and low contrast transfers at various spatial
frequencies. The center of the power spectrum represents low spatial frequencies, while the
periphery corresponds to the Shannon-Nyquist limit. The Nyquist limit indicates the maximum
resolvable spatial frequency in an image, defined as twice the pixel size. Image adapted from
Orlova, E. V. and Saibil, H. R., Chem Rev. (2011).

for particle selection, ranging from entirely manual to fully automated methods. A
recommended strategy for optimizing the balance between time efficiency and
accuracy is a semi-automated approach that combines both manual and automated
particle selection. In this method, a few hundred particles are manually chosen from
representative micrographs covering the defocus range of the dataset. These manually
selected particles then serve as templates for the automatic picking of particles
throughout the entire dataset. Another common technique for particle picking
involves setting the software to pick any “blob” on the micrograph within a specified
radius range. Both approaches are widely utilized and offer efficient and reasonably
accurate means of selecting many particles. It is acceptable to lean towards over-
picking to maximize the number of particles extracted from each micrograph, as
downstream methods effectively filter out empty or undesirable selections.
Regardless of the particle picking method employed, a crucial factor is that the
selected particles should be discernible to the human eye. One useful tool for
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enhancing particle contrast is to apply a low-pass (Fourier frequency) filter during the
evaluation of particle picks. A low-pass filter excludes high-resolution frequencies
beyond the defined cutoff (e.g., a 10 A filter removes all signal < 10 A from the image).
It's important to note that at any time of cryo-EM data processing such filters are solely
utilized for visualization purposes or to direct the computational algorithms to align
the particles according to large (low-frequency) features, however the extracted
particles themselves do not have the filter applied to them.

Once particles have been chosen, they are subsequently extracted from the
micrographs to generate a particle stack. These particles are extracted with square
dimensions and should encompass a generous amount of solvent space. A general
guideline is to set box sizes approximately 50% larger than the longest dimension of
the particle. For instance, if a particle has a diameter of approximately 200 A at its
longest view, the corresponding box size should cover around 300 A. This stipulation
serves two purposes: firstly, ensuring an ample solvent area for downstream
processing steps to differentiate the particle from noise; and secondly, accounting for
the potential delocalization effects associated with the contrast transfer function that
may extend beyond the visible components of each particle image. For practical
considerations, it is also advisable to not make box sizes excessively large, as this would

impose an unnecessary computational burden on subsequent image processing steps.

1.2.5.4 2D class averaging (2D classification)

Following particle selection, the particle stack is subjected to 2D classification. The
fundamental concept of 2D classification is straightforward: particles within a dataset
are compared, and similar particles are grouped into classes. This classification
process accommodates differences in x, y translation, in-plane rotation, and CTFs. As
the information of the segregated particles is averaged, the resulting "class averages"
unveil enhanced details due to their improved SNRs. Fundamentally, the consistent
features shared among particles are reinforced, while the effects of noise are averaged
out.

2D classification provides a straightforward method to curate the stack of
extracted particles. Particles categorized into well-resolved classes are segregated into
a refined stack, while those in poorly resolved or "junk" classes are separated. It's
common at this stage to discard a significant number of particles based on the
accuracy of particle picking. Multiple rounds of 2D classification can refine class
quality and bolster confidence that only the best particles are utilized in subsequent
steps. The refined stack then serves as input for 3D classification and reconstruction.
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Beyond acting as a filter to the particle stack, 2D classification often proves to be
crucial in assessing the relative quality of the dataset and may reveal particle
orientation bias and structural heterogeneity. A limited number of distinguishable 2D
classes can indicate a dataset lacking a broad distribution of unique views. This
scenario, also known as the preferred orientation problem, may lead to unwanted
anisotropy in downstream 3D reconstructions. If the 2D classes lack well-resolved
features, it may signal issues with imaging or sample quality, or that due to large

conformational dynamics the particle itself is challenging to average effectively.

1.2.5.5 Ab initio reconstruction

As a shadow of an object represents a 2D projection of the object’s 3D shape, single
particle images are 2D representations of the original 3D object. The key challenge in
3D reconstruction lies in the unknown relative orientations of the 2D particle images.
A prevalent method for establishing particle orientation involves "projection
matching” algorithms, where cryo-EM images are compared to projections of a
reference 3D model. Reference 3D models are usually derived from related structures
or generated using ab initio methods. Said 3D models are maintained at low resolution
to minimize unintended consequences from model bias. Subsequently, after relative
orientations are assigned, each particle image undergoes back-projection to
contribute to a new 3D reconstruction.

The 3D reconstruction process is iterative, with each new reconstruction serving
as the reference model for the subsequent cycle. Each cycle aims to enhance the
accuracy of orientation assignments, and improved orientations are expected to lead
to higher resolution maps. After several cycles, the reconstruction process reaches a
point where successive iterations yield no substantial changes in orientation
assignments, signaling the resolution at which the reconstruction has 'converged.' The

process concludes with the generation of the final map.

1.2.5.6 3D classification

Like 2D classification, 3D classification can assign particles to different 3D classes
among various structural states, particularly beneficial for discerning compositional
and conformational heterogeneity in particles. 3D classification can take the form of
different algorithms such as multi-class ab-initio reconstructions, heterogeneous
refinement (multiple 3D classes being refined from a common stack of particles), 3D
classification with fixed alignments, and 3D variability analysis (3DVA), the last three

methods requiring pre-generated 3D references.
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1.2.5.7 3D volume refinement

The particles used to compose low-resolution, less-computationally demanding 3D
models, serve as inputs to a finer type of 3D reconstruction algorithm, a job called 3D
refinement. This job type refines the orientation assignments by better parsing the 3D
space, with finer translational and angular searches of the objects within the filtered
particle stack leading to high-resolution reconstructions.

There are multiple algorithms for 3D refinement. In cryoSPARC, I have most
often used “non-uniform refinement” as it provided the best results for my datasets
and has frequently been used in other studies to provide better results for membrane
proteins than other 3D refinements. This iterative refinement method addresses areas
within a structure characterized by disordered or flexible density, leading to local
resolution loss. Addressing these regions can markedly enhance resolution in other
areas and overall map quality, influencing particle alignment and mitigating the risk
of refinement algorithms overfitting disordered regions.

Leading 3D refinement algorithms employ a "gold standard" method wherein
datasets are split into two halves, each processed independently. The resulting
reconstructions from these half-datasets, known as 'half maps,' are cross-correlated to
estimate resolution as a function of Fourier shell/spatial frequency. This correlation is
known as Fourier Shell Correlations (FSCs). The nominal resolution most often
reported for a cryo-EM map is determined by the point where the FSC crosses the
0.143 threshold (Gold Standard FSC, GSFSC) and is a resolution estimate comparable
to the figure of merit (FOM) metric commonly reported for XRD data[90]. The half
maps, filtered to the resolution at the FSC=0.143 threshold, become the new model
for the next iteration of 3D reconstruction. Upon convergence, the half maps are
summed and filtered to the final resolution at the FSC=0.143 cutoff, resulting in the
output of the final map.

It's crucial to note that while each job provides a final resolution, assigning a
single nominal resolution to a reconstruction is often an insufficient (and sometimes
inaccurate) method for assessing map quality, as the reconstruction may consist of a

mix of well-resolved and poorly ordered components.

1.2.5.8 Local reconstruction/refinement

Local reconstruction in cryo-EM is a computational approach used to obtain high-
resolution structural information from specific regions or subunits within a larger
complex or heterogeneous sample. This type of reconstruction is particularly valuable

when studying large and complex structures, such as PSII, where different regions
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may be flexible in relation to the “core of the complex” or exhibit structural variations.
Instead of reconstructing the entire structure, local reconstruction aims to obtain a
high-resolution structure of the flexible region of interest. This is done by applying a
3D mask to the initial reconstruction to isolate the region of interest in each particle
image. The algorithm rejects the signal outside of the masked region and therefore
aligns the 2D projections of the flexible region and calculates an improved three-
dimensional reconstruction of that area. An example applied to Project I can be found

in section 9.6.

1.2.5.9 Higher-order CTF corrections and other strategies to reach
near-atomic resolution 3D reconstructions

Basic pre-processing CTF correction is applied to compensate for the first-order terms
in the CTF, addressing first-order optical aberrations in a micrograph: defocus and
two-fold astigmatism. However, achieving near-atomic resolution requires addressing
more complex distortions introduced by the microscope and sample. Higher-order
CTF corrections include amending axial coma, trefoil, tetrafoil spherical aberration
and anisotropic magnification terms, which become increasingly significant at high
resolution (higher or closer to 2 A), but negligible at low resolutions.

Before employing higher-order CTF corrections, it is common to motion correct
the dataset on a per-particle basis, followed by 3D refinement to high-resolution. Per-
particle CTF refinement can then be applied to adjust each particle’s defocus
estimation by comparison to their respective half-map 3D reference, at their optimal
pose. Given that each particle may reside at a different height within the ice, and ice
thickness can often exceed the particle diameter by up to tenfold, refining the defocus
on a per-particle basis can significantly enhance the accuracy of Contrast Transfer
Function (CTF) correction for each individual particle. This refinement technique
tends to yield the most substantial benefits for larger, rigid, and high-quality samples
that have already achieved resolutions better than 4 A.

Then, second- and third-order aberration corrections are applied across the
entire particle stack. These higher-order CTF terms are estimated by refinement
against a supplied high-resolution 3D reconstruction, much like in per-particle CTF
refinement. The values that lead to an improvement in the 3D reconstruction are
assumed as the new approximation of each refined CTF term.

Other strategies can be employed to push the resolution limits, beyond the
workflow explained above. These strategies involve a deep understanding of TEM

image formation, data collection settings and image processing. For example, faster
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data acquisition can be achieved by moving the electron beam between multiple grid
holes within a limited area, as opposed to moving the stage holding the specimen,
while keeping the beam stationary. Even with microscope alignments, beam and
image shifts induces coma, an asymmetry in the illumination of the specimen with
respect to the optical axis. Micrographs with similar optical properties (with same
beam shift, for instance) can be grouped in different exposure groups so that higher-
order CTF terms can be refined together (providing more signal).

The precision of the highest frequency Fourier coefficients in a 3D
reconstruction may be restricted by the curvature of the Ewald sphere, as explained by
DeRosier (2000), therefore correcting for it may benefit data reaching very high-
resolution 3D reconstructions (< 2 &), or very large particles. Ewald sphere correction
accounts for variations in defocus along the z-dimension of the imaged particles.

The pixel size for frequently used nominal magnifications is estimated after a
new detector is installed on a microscope and is seldomly recalibrated. Pixel size
estimations have a certain error that may result in the compression or expansion of
the 3D reconstruction. The final 3D refined volumes can be rescaled post-processing
(more on this on the next section), however for large pixel size errors, it may be worth
reprocessing the dataset with a corrected pixel size as it influences the initial motion
correction step and therefore may have a substantial impact in all the downstream
processing.

There are higher-order aberrations that cannot be corrected by software, such as
the off-axial coma and chromatic aberrations, and are therefore not discussed here in
detail, however these motivate me to highlight the importance of hardware
development, such as second-generation spherical aberration correctors (BCOR) to
correct for off-axial coma, and monochromator or cold field emission gun (CFEG), to
improve temporal and also spatial coherence of the electron beam.

In summary, tailoring data collection to a given sample is a requirement for
collecting images with the highest resolution information possible and may define the
data processing approaches. I should once more emphasize that a proper alignment
and calibration of the microscope prior to the data collection session is essential to
minimize and adequately (hardware-)correct any kind of aberration, thus providing
better data.

1.2.6 Validation of the final 3D reconstruction

The 3D refinement jobs output a 2D plot of the direction distribution or a 3D

representation of the Euler angle distribution which are very useful to access the
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contributions of specific 2D projections to the final 3D reconstruction.
Complementary to those metrics, 3DFSC [98] is a tool to quantitatively assess
directional resolution anisotropy and it is a great method to validate the level of
anisotropy in the 3D volume. This method reports FSC curves along the three-
dimensional axis and a sphericity value representing how well the 2D projections are
distributed that compose the 3D reconstruction.

The resolution of cryo-EM data is not uniform across the entire 3D
reconstruction, therefore in the field of cryo-EM the concept of local resolution is
important to assess the quality of the data and infer model building and model
refinement accuracy and where it is not appropriate to model. Most data processing
and post-processing packages offer algorithms to estimate local resolution [94, 99—
102]. I strongly advise reporting local resolution estimations obtained with the same
software package from where the overall resolution FSC plot and reported GSFSC
were obtained. An example of a map colored according to local resolution estimates
can be found in appendix 9.6.

To understand if a 3D reconstruction of a given dataset could improve if more
data of similar quality would be included, ResLog [103] and Henderson-Rosenthal
[90] plots can be used. These plots illustrate the relationship between spatial
frequency and the logarithm of the number of particles in a 3D reconstruction which
is linear. Such plots can be created once a consensus 3D reconstruction has been
attained. Based on the estimate provided by these tools, one can determine whether it
is justified to collect additional data on the same grid in cases where the resolution

requirement has not been met.

1.2.7 Post-processing the final 3D reconstruction

Post-processing encompasses a series of operations applied to the final refined 3D
volume, therefore they are independent of the particle stack and are often performed
outside of the 3D reconstruction software.

To account for pixel size errors which influence the dimensions of the
reconstruction, pixel size recalibration can be done by interactively rescaling a high-
resolution cryo-EM map to correspond to the scale of a known electron density map
of the same or of a very similar macromolecule. This method relies on the assumption
that the structure of a similar macromolecule has been previously solved by XRD and
is grounded in the principle that XRD is not affected by the same pixel size uncertainty.
While incrementally rescaling the cryo-EM 3D reconstruction to the XRD map,
effectively rescaling the voxel size (the equivalent of the pixel in 3D), one shall plot the
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cross-correlation coefficient (CCC) of the overlaid maps as a function of the voxel size
[90]. An example of this, connected to Project IV, can be seen in appendix section 9.6.
The voxel size at maximum CCC corresponds to the recalibrated pixel/voxel size and
represents a much closer approximation of the true distances of a structure.

After voxel rescaling the EM map, most post-processing methods are performed
and experimented in parallel to each other, rather than combined in series. Their
results are to be compared to each other and accessed carefully as post-processing
tasks may introduce artifacts if not used as intended [104]. Sharpening is the most
standard post-processing method, aiming to improve the interpretability of the map
by improving features of the data that were blurred in the original experimental map .
Sharpening can be conducted for the overall map by application of a single B-factor,
but B-factors can also be estimated and applied to several equal-sized cubic portions
(boxes) of the map, a method called local sharpening [91] (example in Figure 8).

Other methods improve the experimental map based on a priori knowledge, for
instance, Phenix density modification tool [105] or DeepEMhancer [106] (a pre-
trained artificial neural network). From these two, the DeepEMhancer is very useful
to correct volumes with large anisotropy [107], but as an Al deep learning algorithm,
the resulting map should not be used to refine an atomic model.

Other useful procedures to better analyze and compare experimental data are
occupancy estimations, resolution normalization [107], and difference maps [102].

Post-processing steps are followed by atomic model building, refinement, and
validation. Despite the diverse post-processed output maps, only one map shall be

used for atomic model refinement and map vs model validations. Frequently this is a
Unsharpened LocaI Sharpened
L)
.,- / \
24 \} b
-5
- %ﬁ

$ 'l-‘ Ja

Figure 8 — Difference between an unsharpened map (left) and map locally sharpened (right).
The depicted data is a region of the PSII experimental map from T. vestitus (paper IV), with an
overall resolution of 1.71A (GSFSC).
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sharpened map, as sharpening is a routine and well-accepted post-processing method.
The alternative post-processed maps may aid in discerning local map features during

manual model building.
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2 Motivation and general aims

I have joined a research group with over 40 years of research experience in
biochemical and biophysical analysis of various chloroplast compartments. Prof.
Wolfgang Schroder, my supervisor and principal investigator of this research group,
has significantly contributed to the field of Photosystem II research, particularly in
higher plants, including the identification and functional characterization of PSII
subunits such as PsbS [108—111], and the low molecular mass proteins PsbW, PsbX,
PsbY, and PsbTn [50, 110, 112—121]. Among other results, Schroder’s group showed
that the PsbW protein is important for linking the light-harvesting antennae (LHCII)
to the PSII core complexes (biochemical studies) [120]. Another important discovery
from the Schroder group is that the thylakoid lumen has a unique proteome (mass
spectrometry studies) which contains several chaperone proteins of the PSII de novo
assembly and repair processes [112, 122, 123]. This has opened new research avenues
for several academics working on photosynthesis worldwide, including my doctoral
research studies.

During a sabbatical period at the University of Brisbane, in 2018, Wolfgang was
introduced to cryo-electron microscopy. During the same year, the first cryo-EM
infrastructure in Umea was established with a 300 keV TEM. These events provided
the initial knowledge and the technical ground that shaped the direction of my

doctoral studies.

The early general aims of my PhD work were:

1)  Improve our understanding of the structure of plant PSII by obtaining

Arabidopsis thaliana 3D atomic structure using cryo-EM.

2)  Adjust the purification protocol of Arabidopsis PSII to yield active and intact
complexes for structural studies.

