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Résumé : Chez les bactéries, l’ADN n’est pas séparé 
du reste de la cellule par une membrane, 
contrairement aux eucaryotes qui possèdent un 
noyau. Cet ADN a donc besoin d’être à la fois protégé 
tout en restant accessible pour permettre 
l’expression génétique. Cette structuration de l’ADN 
se fait via des protéines appelées NAPs (pour 
"Nucleoid Associated Protein"). Parmi ces NAPs, on 
trouve la protéine Hfq. Hfq est un facteur pléiotrope 
impliqué dans la physiologie bactérienne. Sa fonction 
la plus connue est de réguler des processus ARNs 
dépendants. Cependant, sa capacité à former une 
structure amyloïde lui permet d'interagir avec l’ADN, 
de former des ponts entre des parties éloignées de 
l’ADN et ainsi de le compacter fortement. Si cette 
propriété a pu être démontrée in vitro, les analyses in 
cellulo manquaient. 

Ce travail de thèse met en lumière les effets directs 
et indirects d’Hfq sur la l’état de compaction du 
nucléoïde. Ainsi les complexes ou les cellules ont 
pu être observés à l’aide de techniques de cryo-
microscopie électronique en transmission (à 
balayage) (cryo-(S)TEM) et de cryo-tomographie à 
rayons-X mous (cryo-SXT). Cette dernière, est une 
technique d’imagerie tri-dimensionnelle qui 
permet de quantifier le volume et la densité du 
nucléoïde bactérien. Ce projet de thèse a permis de 
caractériser l’impact d’Hfq sur la structure de l’ADN 
et la morphologie bactérienne, ce qui permettra de 
tester in cellulo l’effet de nouveaux antibiotiques 
qui pourront être développés en lien avec cette 
propriété dans le futur. 

Title: Bacterial morphology analysis by cryo-soft X-ray tomography and cryo-(scanning) transmission electron 
microscopy 

Keywords: Cryo-SXT, Cryo-STEM, High-resolution imaging, Bacterial imaging, Biophysics, Microbiology 

Abstract: In bacteria, DNA is not separated in the cell 
by a membrane, converse to eukaryotes, which have 
a nucleus. Therefore, DNA must be protected, while 
remaining accessible to allow for gene expression. 
The DNA structuring is achieved via proteins called 
NAPs (standing for "Nucleoid Associated Protein"). 
Among these NAPs, the Hfq protein is found. Hfq is 
a pleiotropic factor involved in bacterial physiology. 
Its best-known function is to regulate RNA-
dependent processes. However, its ability to form an 
amyloid structure allows it to interact with DNA, to 
form bridges between distant parts of DNA and thus 
to compact it strongly. If this property was 
demonstrated in vitro, analyses were lacking in 
cellulo. 

This PhD work highlights the direct and indirect 
effects of Hfq on the compaction of the nucleoid. 
The complexes or the cells were observed using 
cryo-(scanning) transmission electron microscopy 
(cryo-(S)TEM) and cryo-soft X-ray tomography 
(cryo-SXT) techniques. The latter is a three-
dimensional imaging technique that permits to 
quantify the volume and density of the bacterial 
nucleoid. This PhD project made possible to 
characterize the impact of Hfq on the structure of 
DNA and bacterial morphology, which will make it 
possible to test in cellulo the effects of new 
antibiotics, which could be developed in 
connection with this property in the future. 
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Résumé synthétique 

Les antibiotiques sont des molécules qui ciblent et tuent spécifiquement les cellules 

bactériennes. Cette action antibactérienne utilise généralement quatre mécanismes principaux, 

l'inhibition des enzymes impliquées dans la biosynthèse de la paroi cellulaire (le 

peptidoglycane), la rupture de la membrane, la traduction des protéines ou le métabolisme et 

la réparation de l'ADN (Peleg and Hooper 2010). Les principales familles d'antibiotiques 

utilisant ces mécanismes sont (i) les β-lactames et glycopeptides, (ii) les polymyxines, (iii) les 

aminoglycosides, les macrolides et la tétracycline, et (iv) les quinolones. 

Cependant, les bactéries sont très efficaces pour acquérir des résistances aux 

antibiotiques, en particulier sous la pression de sélection trouvée dans les hôpitaux (Peleg and 

Hooper 2010). Si l'émergence de souches résistantes est un phénomène naturel (le microbiote 

intestinal par exemple possède des gènes de résistance aux antibiotiques), la mauvaise 

utilisation des antibiotiques accélère ce processus de multirésistance ; les gènes de résistance 

aux antibiotiques proviennent ainsi d'autres bactéries et l'acquisition de la résistance repose 

souvent sur le phénomène du transfert génétique, où les plasmides en particulier jouent un rôle 

central (Bennett 2008). 

Actuellement, la problématique de la résistance aux antibactériens est donc 

particulièrement critique en raison de l’absence de développements de nouvelles classes 

d’antibiotiques et ceci depuis une trentaine d'années (Fig. I) (Shore and Coukell 2016). 

Beaucoup d'efforts ont été déployés pendant cette période pour modifier et améliorer les 

antibiotiques préexistants. Cependant, le principal problème avec cette approche est le 

développement rapide de nouvelles résistances, qui n'exigent généralement pas ou peu de 

modification des mécanismes de résistance déjà existants. Par conséquent, la recherche de 

nouvelles cibles d’antibiotiques dans les cellules bactériennes est de la plus haute importance. 

C'est en ce sens que de nouvelles approches ont été expérimentées au cours de la dernière 

décennie. Par exemple, certains groupes ont essayé de bloquer l'assemblage de la machinerie 

de division bactérienne (ce que l’on appelle le divisome). 
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Fig. I. Développement de nouveaux antibiotiques depuis le début du 20ème siècle (Shore and 

Coukell 2016). (Listée comme Figure. 2 dans la liste des figures du texte principal) 

Notre objectif pendant mon projet de thèse visait à étudier les amyloïdes bactériens 

pour, dans le futur, développer de nouveaux antimicrobiens (Zhou et al. 2012). Ces structures, 

appelées amyloïdes fonctionnels, aident à maintenir l'état physiologique normal de la cellule 

bactérienne (Otzen and Riek 2019). Ils sont dits fonctionnels par opposition aux amyloïdes 

pathologiques, plus connus et plus étudiés car impliqués dans de nombreuses pathologies 

humaines, telles que les maladies neurodégénératives d'Alzheimer ou de Parkinson (Agrawal 

and Skelton 2019; El-Agnaf et al. 2004). Dans ce dernier cas le mauvais repliement est associé 

à la conversion de peptides ou de protéines spécifiques depuis leur état fonctionnel soluble en 

agrégats fibrillaires. Au cours de cette agrégation, les protéines monomériques subissent des 

réarrangements structuraux conduisant à l'assemblage de feuillets β en une structure 

quaternaire dite « cross-β ». Cette conformation est l'empreinte des structures amyloïdes 

(Bonar, Cohen, and Skinner 1969; Eisenberg and Sawaya 2017). Par rapport aux amyloïdes 

dits « pathogènes », les amyloïdes dits « fonctionnels » ont la propriété d’apporter des 

fonctions bénéfiques à la cellule, mais ils gardent la conformation décrite ci-dessus. 

Mes travaux, dans le cadre de ce projet de thèse, portent plus particulièrement sur une 

protéine bactérienne appelée Hfq présentant une région amyloïde (Brennan and Link 2007; 

Vogel and Luisi 2011). Les bactéries sont des organismes unicellulaires qui s'adaptent 

constamment aux changements environnementaux (Kavita, de Mets, and Gottesman 2018). 
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Cette adaptation est particulièrement critique lorsque des bactéries colonisent un hôte, 

notamment des bactéries pathogènes qui doivent adapter leur métabolisme en fonction des 

conditions de croissance rencontrées chez un hôte. Les bactéries doivent donc être capables de 

changer rapidement leur expression génétique tout en communiquant entre elles. Bien que la 

façon dont les bactéries s'adaptent aussi rapidement à leur environnement ne soit pas encore 

totalement mise à jour, il a été possible de montrer que les bactéries utilisent à cette fin la 

protéine Hfq et de petits ARN régulateurs dits non codants. Le terme « non codant » sous-

entend qui ne code pas pour une protéine, mais contribue à l'expression génétique ou plus 

généralement à la vie cellulaire. Ces deux partenaires permettent des changements rapides de 

la machinerie d'expression génétique bactérienne, conduisant à l'adaptation des bactéries, par 

exemple en réponse à une carence en fer qui est fréquente lors de l’infection d’un hôte (Massé 

and Gottesman 2002). 

Outre son interaction avec les ARNs, il a pu être prouvé que Hfq interagit aussi avec 

l’ADN et que la région amyloïde de Hfq contribue fortement à cette propriété in vitro. Cette 

structuration sous forme amyloïde est retrouvée dans la région C-terminale (CTR) de la 

protéine, région qui représente en séquence environ 1/3 de la protéine totale. 

Mes travaux visent initialement à mieux comprendre le rôle de Hfq et de son domaine 

CTR dans la compaction de l’ADN in vivo grâce à différentes approches d’imagerie in cellulo. 

Notamment, ils visent à caractériser le phénotype de cellules bactériennes, soit totalement 

dépourvues de Hfq, ou bien uniquement dépourvues de la région CTR de Hfq, pour comparer 

ces phénotypes à celui de cellules de référence exprimant normalement Hfq. Dans ce but les 

techniques de cryo-microscopie électronique (cryo-(S)TEM) et cryo-tomographie aux rayons-

X mous (cryo-SXT) ont été utilisées (Cossa, Cren, et al. 2022; Cossa, Wien, et al. 2022; Cossa, 

Trépout, et al. 2022). Ces analyses nous ont permis de prouver l’effet de Hfq sur la structuration 

de l’ADN in cellulo. En outre pendant ma thèse j’ai eu l’occasion de découvrir les techniques 

d’imageries moléculaires permettant de caractériser les complexes Hfq:ADN in vitro. J’ai pu 

utiliser les techniques de cryo-microscopie électronique cryo-TEM et de microscopie 

électronique après coloration positive (Kubiak et al. 2022). 

Les principaux résultats de ma thèse sont donc les suivants : (i) j’ai contribué à caractériser en 

imagerie moléculaire la façon dont le CTR de Hfq interagit avec l'ADN double brin et permet 

sa compaction. Des modèles 3D basés sur des expériences de cryo-TEM sont en construction 

et viendront compléter une analyse par diffusion de neutrons aux petits angles (DNPA) déjà 
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réalisée. Même si ce travail n'est pas complètement terminé il devrait déboucher sur une 

nouvelle publication en 2023 ; (ii) nous avons aussi montré que Hfq et plus particulièrement 

son CTR interagit avec l'ADN simple brin. La principale conclusion de cette partie de mon 

travail est que le CTR change la conformation et aligne l'ADN simple brin, ce qui entraîne des 

conséquences importantes sur l'expression génétique ; (iii) le résultat majeur de ma thèse a 

consisté à analyser l'effet de Hfq et de son CTR in cellulo. Nous avons pu prouver que Hfq 

permet la compaction de l'ADN directement, mais aussi indirectement en utilisant des 

régulations utilisant des ARNs non codants ; (iv) j’ai pu évaluer les perspectives d’une 

acquisition parcimonieuse en cryo-STEM, permettant ainsi une réduction des radiations 

appliquées à l’échantillon par le faisceau d’électrons, pour l'analyse d’échantillons épais et 

applicable à l’étude des bactéries. Un des développements envisagés est celui de l'imagerie 

corrélative cryo-SXT/cryo-STEM. Cet aspect que j'aurais dû développer pendant ma thèse, 

notamment durant mon séjour en Espagne, n’a malheureusement pas été possible due à la 

pandémie de SARS-CoV-2 ; (v) enfin pendant ma thèse j’ai aussi montré qu’une étiquette 

protéique appelée LBT fixant des ions lanthanides pourrait être utilisée pour l'imagerie 

corrélative alliant cryo-SXT, cryo-(S)TEM et fluorescence X. Les premiers tests sur ce 

développement sont très prometteurs, et j'espère que notre groupe pourra développer ce nouvel 

outil dans le futur. 

En résumé, les analyses in cellulo effectuées pendant ma thèse ont permis de faire 

significativement progresser l’analyse des bactéries Gram négatives par la méthode de cryo-

SXT permettant l’analyse de cellules cryo-préservées (Cossa, Trépout, et al. 2022). Cette 

approche, qui pourra à terme être utilisée en imagerie corrélative avec de la microscopie 

électronique, permet de visualiser la bactérie à haute résolution au niveau de son nucléoïde 

contenant l’ADN (par cryo-SXT) et de la visualisation simultanée des membranes (en cryo-

(S)TEM), le but étant d’imager exactement les mêmes bactéries en utilisant ces deux méthodes.

Par la suite, l'objectif de notre groupe sera de développer des composés qui pourront inhiber

ou interférer avec l’autoassemblage de Hfq et bloquer son interaction avec l’ADN (Malabirade,

Jiang, et al. 2017; Turbant et al. 2022). Récemment, il a pu être montré que certains composés

connus pour empêcher l'autoassemblage des amyloïdes formés lors de pathologies

neurodégénératives sont capables d'affecter la fibrillation de Hfq et la survie de la bactérie

(Partouche et al. 2018; Turbant, Hamoui, et al. 2021; Turbant, Partouche, et al. 2021). Nous

pensons que cette approche pourrait aider à développer une nouvelle classe d'antibiotiques

visant à bloquer les régulations permises par Hfq, avec des conséquences connexes sur la
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physiologie bactérienne. Les méthodes d’analyses in cellulo que j’ai contribuées à développer 

seront donc extrêmement utiles pour évaluer l’effet des inhibiteurs in cellulo. 
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Chapter I. General introduction 

1.1. Gram negative bacteria, antibiotics and global health 

Bacteria are unicellular organisms that must constantly adapt to changes in their 

environment. Recently, bacteria have become a growing interest for human health with the 

emergence of new roles, mainly as “gut microbiota”, i.e., bacteria (but also some eukaryotes) 

that colonise the gastrointestinal tract and who evolved over years with their host for a 

beneficial relationship (W.-L. Wang et al. 2015). These roles include host protection against 

pathogens, modulation of immunity, or regulation of some metabolic processes. Nevertheless, 

the same bacteria, for instance Escherichia coli, can either be beneficial or pathogenic for its 

host. Indeed, a microbiotal bacterium can become pathogenic if its growth-rate raises and if it 

begins to outcompete other cells on the surface or the mucosa where it lives. Precisely, 

commensal bacteria are normally restricted to certain regions of the host (skin, buccal and nasal 

mucosae, gastrointestinal tract…); but under specific conditions they can invade organs (Ribet 

and Cossart 2015). This is also the case for some bacteria who change the expression of some 

virulence factors that favours the host colonization (Ribet and Cossart 2015). This is very 

problematic as bacteria are at least as abundant as eucaryotic cells in the human body (ranging 

from ~ 3.1013 to 1014 bacteria compared to 1013 human cells) (Sender, Fuchs, and Milo 2016). 

Thus, only one pathogenic bacterium will give many pathogens in a short time, taking into 

account their fast exponential division in the host (~ 1-2 hour) (Myhrvold et al. 2015). 

To kill pathogenic bacteria, antibacterial compounds have been developed. The first 

antibiotic (AB), Penicillin, was discovered in 1928 by Alexander Fleming and then used in 

1941 to treat patients. 

Currently, about 15 families of antibiotics are used. Antibacterial action generally falls 

within four mechanisms, which are the inhibition of enzymes involved in cell-wall biosynthesis 

(peptidoglycan, a layer of a polymer of sugars and amino acids), or the disruption of the 

bacterial cell membrane, protein synthesis or DNA metabolism and repair (Figure 1) (Peleg 

and Hooper 2010). The main families of ABs using these mechanisms are (i) β-lactams and 
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glycopeptides, (ii) polymyxins (not frequently used because they are neuro- and nephrotoxic), 

(iii) aminoglycosides, macrolides and tetracyclines, and (iv) quinolones, respectively.

Nevertheless, AB resistance is one of the challenges we are facing in the 21st century. 

Recent statistics indicate that Gram-negative bacteria (i.e., surrounded by two membranes and 

thin layer of peptidoglycan) are responsible for more than 30% of hospital-acquired infections 

(Peleg and Hooper 2010). While urinary infections are the most common, bloodstream and 

respiratory infections are the most fatal. Gram (-) bacteria predominate in hospital-acquired 

pneumonia (Pseudomonas aeruginosa, Acinetobacter baumanni), infection of the bloodstream 

(Escherichia coli, Klebsiella species, P. aeruginosa) or the urinary tract (E. coli). Bacteria and 

in particular Enterobacterales such as E. coli are very efficient in acquiring resistance to ABs, 

especially under selection pressure found in hospitals where AB are of current use. If the 

emergence of resistance is a natural phenomenon (natural flora naturally possess resistance 

genes), the misuse of ABs accelerates this process. Indeed, AB-resistance genes originate from 

other bacteria and acquisition of resistance relies on the phenomenon of gene transfer, where 

plasmids in particular serve a central role (Bennett 2008). 

Figure 1. ABs actions and mechanisms of resistance in Gram (-) bacteria. Main mechanisms of 

resistance include the loss of porins, which reduces the entrance of drug inside the cell; presence of β-

lactamases in the periplasmic space, which degrades the β-lactam; in increased expression of the efflux 

pump, which exports the drug outside the bacterium; ribosomal mutations or modifications, which stop 
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the inhibition of protein synthesis; AB-modifying enzymes or target site mutations, which make the AB 

incapable of interacting with its target. Resistance genes are often brought by plasmids. 

Mechanisms of AB resistance in bacteria may vary and include AB detoxification, 

target protection or stoppage of AB accumulation. Bacteria can for instance develop 

mechanisms of resistance relying on the loss of porins, which reduces the entrance of AB inside 

the cell, or in ribosomal mutations, which prevent the AB from inhibiting bacterial protein 

synthesis (Figure 1). Another well-known example of resistance consists in the production of 

β-lactamases by bacteria. β-lactamases are naturally present in some Gram (-) bacteria and 

degrade the β-lactam ring found in ABs such as Penicillin or Carbapenem. Indeed, Gram (-) 

bacteria have an envelope formed by two membranes sandwiching peptidoglycan that 

maintains the shape and the integrity of the cell. β-lactam-based ABs interfere with the 

synthesis of peptidoglycan, so that the architecture of the bacterial cell is lost (Figure 1). Since 

mammalian cells lack peptidoglycan, this class of ABs targets specifically bacteria, with no 

significant effects for the host. For this reason, β-lactam is the most used group of ABs. 

Nevertheless, due to the nature of their envelope, Gram-negative bacteria are less susceptible 

to these ABs than those that do not contain a second membrane covering the peptidoglycan 

layer (i.e., Gram-positive bacteria). In addition, the easy acquisition of resistance by Gram (-) 

bacteria to this class of AB poses important therapeutic challenges. 

 

Figure 2. New antibiotic development since the beginning of the 20th century. (Shore and Coukell 

2016)  
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Currently, the question of antibacterial resistance is particularly problematic due to the 

absence of new family of antibiotic development for about thirty years (Figure 2) (Shore and 

Coukell 2016). Much effort has been done since 1990 to modify and improve existing ABs. 

However, the main problem with this approach is the development of new resistances, which 

usually requires little or no modification of existing mechanisms. Therefore, the search for 

novel antibiotic targets in bacterial cells is of utmost importance. In this way, new approaches 

have been tried during the last decade, for instance, blocking the assembly of the essential 

bacterial division machinery (divisome) (Söderström and Daley 2017). 

Another research direction aims at exploring potential targets within proteins involved 

in the regulation of the genetic expression. This includes proteins that allow bacteria to adapt 

to their environment in case of the host infection, for instance virulence factors whose 

expression is switched on by the passage from outside to the host environment (Poole 2012). 

Only this adaptation allows the infection and for this goal, bacteria can use two main ways: 

- Regulation at the transcriptional level. Nucleoid-associated proteins (NAP) are

involved in the maintenance of bacterial chromosomal architecture and have a role in the 

regulation of genes (Dorman 2009; Dorman et al. 2020). NAPs affect the expression of a large 

number of genes, most coding for housekeeping-proteins, but also for proteins involved in 

response to environmental changes induced during host colonisation (Hołówka and 

Zakrzewska-Czerwińska 2020). One of the best illustrations of this is the H-NS NAP (Badaut 

et al. 2002; Dame, Wyman, and Goosen 2000; Fang and Rimsky 2008; van der Maarel et al. 

2016), involved in the control of virulence when bacteria must adapt to new growth conditions, 

such as salmonella in the gastrointestinal tract (Harrison et al. 1994; Schechter et al. 2003). 

- Regulation at the post-transcriptional level (Porcheron and Dozois 2015). One of the

most promising approaches in this direction consists of blocking noncoding RNA-based 

regulation. About 30,000 sequences of ncRNA from different species have been identified and 

among them, those from bacteria are on average 100 nucleotides long, hence their name of 

small RNA (sRNA) (S. Gottesman and Storz 2011). The sRNA often functions by base pairing 

within regions around the translation initiation signal (Ribosome Binding Site RBS and/or 

AUG initiation codon) of the associated messenger RNA (mRNA) target, and therefore acts on 

both mRNA translation and stability (Aiba 2007). In vivo, a protein called Hfq is required for 

sRNA-regulation as it promotes annealing of the regulatory sRNA to its cognate mRNA 

(Arluison et al. 2007; Vogel and Luisi 2011). Due to the diversity of their mRNA targets, sRNA 
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and Hfq are thus involved in important bacterial cell processes, including virulence, quorum 

sensing or pathogenicity (Bardill, Zhao, and Hammer 2011; Chao and Vogel 2010; Sittka et al. 

2007). 

1.2. Escherichia coli as a model of Gram-negative bacterium 

Escherichia coli is a Gram (-) and rod-shaped bacterium, which is typically around 1-2 

µm long and 0.5 µm wide. Most strains of E. coli are non-pathogenic and present in the human 

and animals. But some strains such as enterohaemorrhagic E. coli (EHEC) are pathogenic and 

cause severe infections and haemorrhagic diarrhoea. These strains outbreaks can originate from 

faecal contaminations, raw milk products, dirty vegetables, raw or undercooked meat. They 

represent a global sanitary problem and can lead to a haemolytic uraemic syndrome (HUS) 

characterized by acute renal failure and low platelet counts. 

Furthermore, E. coli is frequently used as a model organism as it grows fast, making it 

a model organism for molecular genetics (Blount 2015). In addition, numerous molecular tools 

are available to perform genetic manipulations. These tools include plasmids and specific 

bacteriophages. Note that non-pathogenic and pathogenic E. coli strains display variation in 

their genomes: similarity between the genomes of E. coli K-12 strain (a laboratory non-

pathogenic strain) and O157:H7 pathogenic E. coli is only around 40% (Abe et al. 2008; 

Schneider et al. 2002). 

Previous contributions to fight Gram (-) bacterial infections and in particular E. coli 

infections focussed on Hfq and sRNA-based regulation, with the objective to block the 

adaptation of bacterium to their environment (El-Mowafi et al. 2014). In my PhD project, we 

intended to pinpoint another property of the protein. Indeed, Hfq, which belongs to the nucleoid 

associated protein (NAP) family association to DNA has also been observed in vitro and in 

vivo (Azam et al. 1999; Cech et al. 2016; Diestra et al. 2009; Geinguenaud et al. 2011). Our 

group demonstrated that Hfq has significant DNA-compacting properties (Jiang et al. 2015; 

Malabirade, Jiang, et al. 2017; Malabirade et al. 2018), resulting in consequences for 

fundamental cellular processes such as transcription and replication (Cech et al. 2014; Le 

Derout et al. 2010). Furthermore, Hfq interacts with the RNA polymerase (Sukhodolets and 

Garges 2003), influences transcription termination (Rabhi et al. 2011) and controls the 

expression of bacterial transcription σ factors, such as σS (Arluison et al. 2007; Battesti, 
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Majdalani, and Gottesman 2011; Hwang, Arluison, and Hohng 2011). Thus, Hfq appears to be 

capable of affecting a variety of DNA-related mechanisms (Figure 3) (Cech et al. 2016; 

Malabirade et al. 2018; Mandin and Guillier 2013). 

Figure 3. Network of Hfq-dependent regulations. Hfq regulates genetic expression at the 

transcriptional and post-transcriptional levels in response to several stresses encountered during host 

infection; Furthermore, it also influences bacterial replication and thus cell division. Positive and 

negative regulation are indicated by arrows and horizontal bars. 

1.3. The Hfq protein 

Hfq was first described in 1968 as an E. coli host factor required for the bacteriophage 

Qβ RNA replication (Franze de Fernandez, Eoyang, and August 1968; de Fernandez, Hayward, 

and August 1972). Later it was shown to be present in about 2/3 of bacterial species with a 

pleiotropic function (Sun, Zhulin, and Wartell 2002). Deletion or disruption of the hfq gene is 

not lethal for the bacteria (the protein is not essential) but results in many phenotypes (H.-C. 

T. Tsui, Leung, and Winkler 1994; H. C. Tsui, Feng, and Winkler 1997). Briefly, these

phenotypes include decreased growth rate, impairing of bacterial cell ability to respond against

environmental changes, loss of virulence, increases its UV sensitivity, more elongated cells...

Most of these effects are due to Hfq implication in RNA transactions (see below).
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The best characterized role of Hfq in Gram (-) bacteria is to play a general role in RNA 

metabolism. Indeed, Hfq facilitates the pairing of regulatory small non-coding RNA (sRNA) 

with target messenger RNA (mRNA), usually around the mRNA Ribosome Binding Site (RBS) 

and/or AUG translation initiation codon (Hwang, Arluison, and Hohng 2011; Kavita, de Mets, 

and Gottesman 2018; Zhang et al. 2003). This allows a regulation at the post-transcriptional 

level, usually in a negative way (Storz, Opdyke, and Zhang 2004) (Figure 4). This post-

transcriptional modulation of gene expression can affect bacterial adaptation to changing 

environments. 

 

Figure 4. Post-transcriptional regulation by Hfq and sRNA. Hfq facilitates the pairing of sRNA 

with target mRNA(s), usually around the ribosome binding site (RBS). This allows Hfq to control gene 

expression at the post-transcriptional level, usually acting as a negative regulator. In addition, Hfq can 

regulate gene expression by changing RNA stability. 

While it is present in both Gram (+) and Gram (-) bacteria, Hfq role in Gram (+) 

bacteria remains unclear (Bohn, Rigoulay, and Bouloc 2007; Bouloc and Repoila 2016; Rochat 

et al. 2012). In Bacillus subtilis, Hfq is not essential for sRNA-dependent regulation, but it 

binds and stabilizes a few sRNAs (Christopoulou and Granneman 2022). The importance of 
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Staphylococcus aureus Hfq is also unclear with conflicting findings; it seems however that the 

deletion of Hfq had almost no effect in most S. aureus strains (Christopoulou and Granneman 

2022). Although Hfq is found in many Gram (+) bacteria, it does not seem to function in the 

same way as in Gram (-) on gene expression (Christopoulou and Granneman 2022). 

In Escherichia coli, Hfq is an abundant protein (approximately 50 000 copies per cell), 

comparable to ribosome concentration (Azam et al. 1999). Usually found in the cytoplasm, the 

protein may be localized near the internal membrane, where it is associated with other proteins 

involved in the degradation of RNA (e.g., RNAses) (Diestra et al. 2009; Taghbalout, Yang, 

and Arluison 2014). It is also associated with chromosomal DNA (Diestra et al. 2009). This 

structure of the bacterial circular chromosome with proteins in a compacted form is called 

nucleoid (not to be confused with the nucleus of eukaryotic cells, the nucleoid is not surrounded 

by a membrane). 

1.3.1. Structurally, Hfq belongs to the Sm/LSm family 

At the structural level, the E. coli Hfq is a protein composed of 6 monomers of 102 

amino acid (11.2 kDa) residues, which lacks its N-terminal methionine. It forms a homo-

hexamer of 66 kDa with a toroidal shape (Brennan and Link 2007; Schumacher et al. 2002; 

Vogel and Luisi 2011). Hfq belongs to the family of Sm proteins that possess a particular fold, 

consisting of a curved five-stranded β sheet, preceded by an α helix (Figure 4). 

The proteins of the Sm/Sm-like (LSm) protein family are found across living 

organisms, from bacteria to eucaryotes including archaea. Sm-like proteins all have in common 

their toroidal structure composed of six or seven monomers. Though bacterial members of this 

family are homo-hexamers, eucaryotic and archaeal members are mostly homo- or 

heteroheptamers (Wilusz and Wilusz 2005; 2013; Youkharibache et al. 2019). This 

characteristic Sm-fold is found in the N-terminal region of E. coli Hfq (~66 amino acid 

residues) (Sauter, Basquin, and Suck 2003). 

Sequence comparisons of Sm/LSm proteins showed that the Sm motif is comprised of 

two conserved regions called Sm1 and Sm2. Sm1 and Sm2 are separated by a region varying 

in length. Strands β1, β2 and β3 are part of the Sm1 motif, whereas the Sm2 corresponds to β4 

and β5 strands. Note that the Sm2 amino acid sequence conserved in archaeal and eukaryotic 

proteins does not appear clearly in Hfq. In Sm/LSm, the monomers assemble to form a ring 

using β4 and β5 strands of two consecutive monomers, giving a long β sheet that is continuous 
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all along the ring. The homo-hexamer thus forms a very stable structure, resistant to 

denaturation by temperature (the protein is thermostable) and denaturing agents (such as SDS 

during SDS-PAGE). This applies to Hfq and thermostability indeed simplifies its purification 

as the protein can be heated at 95°C for 5 minutes in an extract and remains active and in 

solution. 

1.3.2. Structural description of Hfq N-terminal region (NTR) 

The sequence of Hfq shown below (Figure 5) indicates the N-terminal region (NTR) of 

Hfq where we can recognize the Sm-fold (α-helix in red followed by five β-sheets in blue), 

followed by its C-terminal region (CTR) in orange, which will be further discussed in 1.3.3). 

 

Figure 5. Protein sequence of Hfq and corresponding secondary structure. With the α-helix in red, 

β-sheets in blue, and the Hfq-CTR in orange. 

As for Sm proteins, the NTR monomer is composed of an α-helix at the N-terminal 

extremity followed by a five-bent antiparallel β-sheet. The interaction between the β-sheets of 

each monomer permits their auto-assembly into a homohexameric quaternary structure via 

polar interactions (Brennan and Link 2007; Vogel and Luisi 2011). Precisely one monomer 

interacts with a second one via the assembly of the β4 strand of one monomer with the β5 

strand of another monomer, so that β-sheets continue over the entire ring (Figure 6). 
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Figure 6. Hfq three-dimensional structure, complexed to an sRNA (PDB ID: 4V2S). In blue, the 

N-terminal end of Hfq folded into a hexamer, in complex with a non-coding RNA (RydC, in red). This

complex then has the ability to bind to a messenger RNA (Dimastrogiovanni et al. 2014).

Functionally, the structure of the Hfq-NTR can be distinguished into two sides, the 

proximal face which exposes the α-helix and the distal face on the other side. The distal face, 

the proximal face and the edge of the toroid are all involved in binding of RNA with different 

specificities (Dimastrogiovanni et al. 2014; Link, Valentin-Hansen, and Brennan 2009; 

Schumacher et al. 2002). Uridine-containing sequences bind to the proximal face, while A-rich 

tract binds to the distal face. Usually, sRNAs have a higher affinity for the proximal face while 

mRNAs preferentially bind the distal face (Dimastrogiovanni et al. 2014). The edge (also called 

rim) contains basic patches with positively-charged Arginines, which contribute to binding the 

negatively-charged RNA. 

1.3.3. Hfq C-terminal region (CTR) 

In addition to its N-terminal region, the E. coli protein also possesses a C-terminal region (CTR, 

about 38 amino acids, see Figure 5). 

Structurally, this CTR has been described as intrinsically disordered for twenty years 

(Vogel and Luisi 2011). Due to its flexibility, the CTR is not present (genetically removed for 

overexpression) or not observed (present but not resolved) in all the crystal structures obtained 

for Hfq until now (Dimastrogiovanni et al. 2014; Link, Valentin-Hansen, and Brennan 2009; 
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Nikulin et al. 2005; Orans et al. 2020; Sauer 2013; Sauter, Basquin, and Suck 2003; 

Schumacher et al. 2002). In addition, attempts to get a solid-state (ss)NMR structure have been 

made but were not successful due to the difficulty to label the CTR part that is unstable when 

expressed alone in the bacteria (Véronique Arluison & Birgit Habenstein, unpublished result). 

Nevertheless, our group demonstrated in 2005 that it self-assembles as long fibres (Fortas et 

al. 2015). These fibres were detected both in vitro and in vivo (Fortas et al. 2015; Partouche et 

al. 2019; Taghbalout, Yang, and Arluison 2014). 

Precisely, the Hfq-CTR forms an amyloid assembly (Fortas et al. 2015), i.e., fibres 

involving the formation of intermolecular β-sheets (Figure 7), as those found in 

neurodegenerative pathologies such as Alzheimer or Parkinson (Eisenberg and Sawaya 2017; 

Fitzpatrick et al. 2013). Such a structure is called a cross-β motif and is formed from the 

superposition of successive β-sheet layers (Bonar, Cohen, and Skinner 1969; Fitzpatrick et al. 

2013). Unlike the amyloids found in the eukaryotic cell, the assembly formed by Hfq allows 

the proper functioning of the bacterial cell and is referred as a “functional amyloid” (Otzen and 

Riek 2019). The term functional is used in opposition to “toxic” amyloids, commonly found in 

neurodegenerative diseases (Chiti and Dobson 2017). 

The formation of amyloid fibres formed by Hfq-CTR and its structure was analysed by 

different biophysical methods (Marcoleta et al. 2019) (Figure 7). First, amyloids are mainly 

structured as fibres and can therefore be analysed by molecular imaging, electron microscopy 

(Figure 7D) or atomic force microscopy (AFM, Figure 7C) (Partouche et al. 2018). Amyloids 

can also be identified using specific dyes such as Thioflavin T (ThT) (Fortas et al. 2015; 

Partouche et al. 2018). Furthermore, as the fibre consists of an assembly of β-sheets, it is 

possible to analyse it by circular dichroism or infrared spectroscopies (Malabirade et al. 2018). 

Circular dichroism (CD) studies the absorption of a molecule, more specifically that of peptide 

bonds, in the ultraviolet region. An amyloid β-sheet is characterised in CD by a negative 

spectral band around 218 nm (200 nm if non-amyloid) (Figure 7A) (Turbant, Partouche, et al. 

2021). In Fourier Transform Infrared spectroscopy (FTIR), the absorption peak at 1618 cm-1 

characterises amyloids compared with conventional β-sheets (Figure 7B) (Fortas et al. 2015). 

Indeed, the latter, less stable, absorb at a greater wavenumber (Ruysschaert and Raussens 2018; 

Waeytens et al. 2021). These two methods therefore make it possible to monitor the kinetics of 

fibres formation over time. Note that FTIR spectroscopy and AFM imaging were combined to 

image isolated Hfq-CTR fibres, using a technique called nanoIR (Waeytens et al. 2021). The 

β-sheets in the fibres are spaced on average by 4.7 to 4.8 Å and follow each other in large 
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numbers along an axis (the fibre can be several µm long). This also allows their study by X-

ray diffraction (Figure 7E) (Matsuo and Peters 2022). Note that recently a crystal structure of 

E. coli Hfq containing the CTR region has been obtained, that confirms the presence of an

amyloid β-sheet stacking (Ben Luisi, Cambridge, personal communication). Nevertheless, the

amyloid 3D structure cannot be resolved.