3) Identify if there are structural differences between land plant’s PSII complexes
and compare those to PSII from other classes of photosynthetic organisms
(publicly available data).

4) Exploit the potential of cryo-EM to study PSII and possibly obtain the structure
of PSII complexes from knock-out mutants of PSII subunits to understand their

structural importance within the complex.

My doctoral studies expanded beyond the initial scope of purifying Photosystem
II from A. thaliana (endogenous source) for structural determination. My PhD work,
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deeply rooted in structural biology studies mainly using cryo-EM, has been divided in

five clear tasks:

1)

2)
3)
4)

5)

Protocol optimization for the purification of wildtype A. thaliana PSII and

respective structural determination.
Comparison between PSII structures of different photosynthetic organisms.
Studies of land plants’ PSII assembly/repair intermediate complexes.

Structural determination of cyanobacterial PSII at near-atomic resolution for
water oxidation studies.

Structure-function of Deinococcus radiodurans S-Layer deinoxanthin binding

complex.

Each structure has its own story, and the outcomes of their structural studies are

unique research contributions to the fundamental understanding of PSII complexes

and the existing protection mechanisms in D. radiodurans. Common to every project

was the aim to provide the community with good atomic models that can be used as

the basis of future structural comparative studies; in silico experiments, namely MD

simulations, QM calculations, training of AI models for structure prediction;

evolutionary studies; and theoretical research investigations.

The specific contributions of the different projects range from applied

biochemistry to more theoretical and evolutionary viewpoints and are described in the

following sections of this dissertation.
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3 Materials and methods

In this chapter, I describe the most relevant methods applied in the research work
hereby presented.

Contents

3.1 Purification of endogenous Photosystem II supercomplexes ---- 35

3.1.1  Solubilization with digitonin/B-DDM detergent mix 36
3.1.2  Solubilization with a/p-DDM 36
3.2 Design strategy for near-atomic resolution data collection -------- 37
3.3 Low-dose reconstructions 39
3.4 Post-processing of cryo-EM maps 39
3.5 Atomic model building and refinement 41

The first years of my PhD work were spent optimizing the protocol for the
purification of Photosystem II from Arabidopsis thaliana. The optimized protocol is
the result of an extensive literature review and a large part of this dissertation’s chapter
is dedicated to presenting the PSII purification protocol in a detailed and
comprehensive manner, to allow reproducibility and display some of the details rarely
disclosed in research papers. A complete list of the buffers and other used solutions is

presented in appendix section 9.2.

3.1 Purification of endogenous Photosystem II
supercomplexes

The purification procedures reported in this, and the following section were
performed under dimmed green light inside a cold room (4 to 6 °C). During the entire
procedure, samples were kept on ice whenever possible. The centrifuge Avanti® J-26
XP, the ultra-centrifuge Optima L-90K, the fixed-angle rotor JA - 25.50, the swing-out
rotor SW41Ti (all from Beckman Coulter, USA), and the microcentrifuge himac
T15A61 with a fixed angle rotor (Eppendorf Himac Technologies Co., Ltd., Japan) were
pre-cooled to 4 °C before use.

On average a minimum of 200 g of A. thaliana leaves were needed per
purification experiment of PSII-LHCII complexes. This protein purification procedure
uses BBY membranes as starting material. BBY membranes are grana-rich fractions
of chloroplastic thylakoid membranes enriched in mature PSII supercomplexes. The
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BBY membrane preparation method was developed by Berthold, Babcock, and
Yocum in 1981 [124], hence its name. The protocol I have used to isolate BBY
membranes is based on the original 1981 protocol, with minor developments by
Arellano, J. B. et al. [125] and some personal optimization. For the entire procedure

starting from freshly harvested plant material, refer to appendix sections 9.3 and 9.4.

3.1.1 Solubilization with digitonin/3-DDM detergent mix

BBY membranes were washed with Buffer G1 and the pellet resuspended to a
concentration of 1 mg/mL Chl in Buffer G1. Solubilization was started by adding the
same volume of Buffer H1 to the agitated sample, yielding a final concentration of
0.5 mg/mL Chl, 0.5 % digitonin, and 0.1 % B-DDM. At the end of 30 minutes of
incubation, the sample was centrifuged at 13,000 x g for 12 minutes to pellet
insolubilized membranes. The sample was loaded on previously prepared sucrose
density gradient (SDG) tubes (see appendix 10.2 for sucrose density gradient
preparation) and centrifuged for 7 hours at 41,000 rpm.

The band of interest was collected from each tube, collected fractions pooled,
and concentrated using a Millipore Amicon® Ultra-4 centrifugal filter (10 kDa cut-off)
at 3,500 x g for 20 min. After concentrating, the sample was diluted with 2 mL of
Buffer I1 to wash it. This was repeated for 6 rounds of washing.

A final seventh centrifugation run was used to concentrate the sample to a final

volume of 60 pL.

3.1.2 Solubilization with a/B-DDM

Frozen BBY membrane aliquots containing at least 500 ug Chl were thawed by
warming in a heating block for 30 seconds at 35 °C and then standing on ice for the
remaining thawing time. Once thawed, the BBY membranes were washed with a
volume of Buffer G2 twice the volume of the thawed sample. The resuspension was
centrifuged at 21,500 x g for 16 minutes and the pellet resuspended in minimal
amount of Buffer G2 (not more than the volume of the BBY membrane sample before
washing). The chlorophyll concentration of the homogenized sample was measured to
calculate the volume of Buffer G2 to add to dilute the sample to a concentration of
1mg/mL Chl. Washed BBY membranes at a concentration of 1 mg/mL Chl were
solubilized by adding the same volume of Buffer H2 to the sample and vortexing it for
2 minutes, yielding a final concentration of 0.5 mg/mL Chl, 0.3 % a/B-DDM, 25 mM
MES-NaOH pH 6.3, 5 mM NaCl, 2.5 mM CaCl.. After 2 minutes of solubilization, the
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Figure 9 — Workflow after PSII purification by sucrose density gradient centrifugation: (1) the
band of interest is collected from different SDGs, pooled together and concentrated; (2) the high
concentration of sucrose is washed off, and the sample is vitrified on a EM grid for cryo-EM
imaging.

sample was centrifuged at 20,000 x g for 5 minutes to remove insolubilized
membranes. The sample was diluted with Buffer G2 to 1.5 times its volume and
centrifuged once again at 21,000 x g for 10 minutes.

The sample (about 0.5 mL) was carefully loaded on top of the previously
prepared sucrose gradients by pipetting slowly against the tube wall and the tubes
were balanced by adding extra sample when necessary. The sucrose gradients were
spun in an ultracentrifuge for 9 h at 41,000 rpm.

The tubes were recovered from the ultracentrifuge and the lowest band of each
sucrose gradient, corresponding to the heavy C.S-M. complex, were collected and
pooled together. The purified PSII sample was washed/concentrated using a
Vivaspin® Turbo 4 (Sartorius) centrifugal filter with 100 kDa cut-off and centrifuged
at 800 x g in 5-minute steps. When the sample was concentrated to 10% of its initial
volume, 1 mL of Buffer I2 was added to wash the sucrose and the sample was spun
once again. This step was repeated 3 times, and finally concentrated to 60 pL before

vitrification on EM grids, Figure 9.

3.2 Design strategy for near-atomic resolution data
collection

For Project IV, to collect data that included signals at higher spatial frequencies, it was
necessary to collect data at lower defocus values than in datasets from other projects
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(the default defocus range in previous projects was -1.5 to -3.0 um in increments of 0.3
um). The new defocus range -0.8 to -2.0 um in increments of -0.2 um- was designed
to yield a cumulative CTF that displayed an improved cumulative signal at higher
spatial frequencies (appendix 9.9). The averaged sum of CTF squared (CTF2) plots was
calculated using an online CTF simulation/calculation tool developed by Wen Jiang
lab at Purdue University or a similar tool developed by Dustin Morado at SciLifeLab
Stockholm.

For Project IV, the data was collected on a microscope with the most modern
generation of DED at the time (Falcon4i), and a Selectrics energy filter, as the SNR is
improved at high frequencies, and the exposure times may be shortened. Additionally,
Falcongi collects data in electron-event representation (EER) format which allows for
fractionating the data post-data acquisition. The new EER file format also benefits
from the super-resolution data acquisition/processing modes in which electrons are
localized with sub-pixel accuracy and is a lossless data compression format.

For each grid, I have considered the magnification vs field-of-view (FOV)
tradeoff: higher magnifications, narrower field of view, fewer particles. The preference
was to target grids and grid squares with thin ice that contained a minimum
concentration of 50 particles of interest in the FOV at data acquisition magnifications.
Typically, I have chosen a nominal magnification that translated to pixel sizes between
0.55and 0.6 A. The pixel size defines the Nyquist limit, which is the theoretical highest
resolution possible to achieve at a given pixel size. However, it is not beneficial to
collect at very small pixel sizes as the corresponding Nyquist limit becomes
bottlenecked by other technical aspects and distortions introduced by the microscope.

When choosing the box size for particle extraction, I took into consideration the
signal delocalization as a consequence of defocus and the minimum estimated box size
to avoid aliasing (see appendix section 9.10).

The refinement of high-order aberrations, CTF refinements by individual optical
groups, and Ewald sphere correction were applied. These strategies became very
important when aiming for the very high resolution data that we sought for Project IV.

Two datasets were collected from two separate grids and the data were
independently processed to yield two final consensus 3D-refinements. The final
particle stacks were combined to increase the total amount of data and obtain a new

3D-reconstruction.
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3.3 Low-dose reconstructions

During Project IV it was essential to assess if the distances between metal ions of the
Mn,CaO;s cluster were affected by electron-beam-induced damage to the biological
specimen. For this, we compared the full-dose 3D-reconstructions to low-dose 3D-
reconstructions. Low-dose 3D-reconstructions are not widely used in workflows of

cryo-EM SPA data processing, the steps are described in the following Figure 10.

3.4 Post-processing of cryo-EM maps

First, the output files (half-maps, full-map, FSC mask, etc.) of the final consensus 3D
refinement iteration were inspected, and an existing atomic model was tentatively
fitted to the full experimental map. If the handedness of the 3D reconstruction was
incorrect, all the experimental data files were flipped in the same manner to avoid any

conflict in later post-processing steps.

The following strategy was used in most projects to obtain post-processed maps
for better interpretability that aided in manual model building and manual

refinement:

1. Overall map sharpening at the negative of the B-factor (-B) suggested at the last
round of cryoSPARC 3D-refinement and additional sharpened/blurred maps
with the following values: -B+20; -B+(-20); -B+(-40); -B+(-60).

2. Local sharpening with Phenix Autosharpen tool. As the resolution of cryo-EM
data is not uniform across the 3D volume, I find that local sharpening is, among
the widely accepted post-processing methods, the tool that offers the best
improvement across the full map. Therefore, the map after local sharpening is
the post-processing map I have most relied upon during manual model building
and manual refinement. It has been my most frequent choice of map to represent

the quality of the 3D volume in figures of my design.
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Figure 10 - Scheme of the workflow used to achieve low-dose 3D reconstructions. 1) After a final
consensus 3D-reconstruction has been reached, 2) the raw movies are pre-processed again but
only including the very first frames of the movie (typically a dose lower than 4 e-/A2). The location
of the particles used for the consensus 3D-refinement are used to re-extracted particles from the
micrographs with low-dose. The newly re-extracted particle set is used for the low-dose 3D-
reconstruction and 3D-aligment information from the previous consensus reconstruction is
transferred to a new 3D-reconstruction job with fixed alignments.
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3.  Density modification with Phenix denmod tool using the output half-maps by
cryoSPARC. Density modification has proved to improve the densities of side
chains and help evaluate if certain blob densities in sharpened maps could be
artifacts of over-sharpening. Due to the improved quality of the map densities, I
have occasionally used density-modified maps to design figures. Compared to
map sharpening, which is a straightforward mathematical operation, density
modification is based on prior knowledge and therefore I have not used it for
final atomic model refinements. For the same reason, while this method has
been widely adopted by the cryo-EM community since its recent implementation
(and has previously been extensively used, in its own implementation, in the X-
ray crystallography field) it is not widely accepted by the community as a tool to

be used in final atomic model refinements.

3.5 Atomic model building and refinement

In general terms, the workflow for model building across the different PSII projects
was done as described in the following paragraph. Among the publicly available
atomic models of PSII, one structure was chosen as the initial template. Template
choice was prioritized according to 1) species, a structure from the same organism (A.
thaliana and T. vestitus projects) or the most similar organism (for the N. tabacum
project, A. thaliana PSII was chosen); 2) resolution, the highest resolution structure
of the chosen species. The initial atomic model template was roughly manually docked
to the new experimental map using ChimeraX, and then precisely fitted to the map
using the fitting tool in the same software. The map was inspected at different levels
of signal strength (contour levels) and any disparities between the map and the model
were documented: modeled protein subunits in the template structure whose density
was absent in the map were promptly deleted from the model and unmodelled
densities were noted. In COOT [126] (model building, and refinement software) map
weight was estimated, and all chains were individually morphed into their map
densities. In the cases where the template model used did not belong to the same
species, the protein sequence was mutated as appropriate. The atomic model was all-
atom refined once before residue-by-residue inspection and refinement. After an
initial pass over all the residues of the model, any missing protein densities were
modeled. The model was automatically refined against the map using Phenix Real-
space refinement tool. Unmodelled ligands and water molecules were modeled last.
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The model was refined with extensive macro cycles of Phenix Real-space refinement
and manually inspected residue-by-residue a last time.

Some of the procedures used in the SDBC protein complex project were slightly
different as de novo model building was performed since this was the first time this
structure was determined. The procedures are described in the respective publication,
Paper IT appended to this dissertation.
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4 Results and Discussion

This chapter is divided according to five different research projects. To contextualize

these scientific investigations, before presenting the results and conclusions of each

study, I provide the readership with the necessary research background and highlight

the historical conditions that led to them. The specific aims of each study are also

addressed.
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4.1 Project I — The structure of Photosystem II
supercomplex from wildtype Arabidopsis
thaliana and an optimized purification protocol

When A. thaliana (thale cress or mouse-ear cress) became the first plant genome to
be fully sequenced, it rapidly became the model organism in land plant research. Other
factors contributed to this explosive phenomenon such as the size (grows in 250 mL
soil pots), the relatively short time between generations (6 to 10 weeks depending on
growth conditions), the availability of large seed banks with multiple wildtype
accessions and mutated specimens for purchase, and the multiple genetic approaches
established to study Arabidopsis [127, 128]. Despite being an important model
organism, until the work developed in the first project of my thesis (Paper I), the best
structural model of Arabidopsis PSII (PDB: 5MDX) [42]—extracted from a mutant
phenotype! —had 5.3 A resolution.

The difficulty behind obtaining a truly homogenous preparation of PSII
supercomplexes from land plants lies in three key-points: extrinsic and peripheral
membrane proteins are not as strongly bonded to the core complex as in
cyanobacterial PSII; transmembrane light harvesting/antenna proteins have different
modes of binding around the PSII core; PSII purification procedures from
endogenous land plant sources, especially from the model organism Arabidopsis
thaliana, were not optimized to the same extent as cyanobacterial PSII preparations.

This project aimed to achieve two specific aims: Structural determination of PSII
from wildtype A. thaliana at high-resolution (< 3 A), and optimization of the
purification protocol to extract PSII from wildtype A. thaliana in a “native-like” state.
The first high-resolution structure of Arabidopsis PSII, extracted with a mixture of
digitonin and f-DDM detergents, is described in detail in the appended Paper I. The
optimized PSII solubilization protocol using only a- or f-DDM detergent is described
in section 3.1.2 and discussed in section 4.1.2. I have recently completed atomic model
building of the PSII supercomplexes isolated according to the DDM-only optimized
protocol. While the investigation of this new atomic model is still ongoing, I find it
relevant to highlight a few results in light of Project I, especially the major differences
between this DDM-extracted PSII and the previous digitonin-extracted PSII.

A follow-up study on the solubilization of PSII using alternative amphiphilic co-
polymers is presented in appendix 9.14.
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4.1.1 The structure of the Arabidopsis PSII-LHCII
supercomplex extracted with Digitonin + -DDM at pH
7.5 — Paper 1

In my first project, the sample we imaged by cryo-EM became the first high-resolution
(GSFSC = 2.79 A) PSII-LHCII structure from the model organism Arabidopsis
thaliana (Paper I). This is also the only structure of a PSII-LHCII supercomplex from
the wildtype Arabidopsis plant, as the previous medium-resolution structure was
isolated from a PsbS knockout mutant [42]. Please refer to Paper I for detailed

representations of this PSII structure.

Compared to the previous medium-resolution electrostatic potential map of
Arabidopsis PSII, our data allowed:

1. The complete modeling of the 24 N-terminus amino acids of the D1 protein.
2. Enhanced modeling of the N- and C-termini of the D2 protein.

3. To identify and model the nuclear-encoded extrinsic protein PsbTn and one
chloride (Cl-) ion bound to each PSII monomer in the vicinity of the oxygen-

evolving complex (OEC).