It has been possible to determine that only 11 amino acids out of 101 of Hfq are 

involved in the formation of the amyloid (see sequence below underlined) (Malabirade, 

Morgado-Brajones, et al. 2017). Note that the experimental assembly kinetics in vitro are very 

long (several days for bacteria that divide every 20 minutes) (Fortas et al. 2015). 

Figure 7. Different methods for the analysis of amyloid structures (adapted from (Marcoleta et 

al., 2019)). A. Circular Dichroism; B. infrared FTIR spectroscopy. C. AFM; D. TEM, E. X-ray 

diffraction. 

The Hfq-CTR region has a very particular sequence with the presence of Histidine 

repetition (HH, in yellow), but also with several Aspartates D and Glutamates E (in cyan): 

SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE. This is particularly intriguing 

as Hfq naturally binds to Ni2+ ion without the need of His-tag (Milojevic et al. 2013). We thus 
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suspect that these amino acid residues may be involved in divalent metallic ions binding, which 

could influence amyloid folding and assembly. This has already been reported for other 

amyloids (López-Laguna et al. 2020; Srivastava et al. 2019). 

It should however be emphasised that Hfq is not a standard amyloid, which generally 

have neutral charge, are hydrophobic, and have a strong propensity to form β-sheets. According 

to Biopython (https://biopython.org/docs/1.76/api/Bio.SeqUtils.ProtParam.html), Hfq-CTR 

has rather a negative charge at pH 7, a hydrophobicity of -1.58 (thus CTR is hydrophilic) and 

a low propensity to form β-sheets (score of 0.16 on a scale from 0 to 1) (Mehdi Munim, CEA, 

personal communication). 

1.4. Hfq sRNA-based regulations 

As explained above, Hfq acts as a regulator of protein expression at the post-

transcriptional level through facilitated pairing between non-coding sRNAs with their target 

mRNA. Hfq uses multiple RNA binding faces (proximal, distal, rim) to perform sRNA/mRNAs 

annealing and the sRNA and mRNA must bind to different surfaces of Hfq (Kavita, de Mets, 

and Gottesman 2018). 

Usually, this regulation acts negatively and the sRNA:mRNA interaction most often 

results in stop of the translation and the degradation of the mRNA together with the sRNA. 

This is mainly achieved by ribonuclease E (RNase E), the major E. coli endonuclease (Mackie 

2013). This is indeed favoured as RNAse E physically interact with Hfq (Ikeda et al. 2011). 

The assembly of RNase E and Hfq leads to mRNA-sRNA hybrid rapid degradation. Note that 

conversely, Hfq protects sRNAs from the attack of ribonucleases when they are not associated 

with an mRNA (Susan Gottesman 2004). 

RNAse E is also located in close proximity of the membrane, together with other 

RNAses (endo- or exonucleases) in E. coli (Khemici et al. 2008; Taghbalout, Yang, and 

Arluison 2014). The compartmentalization of RNAses in bacteria may control their 

accessibility to substrates, avoid a premature degradation just after transcription and ensures 

concerted degradation and synthesis of mRNA (Carpousis et al. 2022). As Hfq interacts with 

RNAse E, this interaction could explain that a part of Hfq is located close to the inner 

membrane. Nevertheless, it was later demonstrated that Hfq membrane location seems 

independent of its interaction with RNAse E (Taghbalout, Yang, and Arluison 2014). Note that 

https://biopython.org/docs/1.76/api/Bio.SeqUtils.ProtParam.html
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Hfq-RNase E complex coexists in a mutually exclusive manner with the large RNase E-based 

complex called degradosome (Ait-Bara and Carpousis 2015; Vogel and Luisi 2011). 

In some cases, the interaction between sRNA and mRNA may also promote translation 

by freeing an occupied or inaccessible RBS or AUG. For instance, this is the case for 

DsrA/rpoS regulation (Majdalani et al. 1998; 2004), allowing the expression of σS sigma factor 

that is not expressed during normal condition of growth. In this case, the rpoS mRNA RBS is 

sequestered in a stem. Under stress conditions a small RNA (Dsra) is transcribed. This small 

RNA anneals to rpoS mRNA, changes its conformation and allows σS factor translation (Figure 

8). 

Figure 8. Post-transcriptional regulation of rpoS mRNA by Hfq and a sRNA. Hfq facilitates the 

pairing of sRNA with target mRNA(s); the ribosome binding site (RBS) is no longer sequestered, 

allowing rpoS mRNA translation to produce σS sigma factor. 

The role of Hfq-CTR in RNA annealing activity of Hfq is controversial: some studies 

reported that it is dispensable for this function while others found it is needed (Olsen et al. 

2010; Sonnleitner et al. 2004; Turbant, Wu, et al. 2021; Večerek et al. 2008). An argument for 

a probable function for the CTR domain is that in many bacteria it has maintained during 

evolution, suggesting that the CTR confers benefits to bacterial cells. One current model 

postulates that the NTR ring promotes annealing in order to anneal a sRNA and its 

complementary mRNA, forming a duplex that is then released (Santiago‐Frangos and 

Woodson 2018). Recent studies have implicated the acidic part of E. coli Hfq-CTR in 

promoting the release of dsRNA after pairing (Santiago-Frangos et al. 2017)  

Finally, it is now known that sRNAs also compete for Hfq binding and that an active 

cycling is needed, especially as RNAs rarely dissociate on their own (Fender et al. 2010). 

Indeed, hundreds of sRNAs require Hfq, that is thus limiting even the protein is abundant. The 
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way sRNAs compete for a Hfq is complex and not completely understood. Hfq-CTR region 

was proposed to influence the speed of this process (Santiago-Frangos et al. 2016). 

1.5. Hfq physically interacts with membranes 

As indicated above, a part of Hfq (that we estimate around 50%) is located in close 

proximity of the inner membrane (Arluison and Taghbalout 2015; Diestra et al. 2009). 

Different hypotheses have been made to explain this location, such as an interaction with a 

membrane-localized RNase (McQuail, Carpousis, and Wigneshweraraj 2022; Taghbalout and 

Rothfield 2008). But Hfq interacts with the membrane by its own. Indeed, our group previously 

demonstrated that Hfq-CTR physically interacts with E. coli inner membrane in vitro 

(Malabirade, Morgado-Brajones, et al. 2017; Turbant et al. 2022), without the need of another 

partner. As for the basis of this interaction, it has been proposed that a post-translational 

modification could drive it (Obregon, Hoch, and Sukhodolets 2015). But our group 

demonstrated that a synthetic peptide, devoid of any post-translational modification, also 

interacts in vitro with the membrane (Malabirade, Morgado-Brajones, et al. 2017). This was 

however not surprising as other amyloid proteins have been shown to interact with membranes 

(Drolle et al. 2017). 

Observations by cryo-transmission electron microscopy (cryo-TEM) showed that the 

liposomes in contact with fibrils undergo a deformation, which then results into bursting in a 

multitude of small vesicles in the vicinity of these fibrils (Figure 9, bottom) (Malabirade, 

Morgado-Brajones, et al. 2017). This shows that Hfq amyloid fibres induce liposome 

disruption, an effect already reported for other pathogenic amyloids (Di Scala et al. 2016; 

Milanesi et al. 2012). The immediate consequence of this interaction is the formation of holes 

in the membrane. However, the effect of the membrane on the amyloid structure was unknown 

(Malabirade, Morgado-Brajones, et al. 2017; Turbant et al. 2022). In order to understand this 

mutual interaction, different biophysical approaches have been used. Our group showed that 

the CTR of Hfq influences membrane integrity and that, conversely, the membrane affects the 

amyloid assembly of Hfq. For this goal molecular imaging and in particular AFM with 

supported membranes have been used (Figure 9, top).  
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Figure 9. AFM (top) and cryo-TEM (bottom) image showing that the bilayer is affected by Hfq 

CTR amyloid fibrils. Holes of 1 to 2 nm appear in membrane while fibres dissociate (top) and 

liposome-fibre contact (bottom) result in liposome burst (scale bar 20 nm) (Malabirade, Jiang, et al. 

2017). 

Interaction of the CTR fibrils changes the stiffness of lipid bilayers, as previously 

observed for other amyloids (Bonar, Cohen, and Skinner 1969). In parallel, oriented circular 

dichroism (OCD) and oriented FTIR spectroscopies indicated that the CTR inserts 

perpendicular to the membrane when it interacts with it (Turbant et al. 2022) (Figure 10). This 

results in the formation of holes in the membrane with associated proteins, which could 

influence the export of bacterial RNAs outside the cell (Malabirade, Morgado-Brajones, et al. 

2017). Indeed, Hfq may promote the export of RNA in the periplasm (space between inner and 

outer membranes). Then outer membrane vesicles (OMVs) may be formed and be secreted 

together with RNAs. RNA contained in OMVs could allow the bacteria to communicate with 

other cells using the molecules they contain, which are called “cargoes”. 

Recently, our group also observed using the oriented circular dichroism technique, that 

Hfq-CTR interacts with the outer membrane, but does not appear to be inserted into the OMV 

membrane. The biological relevance of this analysis is to the possible discovery of a new 

communication pathway between bacteria or bacteria and host with an important role in 

pathogenesis and virulence (Kim et al. 2022). 
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Figure 10. Model of interaction between Hfq CTR amyloid fibrils and bacterial membrane. First, 

Hfq-CTR fibres interact with the membrane and then depolymerize. Then membrane disruption 

occurs and holes form. This is accompanied by the peptide insertion perpendicular to the membrane. 

This occurs with a simultaneous decrease in antiparallel β-sheet content. 

1.6. Hfq is a nucleoid associated protein (NAP) 

In bacteria, the genome is highly compacted despite the lack of nuclear membrane: the 

E. coli chromosome is 1.5 mm long and must be compacted by a factor 1000 to be stored in a 

~1 µm-length cell. This is made possible due to the presence of proteins associated with DNA, 

which results in a compact structure called the nucleoid. These proteins are called NAP, 

standing for Nucleoid Associated Proteins (Dorman 2009). Hfq is classed as one of the twelve 

nucleoid-associated E. coli proteins (Azam and Ishihama 1999). Among these NAPs are also 

found: HU (Histone-like protein from E. coli strain U93), H-NS (Heat-stable nucleoid 

structuring protein), Dps (DNA-binding protein from starved cells), IHF (Integration Host 

Factor) and Fis (Factor for inversion stimulation protein). For the NAP, several classes of 

proteins can be distinguished depending on their action on the nucleoid, namely DNA bending 

(HU, IHF, Fis), DNA stiffening (HU, H-NS), DNA bridging (H-NS, Fis, Hfq), DNA bunching 

(HU) and DNA wrapping (Fis) (Figure 11) (Verma, Qian, and Adhya 2019). 
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Figure 11. Different types of DNA compaction by NAPs proteins. Adapted from (Verma, Qian, and 

Adhya 2019). 

For DNA binding, we currently know that Hfq uses its proximal face (Orans et al. 

2020), even if it had previously been postulated that it may use its distal face (Updegrove et al. 

2010). Hfq binds DNA in a non-sequence specific way but has better affinity with curved and 

A-rich DNAs (Geinguenaud et al. 2011; Updegrove et al. 2010). 

Hfq’s role in DNA structuring is unclear but it is the third most prevalent protein in the 

nucleoid during the exponential growth phase (Azam and Ishihama 1999). Moreover, its 

concentration increases by a factor of two during the stationary phase (Diestra et al. 2009). 

While other NAPs such as H-NS, HU, Dps or IHF seem to be uniformly distributed in the 

nucleoid, Hfq seems to have a heterogeneous localization pattern (Azam, Hiraga, and Ishihama 

2000). Densely occupied regions have recently been evidenced in the E. coli genome and they 

may contain high concentration of Hfq (Amemiya et al. 2021). As the Hfq average 

concentration in the nucleoid is about 10-20% of total Hfq (~10-15 µM) (Azam and Ishihama 

1999; Diestra et al. 2009), its local concentration could locally reach tens to hundreds of µM. 

It must be emphasized that some phenotypic effects due to the lack of Hfq and initially 

attributed to RNA-based regulation (H.-C. T. Tsui, Leung, and Winkler 1994) may be directly 

linked to defects in DNA-related processes (Cech et al. 2014; Chen and Gottesman 2017; 

Gaffke et al. 2021; Haniford and Ellis 2015; Kubiak et al. 2022; Le Derout et al. 2010; 
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Malabirade et al. 2018; Parekh et al. 2019; H.-C. T. Tsui, Leung, and Winkler 1994). These 

include DNA supercoiling, more elongated cells, effects on replication efficiency, a change of 

mutagenesis rate, and a change in transcription. 

Recently, our group showed that the NTR is not the only region involved in DNA 

binding (Orans et al. 2020), and that Hfq CTR also binds to and compacts DNA (Jiang et al. 

2015; Malabirade, Jiang, et al. 2017). The high local concentration, in turn, could favour the 

amyloid self-assembly of Hfq via its CTR and contribute to DNA shaping (Milles et al. 2013). 

The specific question of Hfq-CTR interaction with DNA is the one we wanted to 

address in vitro and in cellulo during my PhD thesis. These points will be discussed below, and 

imaging technologies used will be described in detail. 

1.7. Imaging of Hfq localisation 

1.7.1. Fluorescence microcopy 

First attempts to image Hfq in the cell have been made using visible light microscopy 

(VLM). For this goal two main tools were available, either adding a fluorescent protein or 

detecting endogenous protein (non-fluorescent) by immunolabelling. Both types of labels have 

advantages and drawbacks. 

For the fluorescent tag, a fluorescent protein referred as FP later in the thesis (such as 

the original Green Fluorescent Protein GFP for Aequorea victoria) is added “in phase” with 

Hfq sequence to make a fusion protein that emits fluorescence in the visible light spectrum. 

The main advantage of such labelling is that it allows the analysis of Hfq dynamics as cells can 

be observed without the need of fixation. Nevertheless, even if the chromophore responsible 

for fluorescence emission is constituted by only 3 amino acids (glycine + tyrosine + serine), 

the whole protein is needed to observe fluorescence. The consequence is that a large protein of 

238 amino acids must be adjoined to Hfq (101 amino acids), which could result in Hfq 

misfolding and wrong localisation. This is what happened with all FP-tagged proteins 

constructed previously in the lab, where we observed inclusion bodies. This was the case 

independently of the FP used (YFP, GFP and RFP have been used) and of the position of the 

FP (in N-terminus, C-terminus or between N- et C-terminus regions of Hfq). Indeed, we suspect 

this is even worse in the case of Hfq as it is a hexamer and thus not just only 238 amino acids 

are added but 6 × 238 amino acids. Note that some analyses described the use of Hfq FP-
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labelled protein, but we suspect the foci they observe in most of these studies are due to mis-

folding and mis-localisation of a large part of the protein (McQuail, Carpousis, and 

Wigneshweraraj 2022). Our group also noticed that decreasing growth temperature to 25°C 

reduces the formation of inclusion bodies. 

The second possible way to observe Hfq is immunolabelling. For such an analysis 

(based on western blot), specific antibodies must be available. This could appear trivial but 

indeed due to the Flexible/amyloid region of Hfq, having specific antibodies against Hfq is not 

an easy task and a purification is always needed (Taghbalout, Yang, and Arluison 2014). The 

advantage of this method is that the endogen protein (without any tag and with normal level of 

expression) is used, but its main drawback is that it usually requires cell fixation (chemical or 

cryo). Using such a method was applied to image Hfq localisation. The results obtained 

confirmed that Hfq is located in the nucleoid (Azam, Hiraga, and Ishihama 2000) and in close 

proximity to the inner membrane (Arluison and Taghbalout 2015; Fortas et al. 2015; 

Taghbalout, Yang, and Arluison 2014). Nevertheless, until now only conventional microscopy 

has been used to localize Hfq. Although it is the fastest, easiest, highest throughput and 

cheapest method, the major limitation of visible light microscopy (VLM) is the resolution as it 

is limited to about 200 nm due to diffraction (the resolution is materialized by the minimal 

distance necessary to resolve two distinct objects). 

This limit can, however, be overcome by super-resolution VLM techniques, such as 

Photo-activated Localization Microscopy (PALM) (Betzig et al. 2006) or Stochastic Optical 

Reconstruction Microscopy (STORM) (Rust, Bates, and Zhuang 2006). These techniques rely 

on the stochastic activation of individual fluorophores with photo-activable or photo-

switchable properties. The signal of each fluorophore is still subject to the diffraction of light 

limit. However, because each is activated separately, the centre of mass of the signal can be 

determined accurately. In the case of Hfq, such analyses have been made but due to the 

technical difficulty of labelling, in many cases it resulted in the mis-localisation and 

precipitation of a part of the protein. We however need to indicate that a new labelling method 

using the red Hfq-mMaple3 tagging (S. Wang et al. 2014) seems promising. It must however 

be kept in mind as mentioned above and in the publication of Park et al, that adding 6 FPs that 

may complicate analysis of the dynamics of the protein inside the cell (Park et al. 2021). 

For this reason, our group intends to develop a smaller tag to allow Hfq imaging without 

the drawbacks associated with the use of a large FP. 
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1.7.2. Transmission electron microscopy 

The first transmission electron microscope was created and developed by Ernst Ruska 

and Maxx Knoll in 1931 to circumvent the limitations imposed by light microscopy (Knoll and 

Ruska 1932). They developed transmission electron microscopy (TEM) based on the use of 

accelerated electrons instead of photons. TEM exploits the wave-particle duality property of 

electrons to form images. The theoretical wavelength (𝜆𝜆) of an electron can be determined 

using the De Broglie relationship, where ℎ is the Planck’s constant (6.626 × 10−34 J. Hz−1), 

𝑚𝑚 the mass of an electron (3.1 × 10−31 kg), 𝑒𝑒 = 1.6 × 10−19 J (without relativistic 

adjustments) and 𝑉𝑉 the accelerating voltage, which gives the equation: 

𝜆𝜆 =
ℎ

√2𝑚𝑚𝑒𝑒𝑉𝑉
=

12.25 × 10−10

√𝑉𝑉
 ( I. 1 ) 

Now considering the relativistic effects due to the velocity of electrons reaching about 

70% of the speed of light at an accelerating voltage of 200 kV, we obtain the equation: 

𝜆𝜆 =
12.25 × 10−10

√𝑉𝑉
×

1

�1 + 𝑒𝑒𝑉𝑉
2𝑚𝑚𝑐𝑐2

( I. 2 ) 

with 𝑐𝑐 the speed of light equal to ~3.108 𝑚𝑚. 𝑠𝑠−1. Thus, at an accelerating voltage of 200 

kV, electrons have a 2.51 pm wavelength (see Equation I.2). The diffraction limit resolution is 

given by Abbe can be approximated by:  

𝑟𝑟 =
𝜆𝜆
2

  ( I. 3 ) 

This means that the diffraction-limited theoretical attainable resolution with a 200 kV 

TEM should be approximately of 0.013 Å. Yet the actual achievable resolutions are closer to 

1 Å due to the lenses’ aberrations of the microscopes. 

Image formation 

Because electrons are (negatively) charged particles, their trajectory can be influenced 

by electromagnetic fields. By using copper coils to generate electromagnetic fields, it is 

possible to deviate their path, acting in the same way as a glass lens would do to photons. This 

conceptualizes the term of electromagnetic lens which are used to focalize the electron beam 

in TEM (see Figure 12). Note that unlike in light microscopies, electromagnetic lenses can only 

be convergent lenses. 
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Figure 12. Similarities between a light microscope and a transmission electron microscope from 

the optical point of view. Schematics of the optic system of a light microscope (Left). Schematics of 

the optic system of a transmission electron microscope (Right). Adapted from (Płaczek and Kosela 

2016). 

Contrast formation 

Because of the wave-particle duality of electrons inside the microscope, they can be 

considered both as a group of (negatively) electrically charged particles, and as electromagnetic 

waves each having a phase and a wavelength. 

When passing through the sample, electrons can interact with the sample matter in 

different ways. Electrons can cross the sample without interaction, in this case they are 

transmitted and conserve the same energy and phase. If they interact with matter, they can 

undergo two types of interactions, either elastic or inelastic scattering. Elastic scattering occurs 

when the electron interacts with an atom’s nucleus by passing very close to it. This interaction 

significantly deviates the electron from its initial trajectory while conserving its energy. On the 

other hand, inelastic scattering occurs when an electron interacts with the electronic cloud of 

an atom. In this case, the incident electron can transfer part of its energy to the surrounding 
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electronic cloud leading to multiple possible outcome such emission of a photon (visible or X-

ray), Auger, secondary or back-scattered electron (BSE), and finally inelastic scattering of the 

incident electron (see Figure 13). This later one is deviated from its original trajectory by only 

a small angle. 

 

Figure 13. Schematics of the possible outcomes from the interactions of an incident beam of 

accelerated electrons with a thin specimen. (Adapted from GATAN) 

These inelastically scattered electrons can be filtered out by using an in-column or post-

column energy filter which acts as a magnetic prism with a small slit at the end thus selecting 

only zero-loss electrons for example (i.e., transmitted electrons). This permits to increase the 

signal-to-noise ratio (SNR). 

Aberrations 

As stated above, the practical attainable resolution of a TEM is limited by imperfections 

of the electromagnetic lenses. These are divided in three main types which are spherical 

aberrations (Cs), chromatic aberrations (Cc) and astigmatism. Cs is explained by the fact that 

electrons are more converged the farther they are from the optical axis. Note that while Cs is 

the main source of aberrations, recent microscopes can be equipped with Cs correctors. 

On the other hand, Cc is caused by the source of electrons which do not generate a 

purely monochromatic electron beam, meaning that there are small differences in wavelength 
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between the generated electrons. As Cs, Cc also impacts the convergence of electrons (see 

Figure 14). 

Finally, astigmatism is due to imperfections in the rotational symmetry of the objective 

lens. It is characterized by a difference of focal length (i.e., magnification) depending on the 

azimuthal direction. Astigmatism can be corrected inside the microscope. 

Other aberrations contribute to the resolution loss, such as the fluctuations in the 

accelerating voltage, in the electromagnetic lenses, or due to vibrations, parasitic external 

electromagnetic fields, noise induced by the camera detector (Charged Coupled Device (CCD) 

or Direct Electron Detector (DED)). 

 

Figure 14. Illustration of lenses aberrations of a point object. a) Spherical aberration. b) Ideal lens. 

c) Chromatic aberration. (Ke, Bittencourt, and Van Tendeloo 2015)  

1.7.3. Tomography 

Tomography, in the framework of this thesis, consists of the recovery of the 3D 

structural information of the sample by acquiring a series of views (2D projections) at 

incremental tilt-angle. 

Then, the set of 2D projections needs to be aligned to a common tilt-axis prior to 3D 

reconstruction. This is usually done by the addition of gold bead fiducials (i.e., nanoparticles) 

during sample preparation. These fiducials serve as trackers which can be tracked throughout 

the tilt-series and are used to align the projections. This alignment process can be done using 

software such as IMOD etomo (Kremer, Mastronarde, and McIntosh 1996; Mastronarde and 
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Held 2017) or TomoJ (MessaoudiI et al. 2007; Carlos Oscar Sanchez Sorzano et al. 2009; 

C.O.S. Sorzano et al. 2020). Note that marker-free alignment is also possible but will not be 

covered in this thesis. 

The three-dimensional (3D) reconstruction of the volume is usually done using either 

direct methods such as Weighted Back Projection (WBP) or iterative reconstruction methods 

such as the Algebraic Reconstruction Technique (ART) (Gordon, Bender, and Herman 1970), 

Simultaneous ART (SART) (Andersen 1984), Simultaneous Iterative Reconstruction 

Technique (SIRT) (Gilbert 1972). These algorithms are implemented in IMOD, Tomo3D (J. I. 

Agulleiro and Fernandez 2011; J.-I. Agulleiro and Fernandez 2015), TomoJ, or TomoPy for 

example (Gürsoy et al. 2014). 

However, the main limitations of tomography are that because of the nature of the 

biological samples and the grids used as support for imaging, there is an increase of the 

apparent thickness of the sample at high tilt-angle, because of the repeated imaging of the same 

zone through the acquisition of a tilt-series the radiation dose needs to be sufficiently low to 

not damage the sample. And finally, because of the grid, the sample cannot be imaged inside 

the microscope using the full 180° range require to recover the full special information of the 

volume. This tilt-range that cannot be sampled is causing the missing of part of the information 

and is commonly called the “missing wedge” (Figure 15A). This missing wedge causes 

artefacts in the 3D reconstructions and most notably an elongation along the Z-axis. 

To counteract this later limitation, it is possible to rotate the grid inside the microscope 

(with a special device) and acquire a second tilt-series. This will result in the completion of 

part of the missing wedge, finally resulting in a missing pyramid (Figure 15B). 
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Figure 15. Illustration of the impact of the number of tilt-axes acquisitions on the missing 

information. A) Single tilt-axis acquisition scheme, leading to two missing wedges along the tilt-axis. 

B) Dual tilt-axes acquisition scheme, leading to the reduction of the missing wedges into two missing 

pyramids. Note that in this illustration the total number of tilt-images is constant between A) and B). 

1.7.4. Cryo-microscopies & cryo-tomography 

Room temperature aqueous samples are generally not suitable for transmission electron 

microscopy (TEM) or soft X-ray tomography (SXT) because of the high vacuum that these 

methods require in the microscopes and because of the radiation damage these probes produce. 

Note that this paradigm may change with some emerging techniques such as “Liquid EM”, 

Marcello, G. PhD Thesis, University College London, 2021, which are currently under 

development. 

Jacques Dubochet, Joachim Frank and Richard Henderson laid the foundations of cryo-

methods and were awarded the Chemistry Nobel prize in 2017 for their pioneering work on 

high-resolution structure determination of biological macromolecules using cryo-electron 

microscopy (Nogales 2018). 

This method consists in the deposition of the aqueous sample on a cryo-grid (which is 

usually a copper grid covered with a holey carbon film). The grid is then mounted of a cryo-

plunger, the excess of solution is blotted using Whatman filter paper, and the grid finally 

plunged into liquid ethane at about -174°C (cooled by liquid nitrogen at -196°C). This process 

results in the vitrification of the sample without ice crystals formation which would otherwise 

lead to sample deformation and diffraction of the electron beam. 
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Cryo-preservation methods thus enable the observation of samples in a vitrified close-

to-native state without requiring staining or altering the sample with chemical fixation (Lučić, 

Rigort, and Baumeister 2013). This way it is possible to observe entire bacterial cells using 

cryo-microscopy techniques such as cryo-transmission electron microscopy (cryo-TEM) or 

cryo-soft X-ray tomography (cryo-SXT). While cryo-TEM can achieve higher resolutions than 

cryo-SXT, the former cannot permit the observation of the bacterial nucleoid which is 

transparent to electrons. On the other hand, using cryo-SXT in the so-called water window 

energy range (~520 eV) (Figure 16), the oxygen (water) has a very low absorption while 

carbon-containing (organic) structures have a high absorption (Nave 2018; Wolter 1952). The 

absorption contrast thus generated makes cryo-SXT a 3D quantitative imaging technique 

allowing recovery of linear absorption coefficient (LAC) values corresponding to the atomic 

composition of each voxel. In addition, cryo-SXT enables the observation of thicker samples 

compared with transmission electron microscopy, at relatively high resolution (30 nm half pitch 

resolution (Otón et al. 2016)). 

 

Figure 16. Plot of the water window energy range (284 - 543 eV) showing the k-absorption edges 

of carbon and oxygen. The plot displays the attenuation length corresponding to the distance (in 

micrometres) at which the intensity of the beam falls to 1/e (~ 37%) of its value at the surface of the 

sample (Howells et al. 2007), in function of the incident photons energy (in electron volts). (Carzaniga 

et al. 2014)  

However, the observation of the bacterial nucleoid in cellulo remains challenging 

because of the lack of membrane separating the nucleoid genomic content from the cytoplasm. 

Because the genomic material is not clearly separated from the rest of the cytoplasm inside the 
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bacterial cell, it needs to have a high organization for the DNA to be at the same time protected 

while remaining available for cellular processes such as division and genomic expression. 

The details about the use of cryo-TEM methods will be discussed in detail in Chapter 

II. Nevertheless, it must be indicated here that cryo-TEM main limitation is the thickness of 

the sample. Indeed, an E. coli cell grown in rich media is too thick to be imaged directly. This 

can however be circumvented by growing the cells in minimal media to make them thinner 

(Pehau-Arnaudet, Joseleau-Petit, and Arluison 2012) or by using cryo-STEM (see Chapter V). 

The other drawback of cryo-TEM/SXT is to find an electron-dense tag that does not affect 

bacteria survival. One such tag has been tested for Hfq, the metallothionein MT tag (Diestra et 

al. 2009). This tag allowed the localization of Hfq and provided evidence for the first time 

about its membrane localisation. It also confirmed its presence in the nucleoid. Nevertheless, 

it must be indicated that this tag use gold ions for labelling that are highly toxic for the cell and 

result in death if the exposure is too long. This is particularly critical as Hfq expression is highly 

related to stress and gold toxicity may influence Hfq properties in vivo. We thus tried to develop 

a new tag and this point will be discussed in Chapter VI. 

The goal of this dissertation is to have a better understanding of the role of Hfq on DNA 

compaction in vivo, and in general of phenotypes of Hfq-deficient cells using imaging methods 

to observe Hfq in its native cellular environment.  
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Chapter II. In vitro analysis of the complex 
between Hfq and double stranded DNA 

2.1.  Role of Hfq-CTR in DNA compaction 

Our group has previously shown that Hfq and in particular Hfq-CTR mediates the 

bridging of two double stranded DNA molecules (Geinguenaud et al. 2011). Protein-mediated 

DNA bridging is indeed a ubiquitous mechanism allowing DNA compaction in the cell (Figure 

11). Another NAP protein that bridges DNA is for instance H-NS (Dame, Wyman, and Goosen 

2000). It has been suggested that first a nucleation on specific sites of DNA occurs, followed 

by a propagation and spreading on large regions (Lang et al. 2007). We guess the same 

mechanism applies for Hfq (Vreede and Dame 2012). This may constitute a general mechanism 

for organizing bacterial DNA (Figure 17). Nevertheless, the way H-NS uses to propagate is 

different than that of Hfq as it uses a leucine-zipper to self-assemble along the DNA. 

 

Figure 17. Proposed mechanism of DNA bridging. Initial nucleation of the NAP at high-affinity sites 

is followed by spreading and condensation of DNA. Spreading and condensation could be concomitant 

or consecutive. This could induce genetic expression silencing. 

Various experimental methodologies have been used to analyse the complex between 

Hfq or Hfq-CTR with double-stranded DNA (dsDNA). This includes electrophoretic mobility 

shift assay (EMSA), electron microscopy, atomic force microscopy, circular dichroism (CD) 

and infrared (FTIR) spectroscopies, isothermal titration calorimetry (ITC), small angle X-ray 
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and neutrons scattering (SAXS and SANS), and fluorescence microscopy imaging of single 

DNA molecules confined inside nanofluidic channels (Geinguenaud et al. 2011; Malabirade, 

Jiang, et al. 2017; Malabirade et al. 2018; Turbant, Hamoui, et al. 2021). All these methods 

have been used to follow the assembly of the CTR, NTR and full-length of Hfq on DNA and 

the effect on DNA structure. The results highlight the role of Hfq-CTR in changing the 

mechanical properties of the double helix and compaction of DNA into a condensed form. The 

tendency for bridging and compaction of DNA by the CTR is related to its propensity to form 

an amyloid structure. Furthermore, dsDNA promotes the self-assembly of Hfq-CTR into an 

amyloid form (Malabirade et al. 2018). All these effects have been analysed in vitro and are 

thus directly due to the assembly of Hfq or its CTR to dsDNA (i.e., not due to an sRNA-based 

indirect regulation that could happen in vivo). 

2.2. Indirect effect of Hfq on DNA compaction 

In addition to these direct effects, Hfq also regulates genes that may influence DNA 

structure. Among these genes, we can cite hns, encoding the H-NS NAP, and rpoS encoding 

the σS sigma factor. This results in an indirect impact on DNA compaction by Hfq during 

stationary phase as rpoS promotes Dps protein production, which compacts DNA during the 

early stationary phase (Xia et al. 2017). Note that while it inhibits the translation of hns, Hfq 

promotes the translation of rpoS mRNA (a hfq mutant presents a highly reduced level of 

expression of σS in stationary phase (Muffler, Fischer, and Hengge-Aronis 1996)). 

2.3. Hfq-CTR:dsDNA fibres analysis by cryo-electron microscopy 

To date, no 3D structure is available for Hfq-CTR complexed with DNA (Vogel and 

Luisi 2011). Only the structure of a complex between NTR and DNA has been obtained (Orans 

et al. 2020). This is mainly due to the complexity to get an atomic structure of an amyloid 

protein, especially when it is a large peptide as for Hfq-CTR (38 amino acid residues here) 

(Eisenberg and Sawaya 2017). This is even more complicated when the amyloid is complexed 

to dsDNA. An alternative would be to use the short amyloid region of 11 amino acid residues 

that forms the amyloid nucleation site (underlined in CTR sequence: 

RPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE), but this peptide does not 

interact with DNA (Turbant, Hamoui, et al. 2021). 
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In recent years, cryo-transmission electron microscopy (cryo-TEM) has vastly 

improved on resolution and observable sample size. With our current analysis we intend to 

observe the first DNA bridging complex involving an amyloid with numerous perspectives for 

health, not only for fighting bacterial resistance but also for neurodegenerative diseases. 

Indeed, other amyloids such as the amyloid-beta peptides related to Alzheimer's disease also 

bind DNA (Barucker et al. 2014; Camero et al. 2013). 

2.4. Cryo-electron microscopy analysis 

2.4.1. Principle 

Cryo-EM methods have recently become a current approach of choice to analyse 

amyloid fibres. Indeed, cryo-preservation enables the observation of the sample in a vitrified 

close-to-native state without requiring staining or altering the sample with chemical fixation 

(Lučić, Rigort, and Baumeister 2013). Cryo-EM thus implies different steps as (i) sample 

preparation, (ii) data acquisition, and (iii) single particle analysis (SPA) for structure 

determination. Central to the analysis is this last step consisting of the processing of raw images 

to produce 3D structures. Nevertheless, each of these three steps is critical for the final 

resolution of the determined structures. 

2.4.2. Methods 

The preparation of samples and analysis of amyloid fibres is described in detail in the 

Publication 1 (Cossa and Trépout 2022). 
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“Cryo-Electron Microscopy to Analyze the Structure of Bacterial Amyloids 

In Vitro.”  

In Bacterial Amyloids, 2538:13–23. Methods in Molecular Biology. Springer 

US. 2022. https://doi.org/10.1007/978-1-0716-2529-3_2. 
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Chapter 2

Cryo-electron Microscopy to Analyze the Structure
of Bacterial Amyloids In Vitro

Antoine Cossa and Sylvain Trépout

Abstract

Amyloid fibrils are aggregates of proteins or peptides. In humans, they are associated with various
pathologies ranging from neurodegenerative diseases such as Alzheimer’s and Parkinson’s to systemic
diseases like type 2 diabetes. In bacteria, amyloids can exert functional roles such as biofilm formation or
gene regulation. Up to now, the aggregation mechanism leading to amyloid fibril formation is poorly
understood as proteins with different amino acid sequences can fold into similar 3D structures. Under-
standing the formation of amyloid fibrils constitutes a central challenge for fighting major human health
issues such as neurodegenerative diseases and biofilm formation in ports (implantable chambers). Since the
dogma linking protein sequence, 3D structure, and function is increasingly disrupted by the growing
understanding of the importance of disordered domains in proteins, it is crucial to possess a method capable
of building accurate atomic models of amyloids. Aided by the leap forward of cryo-electron microscopy
(cryo-EM), which can now routinely achieve sub-nanometric resolutions, it has become the method of
choice for studying amyloids. In this chapter, we use the Hfq protein from Escherichia coli as an example to
present general protocols in cryo-EM to unveil the structure of bacterial amyloids and improve our
knowledge of their aggregation mechanism.