4.  The detailed mapping of the extensive carotenoid pigment network and lipids
within the PSII structure.

5.  The identification of digitonin molecules (DIG, PDB chemical ID AJP) tightly
bound at different positions of the PSII-LHCII supercomplex.

6. Modeling of 141 water molecules associated with PSII.

7. Correct placement of the PsbX subunit.

From the structural analysis, we observed that digitonin negatively impacts the
PSII structure and acts as an in-membrane crosslinker facilitating intramolecular
interactions. This behavior, although a negative one, has attributed digitonin to the
status of milder detergent compared to DDM, especially among A. thaliana
researchers. However, as we observe in Paper I, the binding of digitonin shifts the PSII
complex away from a “native-like” structure. A representation of the digitonin
molecules found in the structure of the PSII-LHCII complex can be found in Paper I,
Figure 2.
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4.1.1.1  Core-antennae linker subunits are also responsible for
stabilizing PSII dimerization

Two strongly bound LHCII (S-LHCII) and two moderately bound (M-LHCII) trimeric
complexes are resolved in this structure. The two M-LHCII-CP24 modules have
considerably lower resolution compared to the remaining part of the complex arising
from their intrinsic flexibility and hinge-like motion in relation to the PSII core. Local
masked refinements allowed a higher-resolution 3D-reconstruction of this antenna
module, appendix section 9.6.

The subunits PsbW, PsbH, and PsbZ were found linking the PSII core and
antenna complexes. PsbW was found to interact with PsbH from the opposite
monomer. This observation points out a motif that stabilizes the PSII dimerization,
unique to land plants’ PSII.

4.1.1.2  Digitonin replaces lipids, disrupting the stability of many PSII-
LHCII complex regions

Digitonin molecules were found in the central pocket of LHCII trimers (Figure 11),
impacting the binding of violaxanthin and preventing its interactions with a
phosphatidylglycerol lipid. In turn, the tails of this lipid adopt a new configuration.
This lipid was found in previous studies to be essential for LHCII trimerization [129—
131]. Our result showed that it is the lipid head and not the lipid tails that are
responsible for securing trimerization. This conclusion is also supported by the
observation that the lipid head interacts with the sequence motif WYGPDR found in

“Native” LHCII Digitonin-extracted LHCII

Figure 11 - Comparison of the conformation of LHCII as usually observed from extractions
performed with DDM detergents compared to the digitonin-extracted PSII-LHCII complex.
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Lhcb1-3 proteins, also shown to be essential for trimerization [132]. More importantly,
this result raises questions about the impact of detergent molecules, and particularly
digitonin, on the spectroscopic properties of chlorophyll-binding proteins and the
need to revisit those studies.

Digitonin also impacts the dimerization interfaces between PSII proteins,
affecting the distance between PSII monomeric cores (Paper I, Figure 4). Additionally,
the PsbO short-loop was found disordered, in contrast with other land plants’ PSII
structures, potentially due to digitonin between PSII monomers.

The OEC region was also affected by the presence of digitonin and by the absence
of PsbP and PsbQ, OEC stabilizer subunits. The redox-active Mn,CaO; essential to
oxygen evolution, was not present, thus the reason why we later found this PSII
complex to be catalytically inactive. The OEC region in digitonin-extracted PSII has a
configuration resembling the expected structure of the lumen side before the dark
rearrangement step of PSII’s photoactivation with one single positive metal ion
apparently coordinated to Gln165, Asp170, and Glu189. This positive metal ion could
be calcium or a manganese ion and this site could be the hypothesized high-affinity
binding site of PSII.

4.1.1.3 The absence of PsbP and PsbQ also contributes to a structure
resembling a PSII assembly stage

In this structure, the PsbO and PsbTn subunits are present, while PsbP, PsbQ, and the
neighboring transmembrane protein PsbR are absent. By comparing our results to
studies of the available plant PSII structures (PDB 3JCU and 5XNM) and one other
study [40], we attributed the absence of PsbP and PsbQ to differences in the
solubilization protocol that we used. One of the major differences was the relatively
high pH used in our solubilization (pH 7.5). High pH has been shown in previous
biochemistry experiments to lower retention of the PsbP subunit in PSII [40]. The
PsbR subunit has not yet been found in any land plants’ PSII structure.

Due to the configuration of PSII’s lumenal side, i.e. no Mn,CaOs cluster, our
structure likely has parallels with the structure of PSII in the assembly stage before the
binding of the extrinsic proteins PsbP and PsbQ. This is consistent with the stage

preceding the dark rearrangement of photoactivation [133].
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4.1.1.4 The effects of digitonin detergents have been overlooked

To date, there are 28 other structures besides ours in the PDB database which include
digitonin as a ligand, and twenty of them (71%) were published in the same year as
Paper I (2021) or more recent years [134]. However, digitonin has been used for many
years in different biochemical /biophysical studies. Twenty-two other structures have
been published on PDB which report the Glyco-diosgenin (GDN, ligand ID 9z9)
detergent bound to the protein structure. GDN is a newer non-toxic detergent
substitute for digitonin, and they share a very similar structure [135]. In most of these
structures, digitonin or GDN are located between protein subunits and likely
contribute to a stronger chemical interaction between proteins of these complexes. All
22 structures containing GDN have been published after the release of our PSII
structure, and all 51 structures containing digitonin or GDN have been solved by cryo-
EM [134], which indicates that these detergents have not been widely used in X-ray
crystallography.

These observations support the assumption that a much greater number of PDB
structures of membrane protein complexes have been solubilized with digitonin (or
GDN) but their respective densities have been overlooked, avoided, or not clearly
defined at lower resolutions. As cryo-EM studies progress to higher resolutions,

structures containing these detergents are being published.

4.1.2 The structure of the Arabidopsis PSII-LHCII
supercomplex extracted with 3-DDM at pH 6.3

As the previously isolated Photosystem II supercomplexes were inactive and lacked
several subunits (Paper I), I have focused on optimizing the extraction procedure to
isolate active and more intact complexes. The optimized extraction method is
described in detail in section 3.1.2.

From the structural observations in the first study (Paper I) it was obvious that I
should remove the digitonin detergent completely from the PSII-LHCII complex
preparations. DDM detergents in the absence of digitonin have been used successfully
for the solubilization of PSII from the thylakoid membranes of spinach [47], pea [136],
cyanobacteria [20], and other classes of organisms [33, 137, 138]. When digitonin was
present, the C.S.M.-type PSII supercomplex was obtained in enough quantity to
perform cryo-EM SPA studies from comparable amounts of starting material.
However, this result can be influenced by the crosslinking-like effect of digitonin,
which is clearly shown in our PSII structure (PDB 70OUI). It was important to
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determine if usable quantities of C.S-M--type PSII supercomplex from A.thaliana
TMs could be isolated in the absence of digitonin.

In the optimized protocol I decreased the solubilization pH from 7.5 to 6.3 as it
was demonstrated that PsbP was retained at a higher percentage if complexes were
solubilized at a pH lower than neutral [40]. The same conclusion can be taken from
the structural observations of spinach and pea PSII and their respective protocols,
information that is summarized in the supplementary information (SI) Table 5 of
Paper 1. Moreover, the solubilization of land plants PSII for cryo-EM studies was
always made at pH 7.5 [42, 47, 136], despite oxygen evolution rates being higher at a
slightly acidic pH. For these reasons, I have adapted the solubilization step of the
purification protocol to use a MES buffer adjusted with NaOH to pH 6.3. To
counterbalance the reduction of solubilization efficiency as a consequence of the pH
decrease [40] and considering that a/f-DDM was now the sole solubilizing agent, the
concentration of detergent in the solubilization mixture was increased from 0.1 %
(w/v) to 0.3 %. The solubilization time was revised from 30 minutes to 2 minutes as
traditionally, BBY membranes solubilized with DDM detergents do not require long
incubation times. The sucrose gradients were buffered at the same pH as the
solubilization step but with 0.01% (w/v) o/ -DDM. Betaine is a compound known to
stabilize the OEC [139, 140] at concentrations between 0.8 to 2 M, therefore I decided
toinclude it in the sucrose gradient and the sample buffer used for sample vitrification
on EM grids.

Although the structure here (Figure 12) derives from PSII supercomplexes
extracted with f-DDM, I have also performed several PSII extractions using the alpha-
isoform. The a-DDM PSII complexes were characterized concerning oxygen-evolving
activity and imaged on a cryo-TEM. The small cryo-EM dataset (8,923 movies with
very few particles per micrograph) that was acquired for this sample yielded a 3D-

reconstruction of inferior resolution (GSFSC = 3 A, 27,422 particles) appendix section
9.13.

Local Resolution (A):
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Figure 12 — The map of the 3-DDM extracted PSI colored according to local resolution.
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Regarding the sample solubilized with 3-DDM, a total of 16,450 movies were
collected in our in-house microscope with a total exposure dose of 40 e/A2 and a
magnification that corresponded to pixel size 0.746 A on a Falcon4i camera. During
data processing, I found that the particle set could be segregated into several classes,
from PSII core complexes (PSIIce) to the larger C.S.M. PSII-LHCII complex. This was
not observed in the dataset of the previous digitonin-extracted PSII, which aligns well
with the observed crosslinking-like behavior of digitonin. For the final 3D
reconstruction only signals from the C.S. complex were considered (72,301 particles).
The new structure of A.thaliana PSII-LHCII is of higher detail compared to PDB
70UI, and has an overall resolution of 2.44 A (GSFSC), Figure 12.

4.1.2.1 The optimized protocol purifies PSII-LHCII complexes that
retain subunits PsbJ, PsbP, and PsbQ, and a stabilized OEC

The changes to the PSII isolation protocol changes allowed the purification of PSII
C.S.M--type particles that evolve oxygen at rates 341 + 6 pmolO. - mgChl* - h, while
the a-DDM solubilized PSII evolved oxygen at a rate of 397 + 8 pmolO. - mgChl-*- h-.
See appendix section 9.9 for the characterization of the oxygen-evolving activity of
different SG bands. Upon inspection of the new map, clearly defined densities for the
Mn,4CaO;s cluster allowed us to model this cofactor without difficulty, Figure 13.
Besides a defined catalytic site, this new PSII preparation retains the PsbJ, PsbP,

and PsbQ subunits missing in the previous Arabidopsis structure.

Figure 13 — Model and map of the Mn,CaOs region. The oxygen bridges have been omitted for a
clearer interpretation of the densities manganese and calcium ion densities.
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4.1.2.2  PsbO1 is the isoform of PsbO that binds Arabidopsis PSII in
higher stoichiometry

The Arabidopsis genome encodes two isoforms of the PsbO protein, PsbO1, and
PsbO2, with PsbO1 being more prevalently expressed [69]. The density of PsbO amino
acid residue number 189 in the EM map aligns better with an asparagine (as in PsbO1)
than a lysine density (as in PsbO2), suggesting that the PsbOz2 isoform binds to PSII
with inferior stoichiometry. This confirms with a higher level of confidence what we
have previously suggested in Paper 1.

4.1.3 Detergent-free solubilization of the Arabidopsis
thylakoid membrane for PSII isolation

To continue the earlier proposed aim of my research of optimizing PSII extraction, I
investigated alternative methods for the solubilization of BBY membranes that would
yield isolated functional PSII, in a more “native-like” environment. In part, my
laboratory work involved replacing the use of detergents with less canonical
compounds known as amphiphilic copolymers [141, 142]. The results of those

experiments can be found in appendix 9.15.

4.2 Project II - Comparisons between PSII
complexes from different species

The initial idea of Project IT was a short follow-up study aimed at reporting differences
between our first Arabidopsis PSII structure (solubilized with a mixture of digitonin
and -DDM) and the PSII structures from spinach (PDB 3JCU) and pea (5XNM). Yet,
the idea of broadening certain comparisons to encompass PSII structures from
organisms of diverse phyla was intriguing and thus enlarged the scope of this project.
Some of the comparison studies I performed following my first cryo-EM project are
presented in the current section of this thesis and appendix section 9.16

The largest of the comparison studies arose from noting densities of variable
length for certain chlorophyll phytyl tails, independent of the quality of the data, in
various XRD and cryo-EM maps. The study that emerged from those observations
sought to investigate the possibility of chlorophyll a molecules with a farnesyl tail
being present in PSII complexes of various organisms, appended as Paper III.
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4.2.1 Itis unlikely that Photosystem II incorporates
chlorophyll a with a farnesyl tail — Paper III

The quality of our first Arabidopsis thaliana PSII cryo-EM map [143] enabled a clear
fitting of the reaction center cofactors but revealed several chlorophylls with poor or
nonexistent densities for chlorophyll tails beyond the first two isoprene units. These
chlorophylls have missing densities, despite being shielded (not fully peripheral like
many chlorophylls associated with the major antennae proteins), and having high
occupancy levels. The missing densities suggested that chlorophyll molecules with
modified tail length could exist in the PSII of A. thaliana. A recent study by Wiwczar
and colleagues (2017) [144] reported the existence of chlorophyll a with a farnesyl tail
(Chl ar) in thermophilic cyanobacteria. In comparison to the canonical phytyl tail, a
farnesyl is truncated by one isoprene unit.

Based on my own previous structural data observations, I recognized that
discrepancies in the representation of chlorophyll tails are unfortunately present in
most published atomic models of PSII. As these pigment tails are often not the primary
object of interest in structural studies of PSII, chlorophylls have often been modeled
with a 20-carbon long tail biased on the conventional assumption that chlorophyll a
molecules always have phytyl tails, even at locations with no density to support a four-
isoprene unit tail. That meant that I could not solely rely on comparing atomic models,
but I also had to compare data at the map level, to access the evidence for the presence
of Chl ar in PSII structural data.

My initial investigation focused on comparing our cryo-EM map to those of
other land plants [47, 136], as the main interest was to verify if Chl ar could be present
in land plants and not exclusive to a very narrow group of organisms. After all, the
overall structure of PSII and its chlorophyll locations is rather conserved across the
different kingdoms of life. The analyses of publicly available structural data from
spinach and pea PSII, uncovered evidence of over-modeled chlorophylls including
chlorophyll a at position PsbC-CLA504 (Paper III, Figure 1). PsbC-CLA504 was
selected as the reference chlorophyll for this study as it is not in the PSII periphery and
it has a well-defined density for its chlorin ring. That led us to hypothesize that
chlorophylls with farnesyl tails could exist in land plants just as Wiwczar et al. [144]
had suggested for thermophilic cyanobacteria.

I performed liquid chromatography-based mass spectrometry on pigment
extract from a purified A. thaliana PSII sample to address the presence of Chl ar. The
experimental details can be found in the method section of appended Paper III.
Despite extensive evaluation of the data, I did not detect mass signals that could
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correspond to Chl ar in these first UPLC-HRMS datasets, further complicating the
understanding of the observed chlorophyll tail variations in structures of PSII. Using
a different but well-established method at the Swedish Metabolomic Centre (SMC,
Umed) and Umeé Plant Science Centre (UPSC, Ume#), we analyzed new extracts of
PSII pigments, this time not only from A. thaliana but also from thermophilic
cyanobacterium 7. vestitus. Once again, we did not detect mass signals that could
correspond to Chl ar in A. thaliana PSII pigment extracts. Surprisingly, we also could
not observe any mass peaks indicating the presence of Chl ar in the PSII pigment
extracts from T. vestitus, instead only mass signals supporting the presence of
chlorophylls with a phytyl tail and other known pigments of cyanobacterial PSII
(Paper III, Figure 2 and SI Table 4).

In the 2017 study, Wiwczar et al. [144] argued that in contrast with the
thermophilic cyanobacteria, mesophilic cyanobacteria do not have farnesyl
pyrophosphate (FPP) available as a substrate within the cell, hence the reason why
they could not produce chlorophylls with a farnesyl tail. However, it is commonly
known that the synthesis of geranylgeranyl pyrophosphate — the precursor of the
chlorophyll tail — occurs from the condensation of isopentyl pyrophosphate to farnesyl
pyrophosphate, a reaction catalyzed by farnesyl pyrophosphate synthase (FPPS) [145].
The presence of FPPS in plants and T. vestitus leads in principle to the accumulation
of FPP levels in both organisms. This concentration of FPP could lead to the
incorporation of FPP in chlorophyll since chlorophyll synthase can also use FPP
(instead of GGPP) as a substrate even if it is at lower efficiency [146].

In this study, I explored the presence of FPPS across various photosynthetic
organisms. While all examined organisms contain at least one FPPS gene in their
genome (Paper III, SI Table 3), we still observed variation of PsbC-CLA504 tail length
(Paper II1, Figure 3).