Key words Cryo-electron microscopy, Functional amyloid, Hfq, E. coli

Abbreviations

CTR C-terminal region
EM electron microscopy
RNA ribonucleic acid

1 Introduction

In the biomedical field, amyloids have been intensively studied
because they are infamously responsible for human diseases such
as Alzheimer’s, Parkinson’s, and type 2 diabetes. The literature

Véronique Arluison et al. (eds.), Bacterial Amyloids: Methods and Protocols,
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about amyloids associated with neurodegenerative diseases is vast.
In bacteriology, some studies have shed light on the potential
functional roles of amyloid-like proteins. For example, it has been
shown that curli fibrils mediate biofilm formation in Escherichia coli
[1]. These amyloid-like proteins have also been linked to bacterial
pathogenicity and cell adhesion [2, 3], aerial hyphae formation
mediated by chaplins in Streptomyces coelicolor [4], and responsibil-
ity in gene regulation [5]. Moreover, the C-terminal region (CTR)
of the small regulatory noncoding RNAs Hfq protein has been
demonstrated to form amyloid fibrils in E. coli [6].

Amyloids have long been studied to understand how they lead
to diseases. Yet, only little is known about the fibril formation
mechanism. It is known that amyloids are formed by aggregates
of proteins (or peptides) stacked in a cross-β-sheet structure. Nev-
ertheless, independently of the amino acid primary sequence of the
protein (or peptide), all amyloids share a similar 3D filamentous
structure. Moreover, amyloids contain intrinsically disordered
domains [7]. Because of this characteristic, the structure of amy-
loids cannot be studied using molecular dynamics or sequence-
based structure prediction algorithms. In 2015, negative staining
electron microscopy (EM) has been used to unveil the structure of
RepA-WH1 amyloid filaments at 29 Å resolution [8]. This work is
representative of what can be achieved using negative staining
EM. At this resolution, the helical pattern of the filament is visible;
however, it was not possible to resolve the protein-protein interac-
tions (Fig. 1a). In 2018, X-ray diffraction was used to resolve the
structure of the LFKFFK segment from the S. aureus PSMα3
virulent peptide at 1.51 Å resolution [9]. Historically, the resolu-
tion of X-ray diffraction is superior to that of EM, hence the higher
amount of details compared to previous EM works.

At this resolution, the structural information is such that it is
possible to visualize which amino acids interact to maintain the
cross-β-sheet structure (Fig. 1b). Nevertheless, X-ray diffraction
requires that the protein of interest can be crystallized. For amy-
loids, this crystallization step is rarely possible because of the
unfolded domains intrinsic to amyloids. In 2017, cryo-EM has
been used to unveil the structure of tau filaments from patient-
derived material at 3.4 Å resolution [10]. Using a state-of-the-art
model building algorithm, it was possible to accurately fit an
80 amino acid-long atomic model in the cryo-EM maps of the
paired helical and the straight filaments (Fig. 1c and d). This
80 amino acid-long sequence corresponds to the core of the tau
filament, which structure is highly conserved, as opposed to the
loose and unfolded peripheral regions. Several other studies have
used high-resolution cryo-EM to unveil the structures of various
amyloids [11–14].

Initiated by Dubochet, Frank, and Henderson, cryo-EM
enables the study of samples cryo-fixed in a close to native state
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[15]. The cryo-EM method has undergone a so-called resolution
revolution during the last decade [16]. Advancements in both
hardware and software have contributed to a striking improvement
of the cryo-EMmethod, capable now of routinely unveiling protein
structures at resolutions better than 3 Å, matching the details
provided by X-ray diffraction. These developments allowed for
the first time the identification of fibril polymorphisms within the
very same sample [13]. Such structural information is crucial to
better understand the fibril formation mechanism. This chapter
describes the methodology for cryo-EM sample preparation, obser-
vation, and characterization of amyloids, using the CTR of the
bacterial protein Hfq as a test sample.

2 Materials

In this section, the laboratory setup used for amyloid fiber investi-
gation is described. However, to present more generally the cryo-
EM method used for studying amyloid fibers, other commonly
used setups are also indicated.

2.1 Amyloid Sample 1. Amyloid proteins can be extracted and purified from tissues or
cells [10].

2. Alternatively, shorter amino acid sequences (i.e., amyloid pep-
tides) can be chemically synthesized.

2.2 Cryo-EM

Equipment

1. A field emission gun transmission electron microscope with
cryo-capabilities, operating at 200 kV (or 300 kV), equipped
with an energy filter (in-column or post-column filter), a CCD
camera or preferentially a direct electron detector camera (for

Fig. 1 Examples of amyloid structures with increasing resolution, showing the improvement of the cryo-EM
method. (a) Negative staining EM map of RepA-WH1 amyloid filaments at 29 Å resolution (EMD-6182) [8]. (b)
X-ray diffraction structure of the LFKFFK segment from the S. aureus PSMα3 virulent peptide at 1.51 Å
resolution (PDB 6FHC) [9]. (c) Cryo-EM map of tau filaments from patient-derived material at 3.4 Å resolution
with atomic model superimposed (EMD-3743 + PDB 5O3T) [10]. (d) Atomic model presented in C (PDB 5O3T).
EM maps and atomic models have been generated in ChimeraX [24]
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sub-nanometric structure determination studies). In our setup,
we use a JEOL 2200FS (JEOL Ltd., Tokyo, Japan).

2. A cryo-holder to hold the cryo-grids close to liquid nitrogen
temperature (about �175 �C) inside the electron microscope
and a cryo-transfer station to mount the cryo-grid on the cryo-
holder. In our setup, we use a Gatan 914 cryo-holder (Gatan,
Pleasanton, CA, USA).

3. Cryo-EM grids: 200 mesh or 300 mesh R 2/2 or R 1/2 holey
carbon copper Quantifoil® grids (Quantifoil Micro Tools).
Quantifoil Au grids can also be used in high-resolution studies
as they provide more stable support, reducing the electron
beam-induced sample drift and improving the collected image
quality. Copper grids coated with a continuous carbon layer can
also be used during preliminary experiments to verify the sam-
ple quality by negative staining.

4. A glow discharger to make cryo-EM grids hydrophilic prior to
sample deposition to improve sample adsorption on the grid.

5. A plunge freezer to rapidly cryo-fix the sample in a close to the
native state. In our setup, we use a manual plunge freezer.
Automatic plunge-freezing systems can also be used if the
sample structure is fragile and requires precise humidity and
temperature controls.

6. The usual electron microscopy material (precision and anti-
capillary tweezers, Whatman filter paper).

2.3 Other Equipment 1. The standard laboratory equipment (micropipettes, Eppendorf
tubes, precision balance, parafilm, glass slides, etc.).

2. A powerful workstation preferentially equipped with a CUDA-
capable GPU to perform post-acquisition image analysis.

3 Methods

3.1 Amyloid Sample

Preparation

The amyloid sample can have various origins. Amyloid proteins can
be extracted and purified from tissues or cells. Alternatively, small
peptides corresponding to a part of an amyloid protein can be
chemically synthesized. In this chapter, we used a 38 amino acids
peptide ( SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQD
SEETE) corresponding to the CTR sequence of Hfq. The peptide
was chemically synthesized and then reconstituted in deionized
ultrapure water at 20 mg/mL [17]. The solution is stored at 4 �C
in an Eppendorf tube. The fibril formation can be detected when
the aqueous solution becomes viscous. The kinetic of fibril
formation depends on several parameters; for more information
see Note 1.
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3.2 Grid Preparation 1. Electron microscopy grids are carefully placed with the carbon
facing up on a cleaned glass slide using precision tweezers.

2. The glass slide is then placed between the electrodes of the
glow-discharge device, the chamber is closed, and the glow-
discharge process is started to make the grids hydrophilic (our
settings were intensity 25 mA and vacuum 0.39 mBar during
25 s).

3. The electron microscopy grids will stay hydrophilic for about
2 h post glow-discharge if kept in a dry and dust-free
environment.

3.3 Sample

Screening (Negative

Staining)

Negative staining can be used to screen the sample before
performing cryo-EM. It is a quick and efficient way to detect the
presence of amyloid fibers and to check sample homogeneity. How-
ever, negative staining has several limitations and must be used
accordingly. For more information, see Note 2.

1. A 5 μL drop of amyloid solution at 1 mg/mL (i.e., 1/20th
dilution of the stock solution) is deposited on the carbon side
of the EM grid (e.g., 200 mesh square grid with continuous
carbon).

2. After about 1 min of interaction (use longer adsorption times if
there is not enough sample on the EM grid after inspection at
the electron microscope), the excess of sample is removed by
blotting the grid using a Whatman filter paper (a few seconds
should suffice to sufficiently dry out the EM grid).

3. Then, heavy atom salts are added to contrast the sample
adsorbed on the EM grid. A 5 μL drop of uranyl acetate
solution (2% w/w concentration) is deposited on the carbon
side of the EM grid. After the 1 min incubation time, the excess
of uranyl acetate is blotted out using a Whatman filter paper,
and the EM grid is subsequently stored in a dry, dark, dust-free
environment until observation at the electron microscope.
Since uranyl acetate undergoes decreased availability because
of safety matters, other staining solutions have been developed.
See Note 3, for more information.

4. The observation of negatively stained samples is somewhat
similar to that of cryo-samples. The reader is then invited to
follow the protocol for cryo-sample observation in the next
paragraphs.

3.4 Sample Cryo-

fixation (Plunge

Freezing)

The cryo-fixation method is based on the rapid freezing of a
hydrated sample. The cooling rate is such (greater than
10.000 �C/s) that ice crystals cannot form, and the sample is kept
close to the native state. The rapid freezing is achieved by quick
immersion of the sample in cold liquid ethane (about �175 �C),
cooled down by liquid nitrogen (�196 �C). The sample is
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contained in thin layers of vitreous ice (about 100–200 nm or less,
depending on the sample size), forming in the carbon holes during
the plunge-freezing process.

1. The plunge-freezing device is ready for cryo-EM grid
preparation.

2. The cryo-EM grid (e.g., Quantifoil R 2/2) is mounted on
precision tweezers and attached to the plunge freezer (Fig. 2,
left panel). Note that some plunge-freezer devices require spe-
cific tweezers.

3. At room temperature, a 5-μL drop of amyloid solution at
1 mg/mL (i.e., 1/20th dilution of the stock solution) is
deposited on the carbon side of the cryo-EM grid (Fig. 2,
middle panel). In an automated plunge freezer, the tempera-
ture can be different from the ambient one if required because
of sample fragility.

4. The orientation of the tweezers (drop facing the manipulator
or the opposite) is set depending on the blotting direction
strategy (front blotting versus back blotting). Note that blot-
ting the drop directly (front blotting) might damage fragile
carbon layers, whereas blotting the drop through the grid
(back blotting) has the effect of concentrating the sample on
the grid.

5. The excess liquid is removed by blotting the grid using a What-
man filter paper, then the plunge-freezer mechanism is subse-
quently triggered to drop the cryo-EM grid into liquid ethane
(Fig. 2, right panel). Blotting conditions (blotting time, blot-
ting direction, humidity, temperature, etc.) might need to be
adapted if the sample is not homogeneously distributed at the
surface of the cryo-EM grid.

Fig. 2 Schematic of sample cryo-fixation using plunge freezing. From left to right, (i) the cryo-EM grid is
mounted on the plunge-freezing device using precision tweezers, (ii) a 5 μL drop of the sample is deposited on
the carbon side of cryo-grid, and iii) after blotting the excess of liquid, the cryo-EM grid is subsequently
plunged into liquid ethane. Artworks have been generated in Blender (www.blender.org)
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6. After plunge freezing, the grids are inserted in pre-cooled
plastic or metallic cryo-boxes stored in liquid nitrogen storage
tanks until observation at the electron microscope.

3.5 Cryo-sample

Observation at the

Electron Microscope

Since amyloid fibrils are thin filaments, they require high magnifi-
cation settings to be imaged with sufficient details. The electron
microscope optics must then be adjusted to enable the highest
imaging quality.

1. For side-entry electron microscopes, the cryo-holder must be
pumped before introducing the cryo-sample inside the micro-
scope. The double-walled dewar of the cryo-holder must be
pumped to achieve a vacuum that will prevent thermal
exchanges between the inside of the dewar (which contains
the liquid nitrogen) and its exterior.

2. A previously prepared cryo-grid is extracted from the cryo-box
and transferred to the cryo-holder using the cryo-transfer sta-
tion. The transfer station, the cryo-holder, and the precision
tweezers must be pre-cooled to prevent any warming of the
cryo-grid, ensuring cryo-work conditions. Any warming of the
grid would lead to ice devitrification and crystal formation,
which would impede the observation of the sample.

3. The cryo-holder is then inserted inside the transmission elec-
tron microscope following the conventional insertion
procedure.

4. Once the sample is inserted inside the electron microscope,
thin ice layers containing isolated amyloid fibrils must be
found on the grid. The structure of amyloids will be more
easily extracted if fibrils are not aggregated. For this step,
magnifications between 1000� and 3000� can be used. Such
low magnifications do not introduce electron beam damage to
the sample.

5. Individual filaments can be identified on images collected at
about 15,000� magnification (Fig. 3a and b). The helical
pattern of amyloid filaments can also be distinguished, as
shown on images of Hfq CTR amyloid filaments (Fig. 3c,
white arrowheads). However, to study the structure of amyloid
fibrils at high resolution and allow atomic model building, the
magnification must be high enough to reach pixel sizes inferior
to 1 Å (depending on the electron microscope and camera
setup, this corresponds to magnifications around
100,000� or higher).

6. Other parameters must be set to reach a high resolution.
Briefly, the total electron dose per image (or movie) should
not exceed 50 e�/Å2. Above this value, the sample may suffer
important electron beam damages, introducing structure mod-
ification of the proteins, which will hamper and deteriorate the
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final structure resolution. Then, the image series must be col-
lected at several defocus values between 1 and 3 μm to com-
pensate for the information loss at certain frequencies when
using a single defocus value. Sharp determination of the defo-
cus value is performed on neighboring carbon areas before
collecting the data. For more detailed information about opti-
mum acquisition parameters, refer to the recently published
book on single-particle cryo-EM of biological
macromolecules [18].

7. After data collection, several image processing steps must be
performed before determining an atomic model fitting the
cryo-EM map. The detailed description of these processing
steps is out of the scope of this chapter. For more information,
see Note 4.

3.6 Correlation with

Other Structural

Methods

1. Correlative studies have been developed to characterize a sam-
ple using two different yet complementary methods. Atomic
force microscopy (AFM) is a method used to characterize
amyloid fibrils, which was covered by another chapter of this
book. Moreover, it has been shown that AFM, AFM-IR, and
EM can be correlatively used to study amyloid fibrils’ structure
and chemical nature [19]. One could also imagine that high-
speed AFM [20] and localization AFM [21] could be used to
study the dynamics of unfolded peripheral regions of amyloids.

2. As mentioned in the introduction, molecular dynamics often
fail to predict the structure of amyloids. Yet, recent deep-
learning methods and more particularly AlphaFold [22] and
AlphaFold 2 have been developed and could possibly be used in

Fig. 3 Observation and characterization of Hfq CTR amyloid filaments. (a, b) Cryo-images showing the Hfq CTR
filaments in vitreous ice. Scale bars represent 150 nm. (c) High magnification cryo-EM image showing the
helical nature of Hfq CTR filaments. Twists of the filaments are visible (white arrowheads). Scale bar
represents 50 nm
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the future to predict the 3D structure of amyloids [23]. Com-
parison between cryo-EM-based atomic model and the pre-
dicted atomic model would be interesting.

4 Notes

1. The formation of amyloid fibrils starting from monomers
depends on several parameters. In the specific case of Hfq
CTR, polymerization is performed at 4 �C for a few weeks as
the kinetics of fibril formation is slow. Increased temperatures
accelerate the process. Also, note that amyloid solution must be
present at a relatively high concentration to aggregate and form
fibrils. At concentrations below a limit, the pre-formed fibrils
may also depolymerize. This property is important and must be
taken into account, especially when diluting the sample before
cryo-fixation.

2. Negative staining involves sample dehydration and incubation
with salt species that can induce aggregation or structural
modifications. For these reasons, negative staining cannot be
used to determine high-resolution structures. Therefore, high-
resolution structural investigations should only be performed
in hydrated conditions which are met with cryo-EM. Never-
theless, negative staining can be used to unveil the helical
structure of amyloid fibrils (Fig. 1a). Also, note that phosphate
buffers must not be used as uranyl ions interact strongly with
phosphate ions which could precipitate, leading to grid
contamination.

3. Because of safety matters, uranyl acetate can no longer be
available from EM product suppliers. Other heavy atom salt
solutions can be used, such as gadolinium salts (also known as
uranyLess) or solutions based on other lanthanides. These
solutions should be tested as they might be a suitable replace-
ment for uranyl acetate.