Further analysis of the PsbC-CLA504 binding pocket from different PSII
structures reveals variations in the shielding completeness towards the thylakoid
lumen (Paper III, Figure 4). The shielding effect is attributed to specific subunits
(PsbJ, PsbK, PsbZ, Ycf12, PsbQ, and PsbV or PsbP, depending on the organism) that
surround the PsbC-CLA504 binding pocket, influencing the observed densities of
chlorophyll tails. The slightly different conformation of the Ycfi2 subunit in a
mesophilic cyanobacteria structure (PDB 7N80) and the presence of the additional
extrinsic PsbQ subunit in diatom PSII (PDB 7VD5) seems to play a role in better
shielding the pocket, therefore it is possible to observe a complete phytyl tail density.
In another existing mesophilic cyanobacteria structure (PDB 8EQM) the tail of PsbC-
CLA504 has almost no density, which agrees with our conclusion as this PSII complex
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lacks the subunits PsbJ, PsbZ, and Ycfi2. Therefore, it appears that the apparent
shortened tails of the chlorophylls are an artifact of flexibility due to a lack of shielding,
rather than the presence of genuinely shortened tails. This is supported by the
increasing b-factor values towards the end of the PsbC-CLA504 tail (Paper III, SI
Figure 2) and MD simulations [147]. Furthermore, maintaining a certain level of
flexibility in this pocket can have biological role in facilitating the exchange of the

mobile plastoquinone [148].

4.3 Project III — Studies of land plants’ PSII
assembly/repair intermediate complexes

Land plants’ Photosystem II assembly/repair intermediates remain largely unstudied
however it is known that the set of chaperone proteins aiding in these mechanisms are
largely different between organisms of diverse phylogenetic classes [149]. Several of
these chaperones act on the lumen side of the thylakoid membrane where PSII’'s OEC
requires helpers for its correct assembly. The composition of lumenal extrinsic
proteins of PSII is, as described in section 1.1.2.6, different in cyanobacteria and land
plants, therefore it is not surprising that the chaperones acting in the repair and/or
assembly of the OEC may vary.

Cryo-EM allows for the possibility to study PSII assembly intermediates, a much
larger challenge to XRD, as these complexes are flexible, difficult to purify, and not
highly abundant. The first cryo-EM structures of assembly intermediates of
cyanobacterial PSII [150] were published during the years of my PhD work. While
many more PSII intermediate complexes remain to be characterized and the
individual structure of the chaperone proteins is yet to be resolved in cyanobacteria,
even more research work is needed to understand these processes in land plants.
However, land plants have a more complex level of cellular organization, which makes
it considerably more difficult to study these processes than in cyanobacteria. In this
project, we used the Nicotiana tabacum L. plant as it offers certain advantages. In
comparison to Arabidopsis, this taller species can grow much more biomass over the
same time period. Additionally, a strain with a genetically engineered his-tag on PSII’s
PsbE protein already exists [34, 151]. These advantages allow for the purification of
smaller populations of PSII complexes such as assembly/repair intermediates.

The development of differential fractionation and differential solubilization [111,
151, 152] played a crucial role in allowing the isolation of specific minor subpopulations
of PSII complexes. By application of differential solubilization to intact thylakoid
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membranes of N. tabacum, Haniewicz et al. (2013) isolated a monomeric PSII
subpopulation from in-between the lamellae and grana margins that exhibited 2 extra
subunits [111, 152], PsbS and Psb27, that do not bind to functional mature PSII found
in grana stacks [153].

PsbS is a plant-exclusive TMP that has a photoprotective role [108, 154]
associated with the non-photochemical quenching (NPQ) mechanism, qE [155]. This
mechanism allows plants to adapt to rapid light changes (both intensity and/or
quality). qE also depends on lumen pH and the carotenoid zeaxanthin. PsbS seems to
act as a quencher with multiple possible binding sites. It was shown that PsbS
quenches excess energy in free LHCII complexes and PSII complexes via the Lhcb1
monomer of S-LHCII or directly at the core antennae proteins [156]. Nevertheless, to
this day, there is a lack of agreement on the mechanism linking PsbS to NPQ [154, 157]
and the xanthophyll cycle [158], explaining PsbS-mediated photoprotection and its
pH-sensing role [159—161]. Despite the efforts of various research groups, PsbS has
not been found in an isolated PSII complex structure; however, gaining insight into
the modes of PsbS binding to the PSII complexes is anticipated to provide a valuable
understanding of its modus operandi.

Psb27 is one of the proteins participating in the de novo assembly and repair
mechanisms of PSII, common to eukaryotes and prokaryotes [149]. Little is known
about eukaryotic Psb27, however, it seems to lack the N-terminal residues responsible
for a lipid modification in cyanobacterial Psb27 [162]. We question whether land
plants and cyanobacteria have the same binding site and function for Psb27y.
Regarding the function of this transiently bound PSII subunit [150, 163], in both
eukaryotes and prokaryotes, Psb27 seems to participate in both the de novo assembly
of PSII and in its repair cycle [149]. It was demonstrated that one of the roles of this
protein in cyanobacteria is to prevent the premature binding of extrinsic subunits of
mature PSII [162, 164] and lock the PSII complex in a state that allows reassembly of
the OEC [68]. Similar studies in eukaryotic PSII are lacking.

Biochemically it was shown that Psb27 is associated with inactive PSII lacking
the 3 extrinsic proteins, PsbO, PsbU, and PsbV in cyanobacteria [162, 165], or PsbP
and PsbQ in land plants [111, 166]. As shown in two recent cryo-EM structures from
cyanobacteria [150, 167], Psb27 binds near the CP43 loop E and its location sterically
conflicts with the position of PsbO in mature PSII confirming that these proteins
cannot bind simultaneously to PSII. In these structures, not only PsbO but also PsbU
and PsbV are absent. However, in land plants, biochemical and mass spectrometry
studies seem to indicate that Psb27 and PsbO can bind simultaneously to immature
PSII [111]. The binding location of Psb27 in land plants' PSII is currently unknown.
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In land plants, there are two isoforms of the Psb27 protein, Psb27-1 and Psb27-
2. A few studies show that the two isoforms may be implicated in different

mechanisms [168, 169], but their specific functions are still a matter of investigation.

Project III aimed at structurally characterizing a monomeric PSII complex
binding PsbS and Psb27 (PSIIm-S/27), isolated from the interface between thylakoid
stromal lamellae and the grana margins. In this project we aimed at answering the
following questions: 1) where do PsbS and Psb27 subunits bind to the monomeric PSII
complex?; 2) Does one of the two isoforms of Psb27 bind more specifically to the
isolated complex?; 3) How do these proteins contribute to the assembly/repair
mechanisms of Photosystem II?; 4) With what other PSII subunits do they interact?;
5) What conformational changes exist between this isolated complex and a mature
monomeric PSIT?

The PSIIm-S/27 sample was recently characterized by Fantuzzi et al. (2023)
[153] using fluorescence and luminescence spectroscopy methods. The results indicate
that PsbS/Psb27 inhibits electron transfer protecting PSII complexes in assembly, but

this inhibition is reversed in the presence of bicarbonate.

4.3.1 Monomeric Photosystem II from Nicotiana tabacum:
the structure of an intermediate of the de novo assembly
process

In an attempt to visualise an assembly intermediate from land plants (PSIIm-S/27), I
collected cryo-EM data on monomeric PSII isolated from in-between the lamellae and
grana margins of Nicotiana tabacum. The PSIIm-S/27 complexes from Nicotiana
tabacum were extracted and purified by collaborators at the University of Cagliari,
using B-DDM detergent according to the original differential solubilization protocol
[111, 152] with minor modifications [153], and shipped to Umea. Four microliters of
sample were applied to a Quantifoil 2/1 grid with a 2 nm continuous carbon grid and
vitrified as described in section 1.2.2. The data was acquired on a Titan Krios G2
microscope with a Gatan K2 direct electron detector (electron counting mode) at a
nominal magnification of 165 000 x, corresponding to a pixel size of 0.82 A2. The total
dose was 57.5 e//A2 and the movies were pre-fractionated in 40 doses.

Processing the micrographs into a 3D structure was surprisingly difficult for this
dataset, indicating a certain level of flexibility or disorder. It took a combination of

56



several 2D classification and 3D classification rounds, used in alternation, to isolate a
stable population of PSIIm particles that yielded the final 3D reconstruction (GSFSC
=274 A, 44,264 particles), Figure 14.

Surprisingly, the 3D reconstruction did not show the expected density for the
subunits PsbS and Psb27y. Furthermore, I could not detect densities for the TMP
subunits PsbJ, PsbW, and PsbZ, nor for the extrinsic subunits PsbO, PsbP, and PsbQ.
Previous mass spectrometry analysis of the PSIIm-S/27 fraction indicated the
presence of all the above subunits except for PsbW.

Besides the missing subunits, there are several differences between this
monomeric PSII complex and the mature dimeric PSII complex of other land plants.
The weak density of a transmembrane helix at the PsbX position indicates that PsbX
is weakly bound to this isolated complex. Also, the PsbTc subunit at the monomeric
interface seems to be bound to the at a sub-stoiciometric ratio.

The electrostatic potential map shows that the PSIIm monomer retains some of
the lipids present in other land plant PSII structures [47, 48, 143]. However, those
lipids have higher B-factors in PSIIm compared to the equivalent lipids in PSII
complexes from land plants. The presence or absence of specific lipids often correlates
with the presence or absence of certain protein subunits, confirming that some of the
lipids are essential to stabilizing the binding of small PSII subunits in the periphery of
the complex. However, this correlation is not always observed, as in this
reconstruction there are examples of subunits being absent, despite the fact that the
lipids required for their stabilization are clearly present in the structure. Note for
instance the presence of the two DGDG lipids that usually maintain the PsbC’s loop E-
PsbJ integrity, while the PsbJ subunit is absent.

It is known from previous studies that the PSIT’s dimerization state is sustained
by lipids at the dimerization interface and the PsbM subunit [170]. This isolated

Side-view Top-view

Figure 14 - Refined atomic model of monomeric photosystem II from the Nicotiana tabacum
plant at 274 resolution into its respective cryo-EM map: side-view (left) and top-view (right).
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monomeric complex has all of the subunits required for the dimerization step, except
PsbM and the dimerization lipids. Additionally, all of the subunits which are known to
bind after dimerization are absent in this complex. Therefore, the configuration of this
PSIIm complex without the subunits PsbJ, PsbO, PsbS, and Psb27 (subunits which
bind post-dimerization), may be a proxy of a de novo assembly intermediate at the
step before dimerization.

Other differences which I noted between this reconstruction and previous land
plant models is increased disorder in specific loop regions of PsbA, PsbC, PsbD and
PsbE on both the stromal and lumenal side of PSII. However, for PsbE the increased
disorder may be explained by the presence of a His-tag fused to the N-terminus which
was used to purify this PSII fraction.

The binding position of the Psb27 chaperone protein of PSII is only known for
cyanobacterial PSII. There are no conclusive scientific results that suggest that the
binding position of Psb27 would be largely different in PSII from land plants.
However, based on the location of Psb27 in cyanobacteria, in land plants, Psb27 would
bind to the complex where the PsbQ protein is found in mature land plants’ PSII.
Therefore, if the Psb27 binding mode is similar in both taxonomic groups of
organisms, the presence of Psb27 and PsbQ are mutually exclusive [166]. Additionally,
it is probable that, as is found in cyanobacterial PS II, the binding of Psb27 and PsbO
are also mutually exclusive in land plants. This is due to conflicts with some amino
acid residues of PsbO and the predicted binding site of Psb27 in land plants.
Furthermore, conformational changes that happen in the core proteins PsbB, PsbC
and PsbD when Psb27 is present, would equally conflict with the position of PsbO in
mature PSII.

However, according to MS analysis performed on the same fraction of
monomeric PSII [111], we expected to find a population of PSII that contained the
extrinsic subunits PsbO, PsbQ, and the chaperone Psb27, in addition to PsbP and the
TMP proteins PsbJ and PsbS. The presence of some of these subunits is also
corroborated to some extent by SDS-PAGE with Western Blot analysis. Nevertheless,
all those subunits were absent in our 3D reconstruction. This could be explained by
the high sensitivity of MS. For example, MS analysis predicted the present of PsbP and
PsbQ, but their corresponding bands are barely visible in SDS-PAGE and WB analysis.
Therefore, it may be that PsbP and PsbQ, are only present in a very small fraction of
the PSII complexes used to make the 3D reconstruction. This explanation is consistent
with the fact that the binding of Psb27 and PsbQ subunits are mutually exclusive.
Furthermore, the remaining subunits missing in the imaged PSIIm particles, but
identified by MS, SDS-PAGE, and WB (PsbJ, PsbO, PsbS, and Psb27) could be weakly
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bound to the complex and disassemble from the complex during the vitrification
process. A final possibility is that there are two subpopulations of monomeric PSII
within this fraction, one containing PsbS (21.9 kDa) and Psb27 (11.7 kDa) (PSIIm-
S/27) and another containing PsbO (26.6 kDa) and PsbJ (4.1 kDa) (PSIIm-O/J). This
is supported by the previous results that PsbO and PsbJ do not bind to the PSII
complex in the presence of Psb27. The two protein complexes would have a molecular
weight difference of only 2.9 kDa, which explains why they could not be
separated/distinguished by size-exclusion chromatography or Blue Native-PAGE
[111]. A heterogeneous sample, with different populations of PSII complexes with
approximately similar size, would explain why the classification of the 2D projections

in this data set was not straightforward to segregate and align.

4.4 Project IV — Probing cryo-EM as a tool to study
biological water oxidation at near-atomic
resolution.

Our first cryo-EM map revealed a considerable number of ordered water molecules in
the A. thaliana PSII structure. Furthermore, in some cases it was possible to identify
which carboxylic acids were reduced/deprotonated and the location of their negative
charge. This demonstrated the potential of cryo-EM to address mechanisms of proton
transfer and to trace hydrogen bond networks important to biological water oxidation
and address some of the open questions in the field. To achieve this goal, a stable and
homogeneous PSII sample [171] was a requirement to achieve the highest resolution
possible.

In collaboration with Prof. Johannes Messinger, a recognized researcher in the
field of water oxidation; Prof. Athina Zouni, an expert in isolation and crystallization
of PSII from T. vestitus; Rana Hussein, PhD, a structural biologist with expertise in
XRD studies of cyanobacteria PSII, we aimed to investigate the potential of cryo-EM
to study water oxidation using stable and homogenous preparations of cyanobacterial
PSII which had been used in their previous X-ray crystallography studies. Can single-
particle cryo-EM be a tool to resolve PSII structures at near-atomic resolutions and a
method for water oxidation studies?

The specific aim of this project was to address the question above by proof-of-
concept determination of the PSII structure at sub-2 A resolution. Additionally, this

project aimed to understand the unique benefits and limitations of using cryo-EM SPA
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to study water oxidation that studies with other structural biology methods cannot
currently provide.

Aiming to resolve structural features to high-resolution required me to rethink
several aspects of the sample vitrification and data collection workflows in contrast to
those used for imaging land plant’s PSII samples. Our efforts led to a cryo-EM map
from highly active preparations of T. elongatus PSII with a level of detail at 1.71 A
global resolution (GSFSC), as of today, the highest-resolution structure published of
any type of photosystem complex. The results of this project are presented in detail in

Paper IV and summarized in the current section.

4.4.1 Pushing the resolution limits

From a technical point of view, this was the most challenging cryo-EM project to
execute as aiming for a 3D reconstruction at near-atomic resolution required a very
good and stable PSII sample, adequate sample vitrification and ice thickness, a
perfectly designed data collection scheme and very extensive data processing and
post-processing workflows. On top of this, the nature of the project required assessing
the extent of radiation damage in the structure and the refinement to high-resolution
of alow-dose 3D reconstruction which is not part of the SPA mainstream workflow.

The use of UltrAuFoil grids [79] was essential to assure minimal beam-induced
motion, improving overall data quality. The improved quality of the earliest frames
was necessary to obtain a low-dose reconstruction which was of similar resolution to
the full-dose reconstructions.

The decision to wait for an upcoming detector and energy filter upgrade and then
collect data for Project IV had great benefits for the achievements of this project: the
data was collected on a Titan Krios G2 microscope with a Falcon4i and a Selectris
energy filter. Moreover, combining the datasets collected from two grids increasing
the total amount of data improved the resolution at lower spatial frequencies
(appendix 9.18).

The final consensus map with an overall resolution of 1.71 A (GSFSC) provided
a great tool for the recalibration of the pixel size of the local Titan Krios G2 microscope.
The map was rescaled to the PSII structure 7RF1 [20], taken as reference for being one
of the highest resolutions XFEL structures (1.89 A). The quality and resolution of the
data allowed the identification of over 50% of the hydrogen positions in the D1 subunit
(PsbA), see Paper IV Figure 2.
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4.4.2 Hydrogen positions and water networks in Photosystem
II of T. elongatus at 1.71 A resolution — Paper IV

The high-resolution cryo-EM structure of PSII confirms the positions of water
molecules identified in previous XFEL experiments as well as identifying new water
molecules in the water network around the Mn,CaOjs cluster. Newly identified water
sites near the Mn,CaOs cluster exhibit reduced density, indicating high mobility

and/or partial occupancy, requiring high resolution and cryo conditions for detection.

4.4.2.1 Water networks at the donor side

Three additional water sites (W26a, W4a, and W4b) in the O1 channel were found,
which had not previously been detected by XFEL studies, allowing for a more detailed
perspective on the water molecule's path during the S2—S3 transition. Further
exploration of the O1 channel revealed additional water binding sites near the
entrances and exits of the A and B branches, areas with high mobility at room
temperature.

In the Cl1 channel, all water positions align with XFEL data, however, an
additional water molecule (W40a) was detected near proton gate residues D2-E312,
D1-E65, and D1-R334. Previously, this water was only observable at the 250 ps time
point following the second flash captured by RT-XFEL [20]. Notably, it displays
reduced density and is situated close to W40, which has partial occupancy in contrast
to the neighboring waters W41 and W42. The proximity and occupancy pattern raises
the possibility that the W40a water molecule may signify an alternative position for
W4o0.

For the O4 channel, 10 additional water molecules were found compared to RT-
XFEL data, none close to the Mn,CaOs cluster. The nearest water molecule, W55, is
approximately 15 A away from the Mn,CaOs cluster and positioned just before the
initial bottleneck region. This water molecule was previously identified in cryogenic X-
ray diffraction datasets of 7. vulcanus PSII crystals collected using XFEL and
synchrotron studies. The necessity for cryogenic conditions for the detection of W55
suggests high mobility at room temperature, potentially influencing the hydrogen
network in this area. Despite the high-resolution 3D reconstruction and the cryogenic
conditions of this sample during data acquisition, no water molecules have been
identified in the bottleneck area of the O4 channel. This supports the hypothesis from
previous experimental structures that this bottleneck disrupts the H-bonding network
of the O4 channel. Consequently, our data do not align with recent MD calculations

suggesting that this disruption results from dehydration artifacts present in PSII
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crystal [172]. The remaining nine additional water molecules were all located beyond

the bottleneck region, most of them near the channel exit.

4.4.2.2 Two water networks were identified at the acceptor side of PSII

The water network at the acceptor side of PS II reveals two main channels (A and B)
connecting the non-heme iron through a bound bicarbonate to the cytosol side of the
thylakoid membrane. Channel A is wide and shorter, while channel B is narrower with
two bottlenecks.

Channel A is accessible to the bulk surface through D1-N247, D2-Q239, and D2-
P237 residues without any bottlenecks. This channel exhibits several identified water
molecules with a specific arrangement forming an H-network that connects the
bicarbonate molecule (BCT) and D1-S268 to the bulk. Intriguingly, this channel was
previously identified through MD [172] and QM/MM calculations [173]. The latter
study proposed that this channel could serve as the CO. release path for the BCT
resulting from prolonged Qa reduction.

In contrast, channel B features two bottlenecks that restrict water movements.
The first bottleneck is formed by the BCT, D2-T243, D1-E244, and D2-Y244, while the
second is located just before the channel opens to the bulk and is formed by D2-E242,
D1-G240, and D2-V247. Notably, this channel includes several charged amino acid
residues. The H-bond network analysis of the current data suggests that this channel
could provide a protonation path for the BCT like channel A. However, channel B may
be more suitable for this function as it is expected to have a more stable H-bond
network through the water molecules and charged residues. Di1-E244, a common
residue at the beginning of both channels, is suggested to be involved in the
protonation of BCT, especially at lower pH [173]. Interestingly, recent MD calculations
[172] have suggested two additional water channels, besides channels A and B, which

we couldn't detect based on the current structure.

4.4.2.3 A water molecule (W63) is detected in the Qg pocket,
supporting its role in re-protonation.

In the Qs pocket, we detected a water molecule's density for the first time in the fully
integrated dimeric PSII structure and labeled it as W63. A water molecule in this
position was once reported only in a APsbM-PSII mutant structure. In our structure,
it is situated within 2.5 A distance from D1-Y246. A water molecule at this position
aligns with a previous prediction based on QM/MM studies [174], while another study
[172] suggested the presence of two water molecules in this region. Our finding
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supports the suggestion [173, 174] that this water contributes to the re-protonation of
D1-H215 via BCT and D1-Y246, following the second protonation of Qs> by D1-H215.
Recently, Sugo et al. [173], proposed an alternative re-protonation path for D1-H215
through a channel being opened from the D1-H252 side upon the release of the QsHo.
We propose that this pathway might be feasible when W63 is absent in the Qg binding
pocket.

4.4.2.4 Identification of hydrogen positions improves the refinement of
the atomic model

We have calculated an omitted difference map specifically generated for hydrogen
atoms and protons. This map provides crucial insights that have not been observed in
previous structural studies. The hydrogen densities are accurately modeled, aiding the
overall refinement of the structure, and improving the validation metrics. This proved
particularly useful for determining the correct rotamers for residues containing
nitrogen (N) and oxygen (O) atoms in their amide groups, such as asparagine and
glutamine. It was reported elsewhere that protein crystal structures have an error rate
of around 20% in incorrectly modeling the side chain rotamers for these residues
[175]. With the detection of hydrogen in various positions of our map we overcame
these challenges, for instance, D1-N338. In several other structures [176, 177], the side
chain of D1-N338 is typically reported in a flipped position compared to our present
structure (Paper IV, SI Figure S11). The D1-N338 residue is situated at the bottleneck
of the O4 channel, and was recently proposed to function as a drawbridge for water
molecules in this region. Therefore, assigning the correct rotamer is important to

understanding the role of this residue.

4.4.2.5 Characterization of important hydrogen bonds at the donor and
acceptor sides using omit difference map

The hydrogen omitted-difference map also offers valuable information about the
locations of crucial protons at the donor and acceptor sides.

On the donor side, it is established that when Yz is reduced, the phenolic proton
of this redox-active amino acid is strongly shared with the N(¢) of D1-H190. In
previous atomic structures, this interaction is clear as the hydrogen bond between
these residues is short (up to 2.6 A). On the contrary, when Yz is oxidized, the transfer
of the proton to the N(g) of D1-H190 results in an increased distance between them.
Intriguingly, in our data, Yz and H190 are within 2.75 A distance and the peak
maximum position of their shared proton density is closer to the N(e) of H190 (1.24

63



A) than the phenolic oxygen of Yz (1.57 A). This result affirms the presence of a
hydrogen bond between Yz and H190, however, we are uncertain if this result can
conclusively determine the oxidation state of Yz, especially due to potential radiation
damage by the electron beam. Metal clusters are among the first features of biological
samples affected by radiation damage, leading to the reduction of these metal centers.
If the Mn,CaOj; cluster in our data is meaningfully reduced by radiation damage this
could affect surrounding amino acid residues, such D1-H190 which is a neighbor to
the OEC ligand D1-E189. Moreover, unlike what has been observed in X-ray and
neutron diffraction experiments, in cryo-EM the peak maximum for hydrogen/proton
positions typically deviates from its expected location and shifts away from the parent
atom [178-180]. These positional shifts are known to be influenced by the resolution
and B-factor of the data.

On the acceptor side, a distinct proton density emerges between the O1 oxygen
of the BCT and the phenolic oxygen of D2-Y244 indicating a shared proton between
these residues. However, there is an absence of density for the proton associated with
the hydroxyl group of D1-Y246 (Paper IV, Figure 5B). This result seems to indicate
that just one of the tyrosines, either D2-Y244 or D1-Y246, can form a hydrogen bond
with the BCT, consistent with previous observations. Additionally, we identified a
proton density adjacent to O3 of the BCT, sharing the same plane of D1-Y246. The
density’s peak maximum is within 1.5 A of O3 from BCT and 2.3 A from the phenolic
group of D1-Y246, while the distance between O3 of BCT and D1-Y246 is significantly
shorter (3.4 A) compared to distances described earlier [20] (=4.1 A, Paper IV, SI
Figure S12).

We have localized all hydrogen atoms and protons of D2-Hz214, situated closer
to Qa (Paper IV, Figure 5C), but we did not find a density for the proton of D1-H215
closest to the proximal oxygen of Qs (Paper IV, Figure 5D). These results suggest that
D1-H215 may be deprotonated, with the proton possibly moving to the proximal
oxygen of Qs. Nevertheless, it is noteworthy that Qs, the exchangeable quinone, is a
molecule with increased mobility, reflected in a higher B-factor relative to the Qa
region (Paper IV, SI Figure S13). This flexibility results in several undetected hydrogen
positions at Qs and the surrounding residues D1-S264 and D1-H252.

All together the data suggest that Qs undergoes protonation via Di-H215.
Following this, D1-H215 will be re-protonated through D1-Y246 mediated by W63.
D1-Y246 will then acquire a proton from the bicarbonate molecule.
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4.4.3 Radiation damage assessment

In the scope of this project, it was important to assess the level of radiation damage in
our full-dose structure. In Paper IV, SI Figures S2 and S3, and Table S2 summarize
the radiation damage extent by comparison with RT-XFEL structures (PDB 7RF2,
7RF3 and 7RF8) [181] in important areas of our structure. Also in Paper IV, the SI
Figure S4 illustrates that the electron beam exposure partially damaged the disulfide
bond between PsbO-Cys19 and PsbO-Cys44, but it was not severe enough to affect D1-
A344, as reported in a previous study [181].

I have employed low-dose reconstructions to investigate the effect of
accumulated exposure in the resolution of 3D-reconstructions and yield a much less
damaged structure that will undergo further analysis. In appendix 9.19 there is a
comparison of the overall resolution estimates between the full-dose (50 e/A?) and

the low-dose reconstruction (3 e /A2).

4.5 Project V — Structure and function of the S-layer
Deinoxanthin Binding Complex of the
extremophilic bacterium Deinococcus
radiodurans — Paper 11

The research on the cell envelope of Deinococcus radiodurans, has provided valuable
insights into the molecular mechanisms underlying its resilience to extreme
environmental stressors. The multifaceted investigations, spanning genetics,
structural biology, and biotechnology, contribute to our broader understanding of
microbial adaptation to harsh conditions and offer potential applications in diverse
fields.

Our collaborators at Cagliari University, worked for many years in characterizing
biochemically, biophysically, and structurally the cell envelope of the Deinococcus
radiodurans strain R1. They invited me to help process a single-particle dataset they
had already collected. This specific endeavor was to structurally resolve the flexible
part (stalk region) of this protein complex while they focused on protein modeling and
characterizing its function. The outcome of this project resulted in Paper II and is

summarized in section 5.5.
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4.5.1 The structure and function of the collar and stalk
regions of the SDBC

In our study of the S-layer deinoxanthin-binding complex (SDBC), we have
reconstructed the structure of the collar region at approximately 2.5 A resolution,
revealing a trimeric Cu-only Superoxide Dismutase (SOD). The structure of this region
corresponds to the uncharacterized protein DR_0644, previously reported to be
associated with the trimeric SlpA (DR_2577) protein complex. We could model 120
residues of the DR _ 0644 protein, which exhibits a f-sandwich motif with six opposing
antiparallel B-sheets, forming a structure approximately 34 A in width and 85 A in
length. DR_0644 proteins assemble in the SDBC as a trimer around the stalk region
of the complex. The trimerization motif is a linking region of 17 residues at the N-
terminus side, that binds to the other monomer via hydrogen bonds as a B-sheet. The
DR_0644 trimeric assembly interacts with the periplasmic interface between two
SIpA pores where a deinoxanthin molecule and two characteristic phosphoglycolipids
are localized. The Leus3 residue of each DR_ 0644 monomer is near the deinoxanthin
molecule of each SIpA monomer. We postulate that the interaction between DR_0644
and SIpA involves the N-terminus region of one DR_0644 monomer and the Leus3 of
another one.

In the context of intact cell envelope patches analyzed by cryo-electron
crystallography, the SOD trimers, previously identified as the collar region of the
SDBC, were confirmed to be localized in the periplasmic side [182]. The crystalline
organization in D. radiodurans extends throughout the entire cell envelope thickness,
approximately 200 A [72]. Two main orientations of the cell envelope, corresponding
to the S-layer and cytosolic sides, were subjected to diffraction analysis. The 2D map
of the S-layer side provided a detailed representation of its components, while the
orientation emphasizing the periplasmic level allowed for a close examination of the
less densely packed layers below the outer membrane. Visualizing the periplasmic side
in detail revealed the presence of the SOD trimer in situ [182]. Fitting the SDBC and
SOD structures into the 2D maps at an in-plane resolution of 4.5 A highlighted the
precise localization of these components within the cell envelope (see Fig. 2 insets).
The in situ analysis of the intact cell envelope thus provided a comprehensive view of
the localization of the SOD trimer in the periplasmic side, shedding light on the spatial
relationships within the SDBC complex.
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4.5.1.1 The DR_0644 subunit is a superoxide dismutase

Our bioinformatic analysis by homology and basic local alignment identified
DR_0644 as a superoxide dismutase (SOD). SOD proteins are typically found in
periplasmic and extracellular compartments, although in this case, itis an integral part
of a cell envelope complex, the SDBC. Metal ion-binding site prediction and docking
studies indicated a single Cu-binding site for DR 0644, involving three characteristic
His residues (His74, His76, and His182), confirming DR_ 0644 as a Cu-only SOD. The
presence of Cu? is further supported by the coordination and inter-atomic distances
for the identified binding site. The lower resolution of the DR_0644 trimer in
comparison to the SlpA trimer is attributed to the dynamics of these subunits,
although the possibility of partial movement of the trimer along the periplasmic region
of the trimeric SlpA stalk cannot be ruled out.

The threonine-rich region (residues 90-137) of this protein is disordered and
therefore unmodelled. Threonine-rich regions are Low Complexity Regions (LCR) of
proteins found to be highly conserved in prokaryotes. These regions may have
important roles in the binding of metal-ions, polysaccharides, RNA, and DNA [183].
Due to the proximity of this region to the Cu2* binding domain, I speculate that this

LCR is responsible for scavenging and delivering copper ions to the Cu?* binding site.

4.5.1.2 The stalk region of SDBC is an a-f coiled coil long enough to
reach the inner membrane of the cell envelope

Prior structural investigations of the SDBC encountered challenges in resolving the
first 218 residues of SIpA’s N-terminus due to the extensive and dynamic coiled-coil
stalk region. To address this limitation, I employed a local refinement approach
specifically on the stalk. This approach allowed the modeling of a significant portion
of the previously unassigned coiled-coil, spanning residues 217 to 166. Downstream
from residue 166, following an interruption of 5 to 10 residues, the carbon backbone
was successfully resolved, unveiling the SLH domain organized into a glomerular
structure (Figure 15).

In D. radiodurans cells, SDBC’s SLH domain anchors this protein complex to
the inner membrane of the cell envelope. For this single particle cryo-EM experiment,
the SDBC was solubilized from the outer and inner membranes for isolation purposes
and therefore it's SLH domain moves freely in relation to the S-layer domains. The
lower resolution observed in the SLH region is therefore attributed to the wide range
of dynamic movements of the stalk. The initial segment (first third) of the stalk region
manifests as a left-handed supercoil with a parallel orientation of the three chains,
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Figure 15 —Identification of SDBC and its components in the context of the cell envelope
environment of D. radiodurans strain R1.

characterized by a periodicity of seven residues over two helical turns (heptads - 7/2).
Also in the first third of this trimeric coiled coil, a noncanonical motif (Val216-Ala213)
was identified. The presence of this motif results in local B-layers deformations,
forming an a-p coiled coil.

The stalk region of the SDBC is notably elongated, spanning approximately 280
A, contributing to an overall length of the SDBC ranging from 300 to 330 A. This
observation aligns with previous reports and confirms the extension of the stalk into
the periplasm. Importantly, the findings indicate that the stalk region is long enough
to reach and establish interactions with the inner membrane of the D. radiodurans
strain R1, through its SLH domain, corroborating earlier research (19, 20, 25, 27). This
structural information sheds light on the extensive reach of the SDBC within the

periplasmic space and its interactions with other cellular components.

4.5.2 SDBC is a quencher of UVC-UVB radiation and ROS

We have complemented our structural study of the SDBC with other experiments to
better understand SDBC’s quenching properties against UV photons and Reactive
Oxygen Species (ROS).

The absorption spectrum of the SDBC displays the characteristic polyene
signature of carotenoids, attributed to the xanthophyll-carotenoid deinoxanthin. The
main UV bands primarily arise from the high percentage of aromatic amino acid

residues in SIpA. Fluorescence spectroscopy revealed that the complex tends to absorb
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in the UVC-UVB range and emits at longer wavelengths in the UVA-visible range,
indicating its role as a significant channel for energy dissipation.

In a different set of functional experiments, the Superoxide Dismutase (SOD)
activity of the SDBC was assessed using pyrogallol auto-oxidation rates as an indicator
of ROS superoxide ion (O--) scavenging activity. In the presence of the SDBC, the
auto-oxidation rates of pyrogallol decreased by approximately 85% compared to
controls, after one minute of the assay. The quantification of this activity was
estimated to be equivalent to approximately 756 U/ml, demonstrating the
effectiveness of the SDBC in scavenging superoxide ions and highlighting its potential
role in mitigating oxidative stress.

Given the SDBC's nonselective transport properties and its consistent
distribution across the entire cell surface, the ROS-scavenging ability of the collar
region protects the bacterium efficiently and uniformly from potential environmental
challenges. This aligns with the extremophilic nature of D. radiodurans, an organism
assumed to have evolved before the era of oxygenic photosynthesis, and the great
oxygenation event when UV radiation could reach the Earth's surface unhindered. The
UV quenching trait likely evolved before the atmospheric ozone layer was in place to
filter the highest energetic UVC-UVB radiation. Besides their light-harvesting role,
carotenoids are known to act as antioxidants and efficient quenchers of ROS. On top
of its role as a UV radiation quencher, SDBC’s deinoxanthin molecules complement
SOD ROS quenching function by scavenging singlet oxygen.