4. Cryo-EM produces high-resolution images (i.e., down to a few
Å), which can be unveiled using successive computation steps.
The main steps are briefly described hereinafter. First, the
sample drift occurring during image acquisition can be
removed to generate still cryo-EM images. Then, the contrast
transfer function, which represents how the electron micro-
scope alters the image of a sample (i.e., as compared to a perfect
image of the sample), can be modeled and subtracted from the
original image. Then, tens or hundreds of thousands of parti-
cles (particles represent the object of interest) are extracted
from the cryo-EM images, aligned, averaged, and classified.
Aligning (translationally and rotationally) and averaging the
particles together is performed so that the signal-to-noise
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ratio of the average is much higher than that of original parti-
cles. Classification is used to discriminate different subpopula-
tions (called classes) among the extracted particles. Classes
correspond to different orientations of the particles
(a garbage class is also used to discard junk particles). Then,
3D reconstruction is performed using the different classes,
generating the cryo-EM map of the protein of interest. Finally,
an atomic model is generated and refined to fit the cryo-EM
map (Fig. 1c). Detailed information to perform these image
processing steps is available in the book on single-particle cryo-
EM of biological macromolecules [18].
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2.5. Application to the analysis of Hfq-CTR:dsDNA fibres 

Sets of double stranded DNA and CTR solutions in water were prepared in our lab. The 

sequence of the CTR peptide was 

SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE (Fortas et al. 2015) while the 

DNA was a homopolymeric dA:dT sequence (60 base pairs). We determined previously that 

acidic pH 5 of double-distilled water (ddH2O) is the most suitable to form the complex 

(Turbant, Hamoui, et al. 2021). The Hfq-CTR:DNA base pair molar ratio used was 1:4, as in 

previous experiments (El Hamoui et al. 2020; Malabirade et al. 2018). The material was 

prepared as usual a month before cryo-EM analysis to let it polymerize. 

Sample vitrification was first carried out at Institut Curie (Orsay, France). We used 

copper Quantifoil® coated with holey-carbon film cryo-EM grids. In order for the 

peptide:DNA complexes to adhere on the grids, these were glow-discharged. We determined 

the best concentration using the 200 kV JEOL 2200FS transmission electron microscope from 

Institut Curie. We observed fibres of a few µm-long, as expected. We also observed two sorts 

of fibres were formed, similar but with different winding (see Figure 18, blue and red arrows). 
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Figure 18. Cryo-transmission electron microscopy observation of the helicoidal structure of Hfq 

CTR complexed with DNA. Red and blue arrows points to the two observed winding types of fibres. 

The resolution of the images we obtained at Institut Curie was not sufficient to perform 

Single Particle Analysis (SPA) to determine the structure of these fibres. We thus applied for 

access to the CryoEM facility at the National Centre for Biotechnology (Centro Nacional de 

Biotecnología of the Spanish National Research Council (CNB-CSIC)) in Madrid (Spain) with 

an iNEXT-Discovery proposal (PID: 19663) for which I was co-proposer. The proposal was 

accepted and therefore a set of 1100 movies were acquired on a 200 kV Talos Arctica TEM 

(Figure 19). We prepared new fresh fibres as described previously.  
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Figure 19. CryoEM image of Hfq-CTR:DNA filaments from the set of 1100 movies acquired 

through the iNEXT-Discovery proposal (PID: 19663). Original image was binned by a factor 4. Scale 

bar represents 50 nm. 

As in previous experiments, the fibres have a diameter of 5 nm and the pitch of the helix 

formed is around 100 nm. We similarly observed (at least) two winding types of fibres (see 

Figure 19). Note that these mean helical parameters have also been confirmed using liquid 

AFM in collaboration with Dr. M. Velez from the Instituto de Catálisis y Petroleoquímica in 

Madrid. 

Now, the set of movies acquired through the iNEXT project will be subjected to Single 

Particle Analysis (SPA). This analysis is a part of an Instruct proposal (PID: 23014) that is 
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currently under evaluation. I intended to participate in this analysis but due to delay we cannot 

present it in the thesis manuscript. We still hope it can be done by the end of 2022 before the 

end of my thesis.  

The image processing pipeline will proceed as follows: movies acquired by the 200 kV 

Talos Arctica will be aligned, followed by CTF estimation. One of the most critical parts of the 

analysis will be the particle picking. Since the dataset will be analysed using Scipion (de la 

Rosa-Trevín et al. 2016; Strelak et al. 2021; Morena et al. 2022), which contains state-of-the-

art picking packages (crYOLO (Wagner et al. 2019)), Topaz (Bepler, Noble, and Berger 2019), 

Xmipp (de la Rosa-Trevín et al. 2013; C.O.S. Sorzano et al. 2004; Strelak et al. 2021), 

gautomatch (Kai Zhang, Unpublished),…), several picking strategies will be tested. These 

include manual picking of fibres (Xmipp), template-based picking (gautomatch) or training 

deep learning-based pickers (crYOLO, Topaz). The results of the different picking strategies 

will be combined in a consensus set of coordinates for further evaluation of the dataset quality 

with 2D classifications. Next, particles will be subjected to 3D classification and 3D refinement 

in order to identify the two (or more) winding patterns present in the sample, and to reconstruct 

them at the highest resolution possible. By using SPA, we expect to reveal the DNA-protein 

topology and to describe the different patterns of winding, complementarily to other 

approaches. 

While SPA will provide useful information on the structure of the fibrils, types of 

winding and the way that protein and DNA are arranged in space, tomography, and especially 

subtomogram averaging, will be useful to study the fibrils in their context, either cellular, or in 

solution. For instance, here we observe that they tend to adopt a specific arrangement as 

bundles. 

Then a second cryoEM acquisition and analysis session, this time for tomography will 

be made. Though still pending, a proof of was made by acquiring a few tilt-series of the Hfq-

CTR:DNA filaments on the 200 kV Talos Arctica. I aligned and reconstructed one of the tilt-

series to determine whether the fibres were visible, which is the case as can be seen in Figure 

20. However, the fibres are tightly packed, and this might cause reconstruction artefacts which, 

in turn, could be problematic for tomogram averaging analysis. 
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Figure 20. Two-dimensional section of tomographic reconstruction of Hfq amyloid-like fibrils. 

Scale bar represents 100 nm. 

2.6. Conclusion and perspectives of this work 

The objective of this part of the work will be to determine at high resolution, the precise 

structure of the amyloid fibrils and how they interact with DNA. We intend to understand this 

complex organization and get a 3D structure of the complexes. 

Nevertheless, form this analysis alone it will be difficult to discriminate the DNA from 

the peptide part in the complex by using cryoEM only. For this goal, our group already 



Chapter II 
 
 

51 
 

performed a Small-Angle Neutron Scattering (SANS) analysis at Institut Laue-Langevin (ILL) 

in Grenoble (France) on the same complex to determine whether the peptide is located inside 

the fibre with the DNA wrapping around it, or if oppositely the peptide wraps around DNA. 

The first case would be comparable to what happens to nucleosomes with histones in 

eucaryotes (Cutter and Hayes 2015), while the second case would be a new mode of DNA-

shaping. For this SANS analysis, the solvent contrast matching method was used (Matsuo et 

al. 2022). This involves using deuterated or partially deuterated buffers, to allow matching the 

signal of the DNA conserving the influence of the peptide on it but without observing the 

peptide (Figure 21A), or oppositely signal from Hfq peptide conserving its influence on the 

DNA structure without observing the DNA (Figure 21B) (Matsuo et al. 2022). In this way, 

only the structure of DNA under the influence of the amyloidogenic peptide will be seen or the 

structure of the amyloidogenic peptide under the influence of the DNA. More precisely, the 

protein contrast is nullified in ~43% D2O, whereas the DNA is blanked in ~64% D2O. The 

experiment was performed on D22 small-angle neutron scattering diffractometer 

(https://www.ill.eu/users/instruments/instruments-list/d22/more/d22-manual). 

This analysis and the possible models obtained by our collaborators Johan van der 

Maarel (Singapore) and Tasuhito Matsuo (Japan) are presented on Figure 21. Different models, 

including hexagonal arrangements are proposed (Figure 21A). 

As soon as the first cryoEM 3D complementary maps will be available, SANS and 

cryoEM models will be confronted. It should thus be possible to accurately determine the Hfq 

amyloid fibres shape and the conformation of the DNA inside the fibre. This analysis should 

lead to a new publication in 2023. 

https://www.ill.eu/users/instruments/instruments-list/d22/more/d22-manual
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Figure 21. Small-Angle Neutron Scattering (SANS) analysis. A. Comparison of the experimental 

SANS curves of DNA complexed with CTR with corresponding models. B. Comparison of the 

experimental SANS curve of Hfq-CTR in the complex. In this analysis only three models are presented 

in A, all pointing to a peripheric localization of DNA wrapped around the CTR peptide. 
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Chapter III. Analysis of the complex 
between Hfq and single stranded DNA 

3.1. Importance of single stranded DNA in cells 

Although most genetic information is stored in dsDNA, DNA is often unwound into 

single-stranded DNA (ssDNA). In particular, transient ssDNA regions appear during 

replication, recombination or repair processes. As ssDNA is more sensitive to degradation and 

to the formation of secondary structures, which may prevent these biological processes, cells 

need specialized ssDNA-binding proteins that bind and stabilize ssDNA. We demonstrated that 

Hfq is one of these proteins. 

A combination of experimental methodologies, including spectroscopy and molecular 

imaging methods, have been used to probe the interactions of Hfq and its amyloid C-terminal 

region with ssDNA in the Publication 2 (Kubiak et al. 2022). Our analysis revealed that Hfq 

binds to ssDNA and demonstrated for the first time that it changes the structure of ssDNA, 

mainly due to its C-terminal amyloid-like domain. 

3.2. Methods 

In this Publication 2, I mainly participated in two sorts of analyses, Synchrotron 

Radiation Circular Dichroism (SRCD) spectroscopy at SOLEIL Synchrotron with Frank Wien, 

and positive staining TEM imaging at Institut Gustave Roussy (IGR) with Eric Le Cam. 

3.2.1. Circular dichroism spectroscopy 

During my PhD I had the opportunity to participate to Circular Dichroism (CD) spectra 

acquisition. Concretely, synchrotron radiation CD called SRCD. CD is a technique where the 

light is polarized, precisely circularly polarised as a right wave and left wave. In the presence 

of a light absorbing molecule, one of the two polarised lights will be absorbed more than the 

other (Figure 22). This induces a difference in absorbance called ∆A. This phenomenon 
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happens in biological molecules because of their chirality. In our case the difference of 

absorption of light in the ultraviolet (UV) region is due to the presence of the peptide bond for 

the CTR and bases bound to the ribose (that gives the chirality) for ssDNA. CD can be acquired 

on a standard circular dichroism spectrophotometer, but the use of synchrotron radiation (SR) 

has many advantages. First the higher photon flux makes it possible to increase the signal-to-

noise ratio and to use less sample materials. But the main advantage of SRCD is to attain 

regions of higher energies than in a conventional circular dichroism setup, thus reaching 

wavelengths of 168 nm for aqueous samples. This is particularly important for analysing the 

amyloid-type structure of Hfq-CTR and that of DNA as both have a significant signal in this 

region of UV. 

Circular dichroism experiments were performed at the DISCO beamline at SOLEIL 

synchrotron. The samples are deposited between CaF2 windows, which allows lower UV 

wavelengths than quartz. A temperature control system is incorporated in the equipment. To 

analyse these interactions, the experiments were conducted with optical path-length of few μm. 

Only 2.5 µl is necessary per measurement. We mixed prior to measurement peptide with DNA 

and also acquire, as controls, peptide and DNA alone. 

 

Figure 22. Principle of circular dichroism. A chiral chromophore in an asymmetric medium absorbs 

right and left circularly polarized light differently. This results in a difference in absorbance ΔA = Al-

Ar = (εl-εr)Cl= ΔεCl. https://emanim.szialab.org/index.html 

https://emanim.szialab.org/index.html
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3.2.2. Positive staining of DNA for dark-field transmission electron microscopy imaging 

In dark-field mode, the unscattered transmitted electron beam (see Figure 13, in 1.7.2) 

is excluded from the image formation process resulting in an image of white DNA molecules 

against a dark background. For the off-axis dark-field mode, the high-angle elastic scattered 

electrons were mainly selected. Eric Le Cam’s group has been specifically developing this type 

of positive staining suitable for DNA and DNA-protein complexes observation. 

The difference between positive staining and negative staining is that all but the DNA 

is stained in the later (Figure 23). Indeed, negative staining consists of making the surface 

hydrophilic (due to charges). An electron-dense dye, such as Uranyl acetate, is added. The 

proteins (or other macromolecules) are seen by the differential staining between the 

background and the sample. The observation is in bright-field mode (all the electrons are 

selected). 

Conversely, positive staining consists of staining only the sample, and then imaging is 

done in dark-field mode thus obtaining a dark background (certain types of electrons are 

selected in the microscope adjustment mode (Annular diaphragm, tilted beam, or selection of 

electrons according to the loss of energy spectrum (EELS)). The white colour here corresponds 

to an obstacle to the path of the electrons. To make positive colouring, it is necessary to be able 

to positively functionalize the surface, which is achieved with primary amines (amylamine) 

with a home-made system at Institut Gustave Roussy lab. The critical point with positive 

staining is to control the adsorption of the DNA and its spreading on the surface. This allows a 

precise study of the flexibility variations along the DNA and the measurement of local 

curvatures. 

Experimentally, the first step is the preparation of the carbon-coated grids. Electron 

microscopy 600 mesh grids are covered with a carbon film (between 2-4 nm thick) which will 

permit to support and ensure an even spreading of the sample on the grid. If the carbon film is 

thin enough, it will increase contrast (by enhancing phase shift). To do so, a carbon thread is 

evaporated on a mica sheet by using a vacuum evaporator at about 100 nm of distance from 

the source of carbon at a pressure of 10-4 Pa. The mica sheet is then plunged into ddH2O to 

gently separate the carbon film from it. The thin carbon film is then deposited onto the grids 

and dried in a dust-free environment. 
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Then, the second step is the activation of the carbon-coated grids. Grids are deposited 

on a glass slide coated with Parafilm and placed inside the glow discharger. At 1 kPa vacuum, 

a small amount of amylamine (few µL) is introduced up to about 2 kPa. Ionization is performed 

over 30 s by switching on the tension (400 V). A faint violet glow discharge light should be 

visible around the plates. Grids prepared in this manner keep their DNA binding efficiency for 

about 1 day. 

Next, DNA or the complex are then spread on the grid. We deposited 5 µL on the 

carbon-coated grid for about 1 min. Starting from stock solutions, molecules are diluted in 

water or with buffer containing various amounts of monovalent (ranging from 50 to 200 mM) 

and/or divalent (ranging from 2 to 5 mM) ions. The concentration of ions depends on the 

property of the structures to be observed. Grids are then stained with aqueous 2% (w/v) uranyl 

acetate, dried with filter paper, and observed in the electron microscope. Images are acquired 

with a CCD (charge coupled device) camera. 
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Figure 23. Comparison of positive and negative staining for TEM analysis. The difference between 

positive and negative staining is that the DNA that is coloured and not the supporting carbon (adapted 

from (Benureau et al. 2020)).  
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Abstract

Interactions between proteins and single-stranded DNA (ssDNA) are crucial for many funda-
mental biological processes, including DNA replication and genetic recombination. Thus,
understanding detailed mechanisms of these interactions is necessary to uncover regulatory
rules occurring in all living cells. The RNA-binding Hfq is a pleiotropic bacterial regulator that
mediates many aspects of nucleic acid metabolism. The protein notably mediates mRNA
stability and translation efficiency by using stress-related small regulatory RNA as cofactors.
In addition, Hfq helps to compact double-strandedDNA. In this paper, we focused on the action
of Hfq on ssDNA. A combination of experimental methodologies, including spectroscopy and
molecular imaging, has been used to probe the interactions of Hfq and its amyloid C-terminal
region with ssDNA. Our analysis revealed that Hfq binds to ssDNA. Moreover, we demonstrate
for the first time that Hfq drastically changes the structure and helical parameters of ssDNA,
mainly due to its C-terminal amyloid-like domain. The formation of the nucleoprotein com-
plexes between Hfq and ssDNA unveils important implications for DNA replication and
recombination.

Introduction

Although most genetic information is stored in double-stranded (dsDNA), genetic expression
requires unwinding of DNA into single-stranded DNA (ssDNA). In particular, transient
portions of ssDNA appear during replication, recombination or repair processes; ssDNA is
more sensitive to nuclease degradation and this leads to the formation of secondary structures,
which prevent previously cited processes. To solve these problems, cells need specialised
ssDNA-binding proteins (SSB) that bind and stabilise ssDNA structures. These proteins
usually do not share significant sequence similarity, but all contain a DNA-binding oligo-
nucleotide binding OB fold (Su et al., 2014), consisting of a five-stranded curved β sheet
capped by a helix. This specific fold is responsible not only for ssDNA binding but also often
for the self-assembly of oligomeric SSB. In bacterial cells, ssDNA fragments also play crucial
roles, including nucleoid and phage DNA replication or genetic recombination (Molan and
Zgur Bertok, 2022).

In bacterial chromosome replication, ssDNA regions are necessary for initiating the process of
DNA synthesis by melting the double helix, recruiting the multiprotein machinery and allowing
formation of primers and replication forks (Zawilak-Pawlik et al., 2017). Therefore, proteins
interacting with ssDNA and/or stabilising such DNA fragments, like the single-stranded DNA-
binding protein, play important roles in facilitating the formation of nucleoprotein complexes at
replication forks and maintaining their functions (Oakley, 2019). Bacterial proteins that interact
with such DNA structures particularly affect replication of viruses, including bacteriophages,
having genomes composed of ssDNA (Shulman and Davidson, 2017). The transition from ss to
dsDNA is a crucial step in propagation of such viruses; thus, proteins interacting with ssDNA can
significantly modulate the viral replication processes.

Another process in which ssDNA is crucial is homologous recombination. DNA strand
displacement and replacement occurring in this process require the formation of complexes
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including ssDNA and specific proteins (Piazza and Heyer, 2019),
and the influence of ssDNA-interacting proteins may be important
in modulating recombination efficiency. The function of the bac-
teriophage λRed-recombination systemmay serve as an example of
such an ssDNA-dependent process (Sharan et al., 2009). In sum-
mary, proteins interacting with ssDNA may influence various
biological processes, and thus, one should consider that any
ssDNA-binding protein might modulate chromosomal and viral
replication, as well as genetic recombination.