Environmental stressors, whether physical or chemical, likely exerted selective
pressure on evolution, leading to the emergence of protective molecular machines like
the SDBC. Systems akin to SDBC may have been crucial in the evolution of early
photosynthetic systems that needed to integrate both photoprotection and
chemoprotection  alongside  energy  production. Functioning as a
photo/chemoprotective system, the SDBC incorporates a light-harvesting system,
facilitated by light-absorbing amino acid residues and carotenoids, and an
oxidoreductase activity, sustained by SOD reactions. This dual functionality could
have served as a functional template for combining energy production with protection
mechanisms, particularly considering the reported connection between SODs and
photosynthetic reaction centers.

The maintenance of SDBC on a planet shielded by the ozone layer raises
questions about its evolutionary significance. Besides their chemoprotective
mechanism, the evolutionary conservation of such structures is supported by their
contribution to cell envelope stability and its nonselective transport properties.
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5 Summary of results and conclusion

Project I — The structure of Photosystem II supercomplex from
wildtype Arabidopsis thaliana and an optimized purification
protocol

In Paper I, we presented the first high-resolution structure of the Arabidopsis PSII
C.S-M- supercomplex. The sample extracted with a digitonin and 3-DDM detergent
mixture and imaged by cryo-EM led us to the first study highlighting the structural
consequences that the PSII complexes suffer when exposed to digitonin. Furthermore,
this study demonstrates the effects that digitonin may have on many other protein
systems.

In the same study, we used the destabilizing effects of digitonin to derive new
knowledge of protein-protein, protein-ligand, and ligand-ligand interactions in land
plants’ PSII and to motivate the development of new protocols to purify PSII from
Arabidopsis thaliana.

In summary, Paper I provided valuable insights into the high-resolution
structure of PSII in wild-type Arabidopsis thaliana, shedding light on its assembly and
interactions with extrinsic proteins, and highlighting the influence of detergent
molecules on the stability and functionality of PSII.

I have extracted oxygen-evolving PSII supercomplexes isolated with the two
isoforms of DDM detergents, vitrified these sample on EM grids, and imaged them.
From the collected data I reconstructed a new 3D structure that contains the
previously missing subunits PsbJ, PsbP, and PsbQ, and a functional OEC. The new
structure of A. thaliana PSII-LHCII complex will be the new reference for in silico
studies of plant PSII.

Project II — Comparisons between PSII complexes from
different species

Despite the core of PS II being highly conserved between oxygenic photosynthetic
organisms, there are still differences between different classes of organisms.

A lot of knowledge can be derived from individual structural biology projects;
however, I believe that observation of individual structural research work must be
supported by previously published results, or complemented by new experiments, to
mitigate the risk of inaccuracies in the proposed interpretations. This is the reason why
I complemented the study presented in Paper III with MS data, and included the
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structural data from many PSII complexes, instead of restricting myself solely to PSII
from land plants. By comparing different structures, I concluded that the level of
shielding of the PsbC-CLA504 pocket, not only correlates with the observed length of
the tail density, but it also influences the stability of the ligands in this pocket.
Influenced by the stability in the region, the variable flexibility of the PsbC-CLA504
phytyl tail in different PSII preparations, although not apparent at the beginning of
this study, is the only element that justifies the observed structural differences in XRD
and cryo-EM maps. To further confirm this, I suggest in silico experiments, using the
same PSII structures used in this study, complementary to the already published
results of coarse-grained MD simulations. All-atom MD simulations, although
computationally intensive and costly, would allow us to analyze the level of flexibility
of PsbC-CLA504 and provide additional support to this premise.

Project III — Studies of land plants’ PSII assembly/repair
intermediate complexes

We have extracted PSIT monomers binding the subunits PsbS and Psb27, but we were
not able to successfully image complexes which contained these protein subunits using
cryo-TEM. Mass spectrometry and biochemical analysis suggested that our PSIIm
sample binds the PsbJ, PsbO, PsbS, and Psb27 proteins [111], however, when I imaged
this sample through single-particle cryo-EM I could not detect the presence of any of
these proteins. The nature of the sample created a challenge in addressing most of the
aims of this study, nevertheless imaging this complex allowed us to confirm some of
the proteins and cofactors that bind to a monomeric PSII species in assembly/repair.

Currently, there are no publicly available PSII structures of any Tobacco plant
species. If published soon, this may not only be the first Tobacco PSII structure, but as
the first PSII assembly intermediate structure of PSII from the green lineage (algae
and land plants). Furthermore, the strategy used for the purification of this complex
can be adapted to the purification of other N. tabacum PSII complexes, including the
mature dimeric PSII.

The possibility of successfully imaging a PSIIm-S/27 complex cannot be
disregarded. Vitrification in grids with a graphene oxide coat have proven useful to
image fragile complexes. In the future we could attempt to vitrify our sample, which
we believe contains a population of PSIIm-S/27 complexes, in graphene oxide coated
grids, instead of the widespread continuous carbon film grids that I used in the past.
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Imaging monomeric PSII from the thylakoid grana membrane could be of
interest as a control to the already existing PSIIm structure which we have from the

lamellae region.

Project IV — Probing cryo-EM as a tool to study biological water
oxidation at near-atomic resolution.

Structural biology is experiencing a profound transformation due to advancements in
cryo-EM techniques. This progress and the usage of an established sample
preparation methodology for the purification of stable PSII complexes from
cyanobacteria were essential to accomplishing the aims of this project. Our 1.71 A
resolution 3D reconstruction of PSII offered fresh insights into the chemistry
happening inside this membrane protein complex. The data exposes new water-
binding sites adjacent to the Mn,CaOs cluster. We validated the substantial disruption
in the water network of the O4 channel, which reaffirms the accuracy of earlier XFEL
investigations and supports the hypothesis that the O1 channel is the supplier of the
substrate (water) to the Mn,CaOs cluster during the S»-S; transition. With this map we
made the first experimental detection of W63 near the electron acceptor, Qs,
conclusively determining the protonation pathway of QsH- and the trajectory for
reprotonation of the site after QsH. has vacated the pocket, confirming an important
structural feature foreseen by theoretical calculations.

We highlighted how cryo-EM distinguishes itself from XRD, as compared to X-
rays, electrons have augmented scattering potential for light elements , particularly for
hydrogen which was of utmost significance for this project. Having the ability to
identify more than 50% of the hydrogens/protons within PSII contributed to a better
refinement of the atomic model. Understanding the protonation state of amino acids,
cofactors, and substrates near catalytic sites was essential to pin-point proton-coupled
electron transfer sites, such as that between the two tyrosines, mediated by
bicarbonate, at the acceptor-side.

Despite concerns about potential radiation damage to high-valent metal centers
in cryo-EM, it is crucial not to diminish the outstanding utility and insights offered by
this technique. Hence, the structural elucidations accomplished in this study
significantly contribute to the ongoing endeavor of unraveling the molecular basis of
life-sustaining reactions in photosynthesis. Increased knowledge of the biological
systems of solar energy conversion helps in refining the blueprints for scalable
catalysts and devices in the anthropomorphic production of solar fuels and chemicals.
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Project V — Structure and function of the SDBC from the cell
envelope of the extremophilic bacterium Deinococcus
radiodurans

The most external layers of the cell envelope of Deinococcus radiodurans continue to
be a subject of active research, with ongoing efforts to uncover additional facets of its
biology and applications. The bacterium’s unique combination of resistance to
extreme conditions, facilitated by the S-layer and outer membrane, positions it as a
captivating model organism for understanding stress tolerance in microorganisms
and exploring biotechnological innovations. The detailed structural insights gained
from this project contributed to a more comprehensive understanding of the SDBC
architecture, its function as a quencher of UV radiation and ROS, and its dynamic
features. Additionally, this work shed light on the extensive reach of the SDBC within
the periplasmic space and its interactions with the inner membrane of the cell
envelope (in the strain R1), contributing to a more comprehensive understanding of
the architecture and function of the D. radiodurans cell envelope. This project also
highlights how much the cell envelope architecture can differ between strains of D.
radiodurans, for example, comparing the strain R1 used in this study to the BAA-816
strain [75], for instance. Differences in cell envelope architecture between strains of
the same species have also been detected in other organisms, for instance
Lactobacillus helveticus [98].

General conclusion

In conclusion, cryo-EM has provided a unique opportunity to study large membrane
protein complexes — such as land plants PSII and the SDBC complexes — that cannot
be easily crystalized, most likely due to their flexibility. It also allowed me to resolve
large flexible parts of these complexes, and resolve their structure in a fully hydrated
state, in contrast to crystallized protein samples.

Cryo-EM has also proven to be a complementary technique to XRD-based
techniques, as it provided us with insights into the protonation states, proton transfer
events, and hydrogen networks. This is due to the distinct nature of how X-rays and
electrons interact with matter. The electron’s higher scattering factors for hydrogen
atoms at near-atomic resolution benefit cryo-EM [178]. Moreover, electrons can
achieve superior resolutions compared to X-rays since their wavelength is shorter
(=0.02 A for electrons vs =1 A for X-rays, for both particles accelerated with an energy
of 300 keV) [184]. However, radiation damage is still noticeable in data collected by
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cryo-TEM, a problem that seems to be overcome in XFELs [185]. Radiation damage is
resolution limiting and its minimization is highly relevant when studying the precise
configurations of metal clusters in many enzymatic complexes.

Neutron diffraction experiments of deuterated proteins have the potential to
provide similar knowledge of processes involving protons/hydrogens, and it is a
technique that does not induce radiation damage to macromolecules. However, this
method is still in the early stages of its development as a structural biology tool for the
determination of large molecular complexes at high-resolution. Moreover, neutron
diffraction experiments of macromolecules require crystals larger than those used for
XRD experiments imposing more restrictive limits to the investigated biological
specimens. To gain full advantage of neutron diffraction studies applied to
biomolecules, the sample needs to be deuterated. Furthermore, these experiments are
more expensive and have a much higher experimental effort as they require a nuclear
reactor or a spallation source and can only be performed in very few places around the
world [186].

As is, for the studies presented in this dissertation, cryo-EM played a role that
could not be replaced by a crystallographic method.
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6 Future perspectives
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6.1 Future of the cryo-EM field and the new
possibilities for in-depth structural biology
studies of Photosystem II

In the last four and a half years, I have experienced how fast the field of cryo-EM is
developing. During my doctoral studies, I have observed an exponential increase in
the number of SPA cryo-EM data/studies being published, dozens of new software
packages for SPA and map post-processing tools appearing, an uncountable number
of software updates released, and new hardware being developed.

I am driven by a great interest in workflows, software, and hardware
development; and I am excited to develop new methods and to participate in testing
new software through implementation in my workflows. Concerning this, the
computational biology aspect of my research work was particularly fruitful, and some
of the method development results are yet to be published. Below I describe a topic to
which I am contributing, a topic that will open new possibilities to structural biology
studies of PSII using cryo-EM. The discussion is followed by other equally important

technical advancements in the field currently being developed.

6.1.1 Time-resolved cryo-EM studies for photosensitive
proteins

At present, the development of time-resolved cryo-EM studies is a very hot topic [187—
193]. Several research groups and cryo-EM facilities are trying to visualize the
assembly of complexes when two purified protein samples are combined or to

structurally probe an enzymatic reaction when a substrate is supplied immediately
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before plunge-freezing [188, 192, 193]. However, most reactions catalyzed by enzymes
happen much faster than the time it takes to manually add the second ingredient to
the grid before plunge-freezing. Currently, one highly explored option is the usage of
caged compounds which are released when exposed to a certain type of light [187, 191].
These flashes of light can illuminate the grid on its way to the liquid ethane bath during
plunge-freezing. This type of time-resolved method could also prove to be useful for
PSII assembly or water oxidation studies, but currently, there are no commercial
setups available that provide this kind of illumination. Such instruments, although
already in development, require many iterative optimizations and a period of
thorough testing; processes that take years to complete, thus we will have to wait until
those solutions become commercially and widely available in cryo-EM labs. The
EasyGrid is a fully automated robot for the preparation of cryo-EM grids, being
developed at EMBL Grenoble. This instrument vitrifies the sample with a jet of liquid
ethane, instead of plunging the grid into a liquid ethane bath, which offers a much
greater cooling rate. Future versions of this instrument will have a laser interferometer
for quality control and assessment of ice thickness right after vitrification, allowing for
selection in a very short period of what grids are worth loading into the microscope.
Such development will help scientists to have a higher-throughput in the cryo-EM
sample preparation workflow, and to screen more sample buffer/vitrification
conditions for complex samples. This highly customizable robot, not yet
commercialized, will in a future version also have an option to light trigger/activate a
sample or a reaction within the sample mixture, which is great news for the future of

time-resolved structural biology.

Regarding PSII studies, the mechanism of water oxidation is a multi-step
reaction driven by multiple flashes of light, therefore to obtain the structures of
intermediates of the biological water oxidation cycle, it is required to provide light
flashes to the sample with highly controlled light intensity and temporal resolution. I
would like to see the development of a new class of grid preparation instruments
coupled with a programable light source for flash illumination of PSII and other
photosensitive proteins with reactions whose lifetimes are in the timescale of
hundreds of milliseconds. I urge the manufacturers of plunge-freezing devices to
provide a communication port and open-source code in their instruments so that
external devices can be easily coupled and synchronized. In theory, an automated flash
illumination protocol, coordinated with the grid plunge-freezing procedure, occurring
at a constant 4 °C, has the potential to turnover PSII and other protein systems, or
activate caged compounds, for instance. Once these points can be addressed, we may
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get structural information of various intermediate states of metalloenzyme reactions,
or protein conformation exchange dynamics, from diverse biological systems, that
have been impossible to capture using X-ray diffraction methods.

Alongside fellow co-authors from Paper IV, we aim to achieve time-resolved
cryo-EM studies of PSII, ahead of the commercial release of these innovative
vitrification tools. To obtain the high-resolution structures of intermediate steps of the
water oxidation mechanism in PSII we have developed a programable prototype
device for flash illumination, capable of driving PSII excitation and turnover. This
LED-based device is capable of flashing at programable ps intervals. Although not
straightforward, with some clever engineering, we managed to trigger this prototype
device in synchrony with the plunge-freezing protocol of the Thermo Fisher Scientific
Vitrobot® MKIV grid vitrification instrument allowing reproducibility in illumination
and vitrification standards. The automated flash illumination protocol, coordinated
with the grid plunge freezing procedure, occurs at constant 4 °C and 100% relative
humidity conditions, inside the Vitrobot chamber. An early version of this light-
triggered time-resolved setup has been used to attempt to turnover the PSII samples
used in the Paper IV study. Upon comparison with the data collected at XFELs for the
S. and S; intermediates of the Kok cycle, the initial results obtained using our
prototype seemed to indicate that the PSII sample, which was frozen after one or two
flashes, contained a mixture of S-states and was not sufficiently enriched in the S. or
S5 configurations, respectively. We are currently in the process of optimizing the light
flash protocol by assessing water oxidation turnover with biophysical and structural
experiments. In this way, we plan to get accurate structural information of certain
intermediate states of the active site and the entire PSII complex, under particular pH
and buffer conditions that are difficult or impossible to capture using crystallographic
methods. Ideally, this will include the protonation states of important amino acids and
redox-active cofactors. If successful, this device would allow for the study of PSIT’s
photoactivation, the Mn,CaOs cluster conformations in the different S states as well as
other light-induced changes in PSII or other biological systems, using cryo-EM as the

structural biology method.

6.1.2 Radiation-damage-free SPA reconstructions

High-resolution structures with minimal radiation damage (zero-dose extrapolation)
need to be obtained to fully understand the detailed chemistry behind the biological
water oxidation mechanism, or other biological processes involving metal complexes

and redox reactions.
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Zero-dose (extrapolation) high-resolution SPA reconstructions were only
recently demonstrated for a handful of protein complexes [194]. These were achieved
using a novel type of cryo-EM grid, HexAuFoil®, that at the time of the publication of
this thesis is arriving in the hands of the costumers who pre-ordered it. The design of
HexAuFoil® grids incorporates small holes (< 1 um) to ensure a specific ratio of hole
size to ice thickness that prevents the accumulation of compressive strain in the ice
during vitrification. As grid holes are imaged by the electron microscope, this strain is
normally released by the local heating effects of the electron-beam, which results in
image blurring, diminishing both quality and achievable resolution. HexAuFoil®
grids bring the beam-induced motion effect to a minimum allowing particles to remain
stationary and therefore 3D reconstructions can be extrapolated to zero dose.
Furthermore, the traditional “grid square” design has been replaced in this grid by a
high-density hexagonal design that improves the stability of the grid, which results in
less re-focusing and improved data collection rates.

Although cryo-EM is performed at LN2 temperatures, the future
implementation of liquid helium in cryo-TEM is expected to mitigate radiation

damage.