In this work, we focused our attention on the ssDNA-binding
property of the Escherichia coli Hfq protein. Hfq is an abundant
protein that flexibly binds nucleic acids (NA) (Rajkowitsch and
Schroeder, 2007; Vogel and Luisi, 2011). Structurally, the amino-
terminal region of Hfq (NTR, 65 residues) shares homologies with
the Sm family of protein (Wilusz and Wilusz, 2013) adopting the
OB-like fold. Hfq-NTR is comprised of five β-strands and another
Sm-proteins assembles into a cyclic oligomer to form the func-
tional unit (Brennan and Link, 2007). Although themechanism by
which Hfq binds NA is not completely clear, it is now established
that its NTR binds RNA and DNA. Uridine-rich RNA is bound to
one face of the torus called the proximal face, while the A-rich
sequences bind to the opposite distal face; dsDNA is also bound on
the proximal face of the ring (Supplementary Fig. S1) (Link et al.,
2009; Orans et al., 2020).

In addition to the well-characterised Sm domain, the Hfq pro-
tein also possesses a C-terminal region (CTR, 40 residues) located at
the periphery of the torus (Arluison et al., 2004). Although no
atomic 3D structure is known for the CTR, it has been shown to
self-assemble into an amyloid structure (Fortas et al., 2015).
Recently, it has been suggested that the CTR collaborates with the
different RNA binding faces of Hfq, with important outcomes for
some RNAs (Kavita et al., 2022).

Functionally, Hfq controls a large number of bacterial functions.
Among them,most are related to RNAs. Hfqwas first identified as a
host factor for a RNA bacteriophage but later found to play a
general role in RNA metabolism (Vogel and Luisi, 2011). In par-
ticular, it facilitates the pairing of small non-coding RNA (sRNA)
with target mRNA, allowing gene regulation at the post-
transcriptional level. Indeed, Hfq allows a tight and fast regulation
of gene expression and triggers stress-relief pathways (Gottesman,
2019).

Interestingly, Hfq also binds to DNA (Cech et al., 2016) and
some of the phenotypic effects appearing due to the lack of Hfqmay
be linked to defects in DNA-related processes. Hfq binds both
linear and circular dsDNA (Takada et al., 1997) and a significant
amount of the protein is found in the nucleoid (~20%) (Diestra
et al., 2009). Hfq binding results in the condensation of DNA
through protein–protein interactions. This activity, consisting of
the mediation of NA interactions and referred to as bridging, is
observed for other nucleoid-associated proteins (NAPs) to form
loops (Rajkowitsch and Schroeder, 2007; Wiggins et al., 2009).

The compaction of DNAbyHfq in vitro is mainly due to its CTR
(Malabirade et al., 2017a). Thus, Hfq probably plays a critical role in
the architecture of the chromosome, even if this has not been
established formally. If Hfq does not affect DNA supercoiling and
transcription directly (Malabirade et al., 2018), it possibly regulates
them indirectly, for instance by regulating the expression of a
transcriptional regulator (Majdalani et al., 1998).

The work reported here further explores a newly discovered
property of Hfq, its ability to bind ssDNA and to drastically change
ssDNA structure by promoting its alignment. Effects of Hfq on

DNA transactions in which ssDNA regions are crucial have been
assessed.

Methods

Details of methods can be found online as Supplementary Material.

Protein expression and purification

Wild-type (WT) and truncated Hfq forms of E. coli Hfq
were purified as described previously (Taghbalout et al., 2014;
Malabirade et al., 2017b). CTR peptide was chemically synthesised.
This part of the protein cannot be purified from bacteria as it is
unstable when translated alone (Taghbalout et al., 2014). We
determined that the pH ~ 5 used was the most appropriate to form
the complex with DNA. Although pH 5 seems to be far from
physiological conditions, it is still relevant as Gram-negative bac-
teria can acidify their cytosol when adapting to the vacuoles of the
host macrophage, and many virulent genes belong to the Hfq
regulon in these bacterial species (Kenney, 2019).

Fluorescence anisotropy measurements

Fluorescence anisotropy measurements were collected as described
previously (Geinguenaud et al., 2011).

Optical microscopy of ssDNA-Hfq/CTR/NTR complexes

DNA in the single-stranded form was prepared by alkali-induced
denaturation of double-stranded λ-DNA (Basak et al., 2019). Then,
Hfq (29.8 μM) was added to the solution with concentration of one
hexamer-Hfq per 200 bases. A similar procedure was used to make
the ssDNA with Hfq-CTR and Hfq-NTR. However, the molar
concentration of CTR used was six times higher than Hfq, that is,
6 CTR for 200 bases of DNA. For fluorescence imaging, 1 h before
imaging, ssDNA was stained with YOYO-1 at a concentration of
one YOYO-1 dye per four bases.

Synchrotron radiation circular and linear dichroism

Complex between dA59 and Hfq-CTR was prepared as described
previously (El Hamoui et al., 2020). Synchrotron radiation circular
dichroism (SRCD) measurements were carried out at DISCO/
SOLEIL Synchrotron (proposal 20200007). Samples were loaded
into a CaF2 circular cell (24 μm path length). Due to the origin of
absorption, spectra of mixed samples could not be standardised to
∆ε and spectra are presented in mdeg maintaining the same molar
ratios for all presented samples. Synchrotron radiation linear
dichroism (SRLD) measurements were carried out in the same cell
by collecting triplicates every 90° from 0 to 270°. For the data
acquisition, the modulator phase was set to λ! 0.608 doubling
the lock-in amplifier frequency in order to measure only LD
absorption.

Couette flow SRLD

Couette flow SRLD measurements were performed at the AU-CD
beamline on the ASTRID2 Synchrotron (proposal ISA-21-102), as
detailed inWien et al. (2019). Due to themuch larger path length of
the Couette flow cell used for SRLD measurements (0.5 mm)
compared to the path length used for SRCD measurements
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(0.024 mm), the complex between CTR and the dA59 had a very
strong LD signal under flow conditions; the samples were diluted
(1/36) compared to the concentrations used for SRCD.

Fourier transform infrared spectroscopy

For Fourier transform infrared (FTIR) analysis, the same solutions
used for SRCD analysis were lyophilised and re-dissolved in D2O
(5 μL). FTIR measurements were performed as detailed in Gein-
guenaud et al. (2011).

Transmission electron microscopy imaging

3.65 nM circular ssDNA molecules extracted from ΦX174 virions
was incubated with 100 nMCTR in Tris–HCl 10mMpH7.5 EDTA
1 mM for 10 min at 20 °C. 5 μl was then deposited onto positively
functionalised grids covered with a thin carbon film (Beloin et al.,
2003). Grids were washed with aqueous 2% (w/v) uranyl acetate,
dried and observed in annular darkfieldmode using a Zeiss 902 EM.
Veletta CCD camera is controlled by iTEM software (Olympus Soft
Imaging).

E. coli strains and bacteriophages

E. coli WT strain MG1655 (Jensen, 1993) was used as the hfqþ

positive control. ItsΔhfq andΔCTR derivatives were constructed as
described inGaffke et al. (2021). Quantification ofHfq and its CTR-
truncated form was by Western blotting and confirmed by dot
blotting. For propagation of bacteriophage M13, hfqþ, Δhfq and
ΔCTR derivatives of E. coli strain Hfr3000 (Bachmann, 1972) were
constructed by P1 transduction. Bacteriophages M13 (Salivar et al.,
1964), λcI857S7(am) (Goldberg and Howe, 1969), called λS(am) in
this work, and λb519imm21susP (Wegrzyn et al., 1995), called λP
(am) in this work, were used. E. coli strain TAP90 (Patterson and
Dean, 1987) was used for propagation and titration of phages
λcI857S7(am) and λb519imm21susP.

Bacteriophage M13 development and efficiency of phage λ
recombination

Development of phage M13 phage and λ recombination efficiency
were tested according to the previously describedmethod (Mosberg
et al., 2010).

Results

Hfq binds, coats and spreads ssDNA

The potential of Hfq to bind to ssDNA was investigated. We chose
(dA)n sequences because Hfq has the highest affinity for A-rich
sequences (Folichon et al., 2003; Geinguenaud et al., 2011). Indeed,
A-tracts are over-represented and distributed throughout the E. coli
genome in phased A-repetitions (~ 12 nucleotides), organised in
approximately 100 nucleotides-long clusters (Tolstorukov et al.,
2005). Titrations of dA7, dA20 and dA59 with Hfq gave Kd values of
3.5 # 0.2 μM, 183 # 8 nM and 166 # 16 nM, respectively
(Supplementary Fig. S2). A weaker affinity was measured for the
CTR and dA59, about 4.2 # 0.3 μM, thus suggesting that Hfq can
bind dA59 using both its NTR and CTR regions, as previously
observed for longer dsDNA (Jiang et al., 2015).

The coating of ssDNA by Hfq and its truncated forms was then
tested. For this purpose, different approaches have been used. First
DNA in its single-stranded form was prepared by alkali-induced

denaturation of λ dsDNA. The ssDNA molecules were subse-
quently complexed with the protein following a buffer exchange
according to the method previously reported (Basak et al., 2019).
Prior to imaging using fluorescence microscopy, the complexes
were stained with YOYO-1 dye. The fluorescence intensity is rela-
tively weak, because for ssDNA the dye is side-bound and cannot
intercalate. Two different types of experiments have been done:
stretched on a surface combed and confined in a nanochannel. First,
the coated molecules were analysed on a flat surface (Allemand
et al., 1997). The images are shown in Fig. 1a; the corresponding
measured average stretches are also presented. As shown, the
results are almost identical for Hfq, CTR or NTR. The ssDNA
molecules are combed to a similar length of 25 # 2 μm (0.52 nm/
base), irrespective of the protein or its truncated forms. This
confirms that both the NTR and CTR bind and coat ssDNA. A
second type of experiment was done using a nanofluidic device to
mimic a confined environment. In this experiment, ssDNA coated
with Hfq was brought inside a rectangular channel with a cross-
sectional diameter of 125 nm using an electric field. Once the
complexes are inside the channel, they were allowed to relax for
2 min before imaging. The stretch of the complexes in the longitu-
dinal direction of the channel was measured and is shown in the
histogram in Fig. 1b. The corresponding histogram pertaining to
the combing experiment has also been included. The mean stretch
of the nano-confined complexes was found to be 15 # 2 μm. In a
rigid origami structure, ssDNA takes a maximal stretch 0.68# 0.02
nm/base (Roth et al, 2018). Accordingly, the stretch per unit
contour length (relative stretch) of the complexes inside the chan-
nel amounts 0.46 # 0.06. In the case of naked dsDNA confined to
the same channel, the relative stretch was reported to be
0.528# 0.005 (Yadav et al., 2020). It must be emphasised that bare
ssDNA without protein coating is notoriously difficult to linearise
with molecular combing and cannot be stretched inside a nano-
channel due to strong intramolecular hybridisation. We conclude
that the relative stretches of ssDNA coated with full-length Hfq and
naked dsDNA confined to the 125 nm channel are similar, which
indicates that the bending rigidity (persistence length) of the coated
ssDNA filament is about the same as that of bare dsDNA. In
contrast, previous reports with another method allowing imaging
of naked ssDNA pointed to lower values with a wide variation for
ssDNA extension, that is, from 0.18 nm/base to 0.36 nm/base
(Hansma et al., 1992; Woolley and Kelly, 2001), thus ssDNA
extension by Hfq and its CTR (0.52 nm/base) is significantly more.
Extension of ssDNA by Hfq and/or its CTR also exceeds the
extension following coating of ssDNA with a cationic-neutral
polypeptide copolymer (0.32 nm/base; Basak et al., 2019). Note
that in these experiments, the coated ssDNA molecules are aligned
through the application of flow (combing) or confinement to a long
and narrow channel. Although some intermolecular aggregation
was observed, these aggregates generally break up due to the
alignment procedure. Quantitative information regarding intermo-
lecular bridging could, hence, not be obtained from these essentially
single-molecule stretching experiments.

The effect of Hfq-CTR was then confirmed with Transmission
electron microscopy (TEM). This experiment was done with cir-
cular viral DNA (single-stranded) and not linear molecules
(Fig. 1c). Circular ssDNA molecules were deposited on a carbon
surface previously functionalised with positive charges and posi-
tively stained. TEM clearly confirms the capability of CTR to spread
some regions of the viral DNA in conjunction with folding of other
regions by intra- or intermolecular bridging interaction (Fig. 1c,
sub-panels b1 and b2). Note that the relative alignment, parallel or
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antiparallel, of ssDNA portions in the bridged regions cannot be
determined.

Hfq changes ssDNA structure and allows DNA alignment

Next, the effect of Hfq-CTR on ssDNA has been investigated using
SRCD. We identified significant spectral changes over the whole
spectrum (Fig. 2). Assuming that the protein is restructuring
(amyloid formation) upon DNA binding (Malabirade et al.,
2018), we also identified that the ssDNA structure changes. We
note a positive band at 180 nm and a negative band at 190 nm both
indicative of left-handed NA (Wien et al., 2021). In contrast, a
positive band around 185 nm and a negative one between 200 and
210 nm are indicative of right-handed NAs (Wien et al., 2021). The

spectral change identified could be correlated with base-tilting of
A-rich sequences (Edmondson and Johnson, 1985; Wien et al.,
2019). Furthermore, the influence of Hfq on the positive CD signal
around 270 nm may be influenced by base pairing and stacking
(Holm et al., 2010; Wien et al., 2021).

One possible explanation for the spectral inversion observed
could be due to a change in helical parameters. To test this possi-
bility, we used FTIR spectroscopy to analyse sugar puckering.
When only C3’-endo sugars are present, characteristic absorption
bands located at 865 and 820 cm$1 are observed, corresponding to
the A-form. A contribution around 840 cm$1 is indicative of a
C2’-endo conformation (B-form) (Wien et al., 2021). The forma-
tion of a Z-like form is excluded as it would give a triplet at 970, 951
and 925 cm$1 (Banyay et al., 2003). The A-formwould give a triplet

Fig. 1. ssDNA coating by Hfq. (a) Montages of ssDNA coated with Hfq or its truncated forms. Molecules are stained with YOYO-1 and stretched on the flat surface by molecular
combing. Scale bar 5 μm. The corresponding measured extension for combed molecules is also given. Note that the molar concentration of CTR is kept six times higher than
hexameric-HFq to maintain the stoichiometric ratio. (b) Histogram of ssDNA molecules imaged in combing (orange, 28 molecules) and inside nanofluidic channel (blue,
39 molecules). The average extension for the combing experiment is 25 # 2 μm and in the nanofluidic channel is 15 # 2 μm. (c) TEM evidence of Hfq-ssDNA binding. ΦX174
ssDNA virions were incubated in the presence of CTR. Before incubation, virions ssDNA is difficult to visualise (sub-panel a1). CTR binding to ssDNA ΦX174 allows the spreading of
some region of the DNA, while others are strongly bridged (sub-panels b1 and b2). In this case, the CTR causes the association of severalΦX174 that cannot be differentiated and the
length of the viral DNA cannot be measured. Scale bars: 200 nm.
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at 977, 968 and 952 cm$1 and the B-form would give a singlet at
970 cm$1. As shown in Fig. 3a, we clearly see that the d-ribose stays
in C2’-endo since we observe the typical bands near 840 and
970 cm$1. We thus conclude that ssDNA complexed to Hfq
remains in B-form.

A possibility could be that the pH 5 used in our conditions
could result in the formation of Aþ adenine and subsequently in
a parallel helix (Gleghorn et al., 2016). FTIR analysis of our
complex confirms this hypothesis: the band at 1658 cm$1 is
absent in dA59 alone, but the shift from 932 to 947 cm$1 and
the net decrease of the band intensity at 1080 cm$1 show that a
parallel helix is formed by dA59 when bound to CTR (Fig. 3b)
(Taillandier and Liquier, 2002). This result is confirmed using
SRCD as dA59 complexed to CTR exhibits a spectrum similar to
that of poly(dA) parallel helix (Holm et al., 2012). We thus
conclude the CTR induces the formation of ds parallel helix from
ss dA59. This is not the case for ssDNA alone; thus, the CTR
promotes the formation of this parallel helix.

Next, as the formation of such a parallel helix could result in the
alignment of ssDNA, we analysed the possible alignment of the
ssDNA molecule by CTR. Indeed, we previously observed that the
CTR amyloid region has a propensity to align DNA (Wien et al.,
2019). As shown in Fig. 4, a clear alignment by the CTR:ssDNA
complex can also be observed under Couette flow conditions. The
alignment without rotation in a flow cell was also confirmed by
SRLD using a CD cell and a CD cell rotation chamber (Fig. 4c).
Alignment of the complex in the CD sample may occur upon
loading between short path lengths; hence, linear dichroism
(LD) signals emerge. These signals, if strong enough, spill into the
CD signal via LD-CD cross talk (Sutherland, 2009) and distort the
CD spectrum. In order to eliminate the LD contribution acquisition
of CD spectra at four angles (0°-90°-180°-270°) were averaged.

Shown in Fig. 4a are the SRLD spectra of CTR, ssDNA and
finally of the complex CTR:dA59. The LD signal is effectively zero
for both Hfq-CTR and ssDNA compared to the very strong LD
signal of the complex. This shows that although the two compo-
nents do not align under flow conditions, the complex readily
aligns. In contrast to the LD signal observed for dsDNA complexes
with Hfq-CTR (Wien et al., 2019), we observe that the LD signal is
positive for all wavelengths including the wavelength range from
240 to 300 nm where the DNA signal dominates. This leads to a
surprising conclusion: where long DNA normally aligns along the
flow direction giving rise to negative LD signals (Dicko et al., 2008),
the parallel dsDNA formed by dA59 are incorporated into the
polymers of the complex in such a way that they are aligned
perpendicular to the length of the amyloid strand. The positive
signal at 195 nm is in agreement with the β-sheet secondary
structure aligned perpendicular to the amyloid fibrils and thus
the flow (Wien et al., 2019) since β-strands have a transition dipole
moment near 195 nm aligned perpendicular to the direction of the
strand (Nordén et al., 2010).