6.1.3 Radiation-damage-free structure at atomic resolution

Even with minimal beam-induced motion, typically single particle reconstructions
that use only the very first frames of a movie (less than 8 e/A2) would result in a lower
resolution reconstruction than those based on total accumulated dose — whenever the
traditional 40 to 80 e/A2 total dose is applied. The resolution dependency on
accumulated dose reflects the power of the movie signal averaging process which
enhances the SNR on the final micrograph. Although this can theoretically be
compensated for by acquiring more data to include a larger number of particles in the
reconstruction, it is expensive and time-consuming: more microscope time, more
terabytes of raw data, and longer data processing time.

The use of phase plates (PP) can enhance contrast at lower electron doses [195],
but currently available PPs limit data acquisition rates. Laser phase plates (LPP) are
the next generation of PP currently in development [196]. LPPs are high-intensity
continuous-wave laser beams designed to manipulate the electron phase. LPPs ensure
a steady and adjustable phase shift, avoiding concerns like electron scattering or
electrostatic charging. The development of this new kind of PP together with new

direct electron detectors with higher detective quantum efficiencies (DQE), shall
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improve the SNR in the collected images and allow for higher-resolution of low-dose

3D reconstructions.

6.1.4 In situ cryo-ET and subtomogram averaging

In-situ cryo-electron tomography (cryo-ET) and subtomogram averaging are
powerful techniques in structural biology that complement each other to provide
detailed insights into the three-dimensional organization of biological
macromolecules within their native cellular context. In-situ cryo-ET involves rapidly
freezing cells or organelles in their hydrated state, followed by thin slicing and imaging
using a high-end cryo-TEM. This technique captures dynamic cellular processes and
spatial relationships between macromolecular complexes, generating three-
dimensional tomograms from tilted images for detailed visualization of large cellular
structures [197].

Subtomogram averaging is a computational method similar to single-particle
analysis, enhancing SNR in cryo-ET reconstructions by aligning and averaging
multiple sub-volumes with the same structural features. This improves the resolution
and interpretability of the three-dimensional volume, allowing to discern fine
structural details [198]. When combined, in-situ cryo-ET and subtomogram averaging
provide a powerful approach to studying cellular structures, particularly advantageous
for large macromolecular assemblies.

As with other cryo-EM methods, recent advancements in hardware and
software, including improved cryo-specimen holders, FIB-milling technology,
automated data collection, modern detectors, and advanced image processing
algorithms, have elevated the capabilities of cryo-ET and subtomogram averaging.
Despite being a cumbersome and time-consuming task, some high-resolution
structures (= 3.5 &) of large PBS-PSII-PSI complexes [199], so far not isolated in vitro
have been resolved in situ. This technique, although currently limited to large protein
complexes (megadalton size), is developing fast and may in the next decade be able to
reconstruct sub-megadalton macromolecules. I foresee that the combination of cryo-
ET and subtomogram averaging will empower interesting studies of the thylakoid
membrane, including the structures of intermediate assembly complexes and other

less populated states of macromolecular complexes.
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“In western lands beneath the Sun
the flowers may rise in Spring,
the trees may bud, the waters run,
the merry finches sing.

Or there maybe 'tis cloudless night
and swaying beeches bear
the Elven-stars as jewels white

amid their branching hair.

Though here at journey's end I lie
in darkness buried deep,
beyond all towers strong and high,
beyond all mountains steep,
above all shadows rides the Sun
and Stars for ever dwell:

I will not say the Day is done,

nor bid the Stars farewell.”

John Ronald Reuel Tolkien
- The Return of the King
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9.1 Material for digital consultation

To help consult the already published papers and structural datasets, the author decided to
append direct QR code and quick link references for the material with a DOI number
attributed:

Document Link

Paper I https://doi.org/10.1038/s41598-021-94914-x
Arabidopsis

PSII https://www.rcsb.org/structure/70UT

PDB 7OUI

[=]
. .. 1

Paper II https://doi.org/10.1016/j.jbc.2022.102784

SDBC https://www.rcsb.org/structure/8AGD

s: .resb.org/structure

PDB 8AGD P & "
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9.2 List of buffers and other important solutions

For clarity, reference, and a better understanding of the Arabidopsis experiments, this
section includes a detailed list of the composition of all the utilized buffer solutions. The
buffers are identified with a letter code, ordered in the order of appearance in this
document. Some buffers/solutions have been optimized for a customized preparation of A.
thaliana PSII and are identified as “Optimized” by contrast with the “Original” protocol. All
buffers were prepared at room temperature, cooled down to 4°C, and only then pH
adjusted.

Buffer A — Cell grinding/disruption

20 mM Tricine-NaOH pH 8.4, 450 mM sorbitol, 10 mM Na-EDTA pH 8, 5 mM
NaCl, 5 mM MgCls, 2 g/L bovine serum albumin (freshly added), 2 g/L sodium
ascorbate (freshly added).

Buffer B — Wash
20 mM Tricine-NaOH pH 7.6, 330 mM sorbitol, 5mM MgCl..

Buffer C — Hypoosmotic shock for chloroplast lysis

20 mM Tricine-NaOH pH 7.6, 5 mM MgCl..

Buffer D — Promotion of thylakoid membrane stacking
20 mM MES-NaOH pH 6.3, 5 mM MgCl., 15 mM NaCl.

Buffer E — Thylakoid membrane solubilization
20 mM MES-NaOH pH 6.3, 5 mM MgCl2, 15 mM NaCl, 10% (w/v) Triton X-100.

Buffer F — Storage/freezing buffer for BBY membranes

20 mM MES-NaOH pH 6.3, 400 mM sorbitol, 5 mM MgCl., 10 mM CaCl., 15 mM
NaCl.

Buffer G1 — BBY membrane wash and resuspension — Original

10 mM HEPES-KOH pH 7.5.

Buffer G2 — BBY membrane wash and resuspension — Optimized
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25 mM MES-NaOH pH 6.3, 10 mM NaCl, 5 mM CaCl..

Buffer H1 — BBY membrane solubilization — Original
10 mM HEPES-KOH pH 7.5, 1 % (w/v) digitonin and 0.2 % (w/v) f-DDM.

Buffer H2 — BBY membrane solubilization — Optimized
25 mM MES-NaOH pH 6.3, 0.6 % (w/v) a/-DDM.

Buffer I1 — Photosystem IT wash and concentration — Original

10 mM HEPES-KOH pH 7.5, 0.01 % (w/v) digitonin.

Buffer I2 — Photosystem IT wash and concentration — Optimized

25 mM MES pH 6.3, 1 M Betaine, 10 mM NaCl, 5 mM CaCl., 0.01 % (w/v) a/-
DDM.

Buffer J — Oxygen evolution measurements

400 mM sucrose, 40 mM MES-NaOH pH 6.5, 10 mM NaCl, 5 mM MgCl..

Sucrose density gradients — Rate zonal ultra-centrifugation
Ti 41 tubes (REF 344059): 12.5 mL of linear sucrose gradient are formed by the simple

freezing and thawing method. Freezing was performed for 6 hours at -80°C before thawing

at 4°C overnight.

Original recipe:
0.35 M Sucrose; 10 mM HEPES-KOH pH 7.5; 0.01% (w/v) digitonin.

Optimized recipe:

0.35 M Sucrose; 50 mM MES pH 6.3; 1 M Betaine; 10 mM NaCl; 5 mM CaClz;
0.01% (w/v) a/B-DDM.
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9.3 Plant growth

Arabidopsis thaliana (ecotype Columbia-0) plants were grown in controlled temperature
(23°C) and humidity (40-70%) conditions, with an 8 h light / 16 h dark photoperiod. The
source of light was a set of MASTER TL-D 18 W/830 (Philips) lamps, and the light intensity
at the height of the soil surface was set up to be 130+5 pmol photons m2 s across the entire
shelf. Arabidopsis seeds were obtained from the Arabidopsis Biological Resource Center
(ABRC; https://abrc.osu.edu/). Seeds were sown directly on pots with a mixture (3:1) of
soil (“yrkeskvalité K-JORD/krukjord”, Hasselfors GARDEN) and agra-vermiculite (RHP)
and placed within trays fitting 15 pots. Alternatively, seeds were sterilized using 70%
ethanol and 7% Na-Hypochloride, plated on Murashige & Skoog (MS) basalt salt mixture
(Duchefa Biochemie) media plates with a pH of 5.7, stratified (in darkness) for 2 days at
49C and then moved to short-day conditions in a growth room. After 14 days, Arabidopsis
seedlings were transferred to the prepared soil pots.

Plants were harvested in their adult period, around the 8% week of their
developmental stage before stem shooting. Leaves were cut from the roots within the last
hour of the dark period and brought to our 4°C cold room in airtight plastic bags. From this
moment plant material was always handled under dimmed green light and cold
temperature conditions.

9.4 Extraction of BBY membranes

The extraction procedure reported here was performed under dimmed green light inside a
cold room (4 to 6 °C). During the entire procedure, samples were preserved on ice whenever
possible. The centrifuges Avanti® J-26 XP (Beckman Coulter, USA), two fixed-angle
JA - 25.50 rotors (Beckman Coulter, USA), and the four-blade blender were pre-cooled to
4 °C before use.

Freshly harvested A. thaliana leaves (50 g) were ground inside a blender with Buffer
A (200 mL). The preparation was filtered through 2 layers of Miracloth (20 pm pore size)
or 4 layers of reusable cheesecloth (also 20 um pore size). While filtering the first batch, the
process was repeated for as long as there were harvested leaves to grind. The filtrate was
centrifuged at 1,400 x g for 3 min and the pellet was gently resuspended in Buffer B with a
soft paint brush. The washed pellet was centrifugated again at 1,400 x g centrifugation for
3 minutes. Up to this point, two centrifuges/rotors were used in parallel to quickly process
the large volumes of filtrate, minimizing protein degradation. The pelleted chloroplasts
were lysed by hypoosmotic shock while resuspended in Buffer C using a loose glass
homogenizer and centrifuged at 2,000 x g for 5 minutes. The final pellet containing intact
thylakoid membranes was resuspended in a minimal volume of Buffer D using a tight glass
homogenizer and then transferred to a beaker and left incubating for 30 minutes (in the
dark, on ice) to promote thylakoid membrane stacking. The chlorophyll concentration of
this resuspension was measured according to the Porra et al. (1989) method, to calculate
the volume of Buffer E (Triton:Chl ratio of 10:1 (w/w)) to add on the following solubilization
step. Having completed at least 30 minutes of incubation, Buffer E was added to the
resuspended sample drop-by-drop with constant mixing using a stirrer bar and magnetic
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plate. After 16 minutes of incubation, since the first drop of Buffer E was added, the
resuspended pellet was centrifuged at 1,000 x g for 2 minutes to pellet any remaining
starch. The resulting supernatant was transferred to new tubes and carefully balanced
before centrifuging at 40,000 x g for 20 minutes to pellet the BBY membranes. The
supernatant was carefully discarded, and the pellet was resuspended with the help of a
small paint brush, in a minimal amount of buffer F (trying to resuspend each pellet with
300 pL each time, no more than 9oo uL total per pellet/tube). After resuspension, the
individual fractions were pooled and homogenized together. The Chl concentration was
measured before aliquoting the BBY membranes for storage or directly for PSII isolation.

PSI| extraction from endogenous source @ ®
‘:‘,“k /-\
~ =

Grown A. thaliana Mechanical disruption Isolation of intact BBY membranes: Sucrose density

PSll-enriched grana .
plants of leaves chloroplasts thylakoid membranes gradient (SDG)

Figure 16 — Procedure for the extraction of BBY membranes from endogenous plant material,
A. thaliana (steps 1 to 3), and solubilization of these membranes (step 4) prior to purification of
different Photosystem II complexes by sucrose density gradient centrifugation (step 5).

9.5 Oxygen evolution measurements

Oxygen evolution measurements were conducted using an Oxygraph (Hansatech
Instruments, United Kingdom), and Clark-type electrode with a platinum cathode and a
silver anode bathed in saturated KCl solution. Once the setup was prepared, according to
the instrument’s manual, and calibrated using air-saturated water and degassed water as
reference points, the following procedure was repeated for each measurement. A minimum
of 2 individual measurements per sample was performed.

The reaction mixture was placed inside the reaction vessel: 500 pL Buffer J, 4 puL of
50 mM phenyl-p-benzoquinone (PPBQ, electron acceptor), 10uL of 100 mM potassium
ferricyanide (K3[Fe(CN)6], electron acceptor), x uL of the sample (corresponding to 5 g of
Chl), and y pL of Milli-Q water (y = 1000 — 514 — x); note that the sample was the last
component added into the measuring cell. The container, kept at a constant temperature of
20 °C, was closed with the screw lid creating only a small surface area with the exterior
atmosphere, the reaction mixture was stirred with a small magnetic bar and the
measurement recording started. Once a stable plateau (baseline) was observed in the
oxygen evolution live graph, the light source (KINDERMANN diafocus AF 250 projector)
was turned on to drive oxygen evolution. The measurement ran for 2 minutes before the
lamp was turned off and the recording stopped a minute later.

Oxygen evolution rates were derived from the slope/derivative of the oxygen
evolution curve for the first 30 seconds of illumination.
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9.6 Masked local refinement of the CP24/M-LHCII antenna
module of the digitonin-extracted PSII supercomplex

The reasons for low-resolution in the CP24/M-LHCII antenna region of the original
reconstruction are explained in Paper I. Masked local refinement considerably improved
the resolution of this region.

Global Resolution: Local Resolution (A): Global Resolution: Local Resolution (A):

FSCo103=2.79 A 25 B3 FSCo.143=3.5 A 2M&)

Figure 17 - On the left, the experimental map of digitonin-extracted PSII supercomplex colored
according to local reolution, with the masked region that corresponds to the CP24/M-LHCII
antenna module highlighted. On the right, the results of the local refinement of the masked region.

9.7 Example of a map colored according to local resolution

1.91 2.34
Resolution (A)

Figure 18 — An exemplar region of the experimental map from Paper IV colored according to
local resolution.
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9.8 Pixel size recalibration using XRD structures

0.9162

0.916
0.9158
0.9156
0.9154

0.9152

Cross-correlation coefficient

0.915

0.9148
0.5742 0.5744 0.5746 0.5748 0.575 0.5752 0.5754 0.5756 0.5758

Voxel/pixel size

Figure 19 - Plotting the relationship between voxel/pixel size in a map and the agreement with
a previous XRD structure.
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9.9 Cumulative CTF for different defocus value ranges

The following Figure 20 shows the calculated cumulative CTF functions of a high-end
TEM for specific defocus ranges. Defocus ranges that contain values closer to focus allow to
collection of data at higher spatial frequencies.
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Figure 20 - Averaged sum of CTF= plots.

(A) Defocus range used in data presented in Paper I: [-1.5, -1.8, -2.1, -2.4, -2.7, -3.0] um, 0.82
pixel size.

(B) Defocus range used in data presented in Paper IV: [-0.8, -1.0, -1.2, -1.4, -1.6, -1.8, -2.0] um,
0.5744 pixel size.

(C) Hypothetical defocus range with lower defocus values: [-0.4, -0.5, -0.6, -0.7, -0.8, -0.9, -1.0,
-1.1, -1.2, -1.3, -1.4, -1.5] um, 0.455 pixel size.
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9.10 Simulations of signal delocalization and appropriate box

size for data processing

The simulations illustrated in Figure 21 that take into account the characteristics of a high-
end TEM, such as a Titan Krios operating at 300 keV, helped me to decide on an optimal
box size for particle extraction in Project IV.

Delocalisation (px)

Box size (px)

A Delocalisation Due to Contrast Transfer Function

448
— 1.60
398 — 1.50
— 1.40
1.30
1.20
1.10
— 1.00
— 0.90
— 0.80

349-
299-
249-

199

Inf 31.16 15.58 10.39 7.79 6.23 5.19 4.45 390 3.46 3.12 2.83 260 240 223 208 195 1.83 173 164

Resolution (A)

B Minimum Boxsize to avoid aliasing

1.60um

1170 —— 1.50um

1.40um
1.30um
1.20um
1.10um
e 1.00um
= 0.90um
~— 0.80um

pixel size (A)

Figure 21 — Simulations of defocus dependent signal delocalization and minimal box size before
aliasing, considering the defocus range used for Project IV. (A) Signal delocalization (in pixels)
for given defocus values in function of spatial resolution (in A). The delocalization for the minimal
aimed resolution (< 24) corresponds approximately to 225 px. (B) Box size (in pixels) for a given
defocus values in function of the spatial resolution between pixels of the detector (in A). The
minimum box size for the detector’s pixel size corresponding to the nominal magnification chosen
for data collection (0.5744 A) is nearly 720 px.
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9.11 The missing subunits in digitonin-extracted PSII-LHCII

Top view from the lumen side

PsbJ)

Symmetry
subunit

PsbP o
subunit

M-LHCII trimer

PsbQ - ‘," Digitonin

subunit detergent

Figure 22 - Surface representation of the atomic model of A. thaliana PSII extracted with
digitonin (PDB: 70UI, pinkviolet tones), lacking the subunits PsbP, PsbQ and PsbJ, present in
other land plants atomic models. The subunits PsbP, PsbQ and PsbJ were retrieved from the
5XNL PSII model of P. sativum and superimposed to the Arabidopsis PSII model.
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9.12 Oxygen evolution rates for a-DDM extracted PSII

Solubilization with : 45 Rates*
0.6% (w/v) a-DDM @ pH 6.3 : 40 4
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| € Band 4 439.2
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Figure 23 — Characterization of the oxygen evolution activity of the different bands of the
separated a-DDM solubilized complexes.

9.13 The presence of the PsbP and PsbJ subunits in the a-DDM
extracted PSII 3D-reconstruction

Before obtaining the $-DDM solubilized PSII, the lower-resolution 3D-reconstruction of
PSII particles extracted with a-DDM had already allowed to identify the presence of PsbP
and PsbJ subunits in the PSII structure.

DDM-only extracted PSII

Figure 24 — The presence of the PsbP and PsbJ subunits is highlighted in the a-DDM solubilized
PSII cryo-EM map in comparison with the digitonin + -DDM solubilized PSII map.
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9.14 The PsbO1 protein is the abundant isoform in mature
PSII from A. thaliana

T
N@T’ Q Hi 55
12
11

PSBO1_ARATH/1-332 1 IA.S T“
PSBO2_ARATH/-331 1 MATELBAA
PSBO1_ARATH/1-332 57 BFT
PSBO2_ARATH/1-331 56

TA“SS
ASPSRN- V

PSBO1_ARATH/1-332 113
PSBO2_ARATH/1-331 112

PSBO1_ARATH/1-332 169
PSBO2_ARATH/1-331 168

PSBO1_ARATH/1-332 225
PSBO2_ARATH/1-331 224

PSBO1_ARATH/1-332 281
PSBO2_ARATH/1-331 280

Figure 25 — Full protein sequence alignment of A. thaliana PsbO1 and PsbO2 proteins. The arrows
mark the amino acid residue 187 which is distinct in both proteins: asparagine (N) in PsbO1 and lysine
(K) in PsbO2. This position in the protein sequence was used to identify which isoform of PsbO is
present in higher abundancy in mature PSII from A. thaliana.

Figure 26 — The map and refined atomic model of the f-DDM extracted PSII displaying the
details around PsbO-N187.
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9.15 BBY solubilization screening experiment with AASTY
copolymer — Experimental design and results

Different classes of copolymers can solubilize lipid bilayers, but their chemistry and the type
of membranes that those compounds can efficiently solubilize are still poorly studied. A
great advantage of the use of copolymers is that they solubilize membranes forming
nanodiscs. A nanodisc can be seen as an isolated membrane protein surrounded by
peripheral layers of lipids representing their natural lipid environment. With copolymers,
this extraction can be done in a more native manner once protein and lipids are extracted
from their endogenous sources in the same step, as opposed to nanodiscs formed by lipid
reconstitution to a previously isolated protein.

The use of styrene maleic acid (SMA) copolymers has been growing in the last decade
(Figure 27). Several protein complexes have been successfully extracted with SMA and
used for further studies [141]. A few attempts to use SMA copolymers to solubilize the
thylakoid membranes of Spinach and Pea plants and extract photosynthetic complexes
took place, however, the studies lack functional characterization of the solubilized protein
complexes [200]. It is known that the lipid composition and the crowdedness of the TM
can be different from species to species. As the solubilization of the TMs of Arabidopsis was
not attempted using SMA copolymers, I decided to study it and compare it to published
results from solubilized Spinach and Pea TMs[200].

I performed experiments with XIRAN® SL 30010 P20, SMA copolymer with a
styrene-to-maleic acid molar ratio of 2:1. The results showed that increasing concentrations
of SL 30010 copolymer above 6% (w/v) did not improve the solubilization yield, and the
solubilizations performed with 3% (w/v) SL 30010 at pH 6.3 and 7.5 resulted in similar
solubilization yields. Furthermore, the results from the different solubilization experiments
suggest that the TM solubilization yield of any solubilization attempted with XIRAN® SL
30010 P20 is lower than TM solubilized with 1.0% (w/v) B-DDM following a well-
established protocol[47]. The content and intactness of PSII complexes in the solubilized
fractions were not accessed. The data of these experiments are not presented in this thesis.

SMA copolymers are known to aggregate at a certain pH value, often restricting their
use to a basic pH range. My solubilization assays and the study of Korotych et al. show that
TMs are solubilized with SMA copolymers to some extent, but the solubilization yield is low
and the incubation step with SMA requires temperatures up to and above 40 °C. Given
those restricted experimental conditions, I considered it not appropriate to continue
exploring PSII solubilization from TMs with this class of amphiphilic copolymers.

Polyacrylic acid-co-styrene (AASTY) is a brand-new class of amphiphilic copolymers
developed by a novel polymerization method termed reversible addition-fragmentation
chain-transfer (RAFT) (Figure 27) [201, 202]. Poly(acrylic acid) RAFT processing
improves control over the molecular weight dispersity of the produced copolymer,
compared to the manufacturing of maleic acid copolymers (such as SMA). Lower dispersity
parameters of AASTY suggest that the polymer chains within the copolymer have more
similar molecular weights leading to more consistent solubilization results.
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O~ "OH 0”0

SMA AASTY

Figure 27 - Molecular drawings of the basic units of styrene maleic acid (SMA) and polyacrylic
acid-co-styrene (AASTY) copolymers.

Due to their polyanionic nature, most amphiphilic copolymers (SMA and AASTY
included) are sensitive to divalent cations making their use often difficult even at minimal
concentrations of Mg2+ and Ca2*, for instance. The sensitivity is caused by interactions
between the divalent cations and the carboxylate groups of two copolymer molecules,
leading to aggregation. On the other hand, monovalent cations increase yields in the
purification of membrane proteins in nanodiscs[201, 203, 204]. Although the presence
of divalent cations creates difficulty, polyanionic copolymers can fit their purpose when salt
composition (monovalent cations) is optimized for a given sample. Mg2*+ and Ca2* ions are
essential for a diverse range of cellular processes and are important to the function of
several proteins[205, 206], such as the case of PSII where oxygen production activity is
increased.

Recently our collaborators in Denmark characterized the sensitivity of AASTY to
divalent cations and discovered that the “resistance towards Ca2* and Mg2* ions depends
greatly on the copolymer concentration assayed, where higher concentrations are more
tolerant. This relates to the binding capacity of the copolymers for the divalent cations,
where higher copolymer concentrations result in lower free Ca2* ion concentration
compared with a lower copolymer concentration.” (Timcenko et al.)[207]. With this in
mind, I performed a solubilization screening experiment where I used different
concentrations of AASTY-B copolymers, maintaining the usual solubilization buffer
composition optimized for PSII. With this experiment I aimed to understand at which
ratios we have higher solubilization yields, what complexes are solubilized at each ratio, and
if those complexes evolved oxygen. While I observed a solubilization yield dependence on
the copolymer concentration, none of the solubilized fractions evolved oxygen.

After the solubilization, I characterized the different solubilized fractions by
absorption spectroscopy and oxygen-evolving activity. The oxygen-evolving activity of the
insoluble fractions was also characterized. These results are summarized in Figure 29 and
Figure 30.

The solubilized fraction of the sample with a ratio of [AASTY-B (w/v %) / Chl
(mg/mL)] = 2.66 displayed an absorption spectrum similar to a PSII complex spectrum.
To further characterize this soluble fraction of BBY membranes, I ran size-exclusion
chromatography. Two runs for the same sample were performed with a time interval of 1
hour. The SEC profile changed considerably within that period, which warns that the
AASTY-solubilized material is not stable over time, but may form nanodiscs of different
sizes (Figure 31).
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Oxygen evolution was measured on a Clark-type electrode for all solubilized fractions
of the screening experiment, but none seemed to evolve oxygen, instead photoconsumption
of Oz was observed. The same fraction that was used for the SEC run was submitted to time-
resolved membrane-inlet mass spectrometry (TR-MIMS) to differentiate dioxygen uptake
from possible dioxygen production. In this experiment, 80-enriched water (H2180) was
used to discriminate between oxygen production (mainly *°0'®0) and consumption (mainly
as °0.) reactions, monitored at m/z 34 and m/z 32 signals, respectively. The results
demonstrate a similar decline of both m/z 32 and m/z 34 signals, indicating only the
detection of O- uptake and CO- production (im/z 44) (Figure 32).

AASTY-B solubilization screening experiment

IEI Chl concentration (mg/mlL)
0”0

AASTY 0.30-0.75 mg/m Chl <[ 010 o033 02 013
~
—— 0.1-1.20 % (w/v) 55 0.40 1.33 0.80 0.53
PHE3 AASTY-B = 080 2.66 - 1.06
e
15mM NaCl 2h dark incubation at 4°C ] 1.00 - 2.00 -
10mM Cacl, < 390 ) 2.40 B
5mM Mgcl,

Ratios in crescent order:

gattluly, Bl 0.13 < 0.20 < 0.33 < 0.53 < 0.80 < 1.06 < 1.33 < 2,00 < 2.40 < 2.66

Figure 28 - Design of the BBY solubilization screening experiment with AASTY copolymer with
the buffer composition, solubilization conditions, and the screened Chl-to-AASTY ratios.
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Figure 29 — Absorption spectra of the different solubilized fractions of the AASTY solubilization
screening experiment.

Ratio AASTY-B (w/v %) / Chl (mg/mL) Oxygen evolution rate of the Solubilized fraction matches PSII
(crescent order, 1 --> 10) insoluble fraction absorption spectrum?
013 15.04 No
0.20 32.15 No
0.33 =100 No
0.53 10.78 Yes
0.80 96,17 No

Figure 30 — Summary of the oxygen evolution rates of the insoluble fractions of the AASTY
solubilization screening experiment and a qualitative summary of the absorption spectra of the
soluble fractions for each screened AASTY-B (w/v %) / Chl (mg/mL) ratio.
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Size Exclusion Chromatrography, AASTY solubilization
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Figure 31 — Profile of two SEC runs of the same sample, [AASTY-B (w/v %) / Chl (mg/mL)] =
2.66, run with a time difference of one hour. SEC performed on an Akta purifier system (GE
Healthcare) with a Superose™ 6 increase (Cytiva) column.
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Figure 32 —Representative results of the MIMS experiment for the sample [AASTY-B (w/v %) /
Chl (mg/mL)] = 2.66. The signal of natural dioxygen (im/z = 32), singly labeled dioxygen (im/z =
34) and carbon dioxide (m/z = 44) were followed during the experiment. The recorded signals
show dioxygen consumption and carbon dioxide production. The experiment was conducted
using a Delta V Plus (Thermo Fischer Scientific) isotope ratio mass spectrometer.
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9.16 A homolog of Arabidopsis Photosystem II PsbR subunit is
present in the genome/proteome of green algae

PsbR has been identified in the genome of more than one land plant species, and it is not
found in red algae, diatoms, or cyanobacteria genomes. Although a previous review
[52]hints that green algae contain the PsbR subunit, I found a lack of experimental
literature that would support that. To assess the likelihood that at least one green alga
contains a PsbR homolog subunit, I performed a BLAST search against the genomes and
proteomes of the model species Chlamydomonas reinhardtii (taxid:3055),
Thermosynechococcus vestitus BP-1 (taxid:197221), and Cyanidium caldarium (taxid:
2771); and against the more inclusive Chaetoceros genre (taxid:49237) as to date there is
no fully assembled genome for the model diatom species Chaetoceros gracilis.

In all the BLAST searches the default threshold parameters were used. No significant
hits were found in the searchers against taxids 197221, 2771, and 49237. A significant match
was found in the Chlamydomonas reinhardtii proteome pointing to an uncharacterized
protein, as well as the respective match at the nucleotide sequence level for the genome-
wide BLAST search (Table 2).

I performed wider/more inclusive BLAST searches against all genome and
proteomes  available from the genres Chlamydomonas (taxid:3052),
Thermosynechococcus (taxid:146785), and Cyanidium (taxid:2770), using the full mature
protein sequence of Arabidopsis PsbR. Once again, no significant hits were found in the
BLAST searches against taxids 146785, and 2770. Seven hits were found against 6 different
Chlamydomonas species.

The results of this investigation support the hypothesis that green alga contains a
homolog protein to Arabidopsis PsbR protein, however biochemical evidence is still
lacking.

The PsbR sequences used in the bioinformatic analyses:

Full sequence protein of Arabidopsis PsbR (140 amino acids)

>tr| QOWWI7|QOWWI7_ARATH Photosystem II 10 kDa polypeptide, chloroplastic
OS=Arabidopsis thaliana 0X=3702 GN=At1g79040 PE=2 SV=1
MAASVMLSSVTLKPAGFTVEKTAARGLPSLTRARPSFKIVASGVKKIKTDKPFGINGSM
DLRDGVDASGRKGKGYGVYKYVDKYGANVDGYSPIYNENEWSASGDVYKGGVTGLAI
WAVTLAGILAGGALLVYNTSALAQ

Predicted mature sequence (TargetP-2.0) of Arabidopsis PsbR (100 amino acids)
>Q0WWI7|40-140
VASGVKKIKTDKPFGINGSMDLRDGVDASGRKGKGYGVYKYVDKYGANVDGYSPIYNE
NE WSASGDVYKGGVTGLAIWAVTLAGILAGGALLVYNTSALAQ

113



Table 2 - Query length: 140 or 100 amino acids (Arabidopsis PsbR full and predicted
mature sequence, respectively)

Max

Total

Query E

Per.

Accession

Scientific Name Score | Score | Cover | value | ident length Accession
Chlferll.%c(lgyg?as 41.6 41.6 31% 6es | 59.38 | 9023763 NC_057009.1
Chlamydomonas o o

reinhardtii 42 42 22% 2e%4 | 59.38 | 9023763 NC_057009.1
Chi‘le’;}lyllcfl‘)rygfas 83.6 | 836 | 79% | se= | 5875 | 141 | XP_001696588.2
Chlamydomonas o ;

reinhardtii 85.1 85.1 57% 6e22 | 58.75 141 XP_001696588.2
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https://www.ncbi.nlm.nih.gov/nucleotide/NC_057009.1?report=genbank&log$=nucltop&blast_rank=1&RID=PKB03GRS013
https://www.ncbi.nlm.nih.gov/nucleotide/NC_057009.1?report=genbank&log$=nucltop&blast_rank=1&RID=PKBEJAKC013
https://www.ncbi.nlm.nih.gov/protein/XP_001696588.2?report=genbank&log$=prottop&blast_rank=1&RID=PKB1ERCT013
https://www.ncbi.nlm.nih.gov/protein/XP_001696588.2?report=genbank&log$=prottop&blast_rank=1&RID=PKB9HCS4013

9.17 Identification of PSII cofactors with conformational
differences across kingdoms

For most of the PSII core region, our high-resolution Arabidopsis PSII cryo-EM map offers
a clear fitting of most ligands and is set to be the base for the comparison with other
published PSII structures.

The LMGio1 ligand (Figure 33) adopts a slightly different configuration in
Arabidopsis PSII compared to other land plant PSII structures (PDB 3JCU and 5XNM), for
reasons that are currently unknown. Lipid SQD418 and carotenoid BCR101 seem to also
adopt two distinct conformations, although these two molecules are present in the vicinity
of a digitonin molecule which might be the cause for these structural changes.

Figure 33 - A monogalactosyldiacyl-glycerol (LMG101) exhibiting a small comformational
change — a twist of its headgroup — representing a different configuration between Arabidopsis
(in grey) and Spinach (in blue) photosystem II structures; the three subunits surounding the
ligand LMG1o01 are represented: CP43 in green, PsbZ in brown, PsbK in yellow.
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9.18 Overall resolution estimation (FSC) for the combined
datasets in Project IV

In Project IV data was collected from two grids, and processed independently until reaching
a final consensus 3D-reconstruction for each dataset. Then the data was combined which
provided resolution improvements at spatial frequencies lower than 2A.

1
0.8
No Mask - Dataset 1
0.6 = Loose Mask - Dataset 1
= Tight Mask - Dataset 1
04 No Mask - Dataset 1+2
Loose Mask - Dataset 1+2
02 = Tight Mask - Dataset 1+2
0

4.70 4.20 3.70 3.20 2.70 2.20 1.70 1.20
Spatial Resolution (A)

Figure 34 — Representation of the FSC calculations for the final consensus 3D-reconstructions
of dataset 1 and the combined dataset 1 and 2. The FSC curves for dataset 2, although not shown
here, are very similar to the FSC curves of dataset 1.

9.19 Resolution estimates comparison for the full-dose and
low-dose reconstructions of T. vestitus PSIIcc

Comparing the calculated FSC for the full-dose (50 e'/A?) and low-dose (3 e/A2) 3-D
reconstructions presented in the figure below, one can appreciate significant loss when
using only 6% of the initial data/accumulated dose.
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Figure 35 — Fourier Shell Correlation (FSC) plots for the full-dose (left) and low-dose (right) 3-D
reconstructions of T. vestitus PSIIcc.
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Though wise men at their end know dark is right,
Because their words had forked no lightning they
Do not go gentle into that good night.

Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green bay,
Rage, rage against the dying of the light.

(.)

Do not go gentle into that good night.
Rage, rage against the dying of the light.

Dylan Thomas
- Do Not Go Gentle Into that Good Night