In conclusion, our results clearly show that in vitro the Hfq
protein and in particular its CTR amyloid region are able to bind to
ssDNA, cover, spread and bridge it, and to allow the alignment of
ssDNA molecules. Because ssDNA is an essential intermediate in
many DNAmetabolic processes, we then analysed the effect of Hfq
in vivo for two processes where ssDNA is formed. Hfq could indeed
be part of the ssDNA-binding SSB protein family in prokaryotic
cells, which bind to ssDNA, stabilising and protecting intermediate
states of DNA recombination and replication.

This could particularly be the case for A-rich sequences found
throughout the E. coli genome and when pH decreases during host
infection (Tolstorukov et al., 2005; Kenney, 2019). Furthermore, it
could prevent ssDNA chemical attack or be involved in removal of

Fig. 2. Structure characterisation of ssDNA complexed to Hfq-CTR by SRCD spectroscopy. Spectra of DNA in the absence (red) and presence of CTR (blue). CTR alone (green).
The dotted spectrum represents the theoretical sum of individual spectra of the DNA and CTR. The measured spectrum of the complex is significantly different compared to the
DNAþ peptide theoretical spectra, indicating an conformational change of the complexed ssDNA. Note that the same analysis with the full-length protein was impractical due to
the low solubility of the protein. Inset: model of parallel DNA (Gleghorn et al., 2016).
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secondary structures that could impair ssDNA-related processes
(Molan and Zgur Bertok, 2022).

Hfq influences replication of bacteriophage M13 and genetic
recombination

To evaluate if Hfq influences biological processes in which ssDNA
regions are involved, we have tested efficiencies of

M13-bacteriophage replication which has an ssDNA genome and
genetic recombination between genomes of λ bacteriophage (Red-
recombination system).

When testing development of the M13 bacteriophage, we found
that its efficiency is significantly more effective in the Δhfqmutant
relative to WT control (Fig. 5a). Since effects observed in mutants
completely devoid of Hfqmight be caused by the absence of various
activities of this protein, we repeated these experiments using a

Fig. 3. (a) FTIR transmission spectrum of ssDNA in the presence of Hfq-CTR. The ribose stays in C2’-endo since we observe the typical bands at 840 and 970 cm$1. (b) FTIR
transmission spectrum of ssDNA in the presence of CTR. The band observed at 1658 cm$1, absent in dA59 alone, the shift from 932 to 947 cm$1 and the net decrease of the band
intensity at 1089 cm$1 indicates that a parallel helix is formed by dA59 when bound to CTR.
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mutant with deletion of the Hfq CTR while leaving intact the NTR.
In such amutant, replication of theM13 phagewas significantly less
efficient relative to the WT counterpart, as shown by slower phage
development and lower burst size (Fig. 5a).

To test the efficiency of genetic recombination, we have
employed λ bacteriophage mutants. Nonsense (amber, or shortly
am) λ mutants in genes P or S can propagate only in suppressor
E. coli hosts (supE or supF, respectively) but not in WT bacteria.
When WT, ∆hfq or ∆CTR cells were infected simultaneously with
both phage mutants, Red-recombination could occur. Culture
growth was timely stopped and phage lysates were prepared after
one single lytic development cycle was reached. Thus, phage pro-
geny contained parental phages and recombinants, including λP
(am)S(am) and λPþSþ variants. The latter phages could be easily
distinguished from parental viruses because of their ability to form
plaques on the WT host. By comparing phage titers on WT and
supE supF strains, we found that the fraction of recombinant λPþSþ

phages after propagation in control (hfqþ) cells was equal to
0.17 # 0.04%, which was significantly higher than fractions of

revertants (spontaneous Pþ and Sþ reverse mutants, which appear
among mutant phages), achieving a frequency of 0.001%
and < 0.0001% for λP(am) and λS(am), respectively. When testing
efficiency of recombination in Δhfq and ΔCTR hosts, evident
influence of the absence of either whole Hfq or its CTR could be
observed. Interestingly, the fraction of λPþSþ recombinants was
about 2-fold lower after propagation of phages in theΔhfq host than
in WT bacteria, while estimated efficiency of recombination was
over two times higher in the ΔCTR host relative to the WT
counterpart (Fig. 5b). Therefore, a lack of Hfq results in λ phage
recombination inhibition, while in the presence of only Hfq-NTR,
this process is more efficient in E. coli.

As the absence of the CTR could influence Hfq stability and its
abundance (Arluison et al., 2004), quantification of Hfq and its
CTR-truncated form was performed; no significant differences
were observed (Gaffke et al., 2021). Therefore, we conclude that
differences in efficiencies of phage M13 replication and phage λ
genetic recombination between WT bacteria and hfqmutants arise
from dysfunctions of Hfq in the mutant cells.

Fig.4. LD signal (a) and absorbance spectra (b) of the complex dA59:CTR (blue), dA59 (red) and Hfq-CTR (green). Spectra were measured with a sample path length of 0.5 mm and
rotation speed of the Couette flow cell of 3000 rpm. (c) SRLD analysis of the same complex measured in a classic 0.024 mm path length cell, rotating the cell holder every 90°. The
overall shape of the spectra is conserved with maxima and minima in the same positions compared to (a). Amplitude differences are most likely due to differences of the
experiments, with a less perfect alignment of the sample in the classic cell.
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Discussion

The results presented in this paper show that, in addition to its role
in RNA metabolism, Hfq binds to ssDNA and may therefore play
an important role in genetic processes involving ssDNA, including
recombination and replication. In vivo, the Hfq protein has been
discovered as a host factor for bacteriophage replication (Franze de
Fernandez et al., 1972). Further studies indicated then that this
protein mediates various RNA transactions (Vogel and Luisi, 2011;
Sobrero and Valverde, 2012).

Although early studies suggested that Hfq interacts with ssRNA,
subsequent experiments indicated that this protein can interact
with DNA (Cech et al., 2016). In this report, we demonstrate that
Hfq interacts also with ssDNA. Note that the role of Hfq in ssDNA
binding and remodelling strengthens the general role of bacterial
NAPs in similar processes, such as for HU and H-NS/StpA family
(Shiraishi et al., 2007; Kamashev et al., 2008; Yang et al., 2019).

We show here that the ssDNA-binding properties of Hfq are
mainly due to its CTR. We observe that CTR binding to ssDNA
allows its alignment by forming a parallel helix. This is not the case
for ssDNA alone; thus, the CTR promotes the formation of this
parallel helix probably by changing the pKA of adenines.

Interestingly, Hfq-CTR has also a propensity to juxtapose two
DNAmolecules and this is highly suggestive of a role inmodulation
of efficiency of recombination and/or transformation, as it was
formerly shown for another “dsDNA bridging/ssDNA binding”
protein, DprA (Mortier-Barriere et al., 2007). To test if such inter-
action can play a physiological role we have performed efficiency
assays for processes that require ssDNA. Our finding that two
processes are affected, either positively (M13 replication) or nega-
tively (λ recombination) in the Δhfqmutant might suggest that this
is the case. However, any secondary effects of Hfq-mediated
changes in regulatory RNA functions could not be excluded in such

Fig. 5. (a) Development of bacteriophageM13 in E. coli. The presented results indicatemean values from three experimentswith error bars indicating SD. Symbols (#) and (*) indicate
statistically significant differences (p < 0.05 in the t-test) between results obtained for hfqþ and Δhfq, and hfqþ and ΔCTR, respectively. (b) Efficiency of recombination between λ
bacteriophage genomes in E. coli. The presented results show mean values from three experiments with error bars indicating SD. Value of 100% represents fraction of λPþSþ

recombinants appearing after infection of the hfqþ host cells with λcI857S7(am) and λb519imm21susP phages which was equal to 0.17 # 0.04%. Symbols (*) indicate statistically
significant differences (p < 0.05 in the t-test) between results obtained for hfqþ and either Δhfq or ΔCTR hosts.
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experimental systems. Therefore, we have also used the ΔCTR
mutant in which only the NTR of Hfq is present. Surprisingly, we
found that effects of the ΔCTR mutation on both M13 replication
and λ recombination aremore pronounced than in the case ofΔhfq,
and opposite to those observed in cells completely lacking Hfq.
These results corroborate the conclusion that ssDNA binding by
Hfq has a physiological relevance. We have also demonstrated that
in vivo Hfq-CTR stimulates replication of bacteriophage M13
genome, while inhibiting Red recombination. We propose that
Hfq-mediated stimulation of M13-replication might relate to
changes in ssDNA conformation facilitating alignment of ssDNA
in parallel helices, and then the formation of the replication com-
plex, similarly to the mechanism occurring in the Qβ bacteriophage
replication. On the other hand, covering ssDNA regions by Hfq
during genetic recombination may impair this process due to lower
availability of recombining sequences during the exchange process
of strands between two DNA molecules.

Recombination efficiency is also controlled by Hfq-CTR which
inhibits recombination. Mutant Δhfq cells lacking both the NTR
and CTR regions recombine less efficiently in contrast to only CTR
deficient cells. WT cells containing Hfq are not substantially more
efficient in recombination than Δhfq. Therefore, we hypothesise
that effects of the absence of CTR in Δhfq cells might be hidden due
to the inability of the NTR to perform its functions. This includes
interactions with sRNA and ultimately regulation of gene expres-
sion. This definitely makes Hfq an important player to consider in
bacterial chromosome structure and gene expression control.
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3.3. Conclusion and perspectives of this work 

In this publication, we demonstrated that Hfq interacts with ssDNA, not only dsDNA. 

Note that the role of Hfq in ssDNA binding and remodelling strengthens the general role of 

bacterial NAPs in similar processes, such as for the HU and H-NS family (Kamashev et al. 

2007; Shiraishi et al. 2007; Yang et al. 2019). Precisely, we show that the ssDNA binding 

properties of Hfq are mainly due to its CTR. We observe that CTR binding to ssDNA allows 

its alignment by forming a parallel helix. The CTR promotes the formation of this parallel helix 

probably by changing the pKA of adenines. Interestingly, we also show using synchrotron 

radiation linear dichroism that Hfq-CTR has a propensity to juxtapose two DNA molecules, 

and this is highly suggestive of a role in modulation of efficiency of recombination and/or 

transformation. To test if such interaction can play a physiological role, we have performed 

assays for processes that require ssDNA. Our finding that two processes (M13 phage 

replication or recombination) are affected in vivo, either positively or negatively. We propose 

that Hfq-mediated stimulation of M13-replication might relate to changes in ssDNA 

conformation facilitating alignment of ssDNA in parallel helices and promoting the formation 

of the replication complex. On the other hand, covering ssDNA regions by Hfq during genetic 

recombination may impair this process due to lower availability of recombining sequences 

during the exchange process of strands between two DNA molecules. Note that effects seen 

for Hfq-mediated changes in regulatory RNA functions could not be excluded in vivo. 
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Chapter IV. In vivo analysis of the effect of 
Hfq on nucleoid structure 

4.1. Principles of cryo-soft X-ray tomography (cryo-SXT) 

Electron microscopes were invented and developed, using electrons as radiation, 

because visible light microscopies were limited by the use of wavelength above 400 nm (Knoll 

and Ruska 1932). Smaller wavelength photons such as the ones in the so-called “water-

window” (X-rays at 520 eV have a corresponding wavelength of 2.38 nm) were not usable 

because of their refraction index preventing them from being focusable with traditional glass 

lenses. Later, Fresnel zone plates diffractive lenses were developed thus enabling the focusing 

of X-ray beams (see Figure 24). 

This advancement led to the development of the first transmission X-ray microscopes 

(TXM), using Fresnel zone plates as objective lenses, by the group of Schmahl et al. at the 

University of Göttingen (Germany) (Niemann, Rudolph, and Schmahl 1976). 

 

Figure 24. Representation of a Fresnel zone plate used in SXT to focalize X-rays. It is composed 

of concentric opaque rings that diffract X-rays. The maximum reachable resolution is defined by the 

width of the outermost ring (Δrn). (Carzaniga et al. 2014)  

Coupled with cryo-preservations methods, soft X-ray tomography can image entire 

close-to-native cells due to its large field of view and at high-resolution (tens of nanometres), 
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thus bridging the resolution gap between light and electron microscopies (see Figure 25). As 

can be seen above, the limiting factor for resolution in cryo-SXT is not imposed by the 

wavelength of X-rays but by the outermost ring of the Fresnel zone plate used. In addition, in 

the water-window, water (oxygen) is transparent to X-ray while organic matter (carbon-rich 

structures) has a high absorption. This makes it the method of choice for unstained biological 

samples and in our case for the observation of the bacterial nucleoid (J. Groen et al. 2019; 

Johannes Groen et al. 2021; Hammel et al. 2016) cannot otherwise be differentiated from the 

cytoplasm (no contrast) with electrons and is thus unsuitable for cryo-TEM. 

Note that the observation of the bacterial nucleoid in cellulo remains challenging 

because of the lack of a membrane separating the nucleoid genomic content from the 

cytoplasm. 

In cryo-SXT, X-rays are absorbed by the sample depending on its elemental 

composition. This generates an absorption contrast which relates to the Beer-Lambert law 

allowing to recover linear absorption coefficients (LAC) values in the tomographic 

reconstructions, thus making cryo-SXT a 3D quantitative imaging technique (J. Groen et al. 

2019; Johannes Groen et al. 2021). Such analysis is possible at ALBA synchrotron on the 

MISTRAL beamline (Pereiro et al. 2009; Sorrentino et al. 2015) at a resolution of about 30 nm 

half pitch (Otón et al. 2016). 



Chapter IV 
 
 

75 
 

 

Figure 25. Comparison of the imaging depth and maximum resolution of the different imaging 

methods. In the red box, the methods which are of interest to study bacteria (i.e., VLM, cryo-SXT, 

Super-resolution VLM, TET and single particle cryoEM). Adapted from (Koning, Koster, and Sharp 

2018). 

The preparation of bacterial cell samples and analysis using cryo-SXT is described in 

detail in the Publication 3 (Cossa, Wien, et al. 2022). 
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PUBLICATION 3 

“Evaluation of the Role of Bacterial Amyloid on Nucleoid Structure Using 

Cryo-Soft X-Ray Tomography.” 

In Bacterial Amyloids, 2538:319–33. Methods in Molecular Biology. New 

York, NY: Springer US. 2022. https://doi.org/10.1007/978-1-0716-2529-3_21. 

Cossa Antoine, Frank Wien, Florian Turbant, Tadeusz Kaczorowski, 

Grzegorz Węgrzyn, Véronique Arluison, Ana J. Pérez-Berná, Sylvain 

Trépout, and Eva Pereiro.  

https://doi.org/10.1007/978-1-0716-2529-3_21
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Chapter 21

Evaluation of the Role of Bacterial Amyloid on Nucleoid
Structure Using Cryo-Soft X-Ray Tomography

Antoine Cossa, Frank Wien, Florian Turbant, Tadeusz Kaczorowski,
Grzegorz Węgrzyn, Véronique Arluison, Ana J. Pérez-Berná,
Sylvain Trépout, and Eva Pereiro

Abstract

Bacterial chromosomal DNA is packed within a non-membranous structure, the nucleoid, thanks to
nucleoid associated proteins (NAPs). The role of bacterial amyloid has recently emerged among these
NAPs, particularly with the nucleoid-associated protein Hfq that plays a direct role in DNA compaction. In
this chapter, we present a 3D imaging technique, cryo-soft X-ray tomography (cryo-SXT) to obtain a
detailed 3D visualization of subcellular bacterial structures, especially the nucleoid. Cryo-SXT imaging of
native unlabeled cells enables observation of the nucleoid in 3D with a high resolution, allowing to evidence
in vivo the role of amyloids on DNA compaction. The precise experimental methods to obtain 3D
tomograms will be presented.

Key words Bacterial amyloid, Nucleoid, Cryo-tomography, X-ray imaging

1 Introduction

Most bacterial amyloids are extracellular proteins involved in
various processes such as the formation of biofilms, contribution
to bacterial virulence, and antibiotic resistance [1]. Nevertheless,
there are also examples of intracellular amyloids occurring in bacte-
rial cells and taking part in DNA shaping and DNA-related
processes.

One example of an amyloid-like protein involved in DNA
transactions is RepA, encoded by the Pseudomonas savastanoi plas-
mid pPS10, and especially its N-terminal amyloid-like domains
called “winged-helix” (WH) – WH1 [2]. RepA is the principal
regulator of plasmid DNA replication. It is necessary for initiating
replication and it stimulates this process by binding to specific
sequences and promoting conformational changes crucial for the
starting of DNA synthesis [3]. Nevertheless, this protein also

Véronique Arluison et al. (eds.), Bacterial Amyloids: Methods and Protocols,
Methods in Molecular Biology, vol. 2538, https://doi.org/10.1007/978-1-0716-2529-3_21,
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ensures negative regulation of plasmid replication through the
so-called “handcuffing” mechanism, operating by coupling two
origin regions of sister plasmid molecules, mediated by the WH1
domains, thus preventing over-initiating plasmid DNA synthesis
[4]. Furthermore, conformational changes within RepA appear to
play crucial roles in switching between stimulatory and inhibitory
functions of this protein. The amyloid-like WH1 domains are major
players in these processes [5].

Another example is that of the master regulator Hfq, which
occurs in many bacterial species, including Escherichia coli, in which
the functions of this protein are studied most intensively. Hfq
C-terminal region (CTR) forms an amyloid-like structure
[6]. This feature of Hfq-CTR has been discovered only recently
[7, 8], while having an important influence on understating its
previously unknown functions like interactions with DNA and
making the structure of this molecule more compact and
condensed [9, 10]. Indeed, nucleoid-associated proteins (NAPs)
such as Hfq bind to DNA, thereby modifying their mechanical
properties and structural reorganization. In the case of Hfq, this
occurs by bridging interactions between different segments of the
same or different portions of DNA [11, 12].

Interestingly, the supercoiling of plasmid DNA is affected by
mutations in the hfq gene [13, 14], which might partially explain
the previously observed effects on the replication process [15]. The
global structure of DNA can also be modified by this amyloid-like
protein, mainly due to the local alignment of nucleoprotein fibers
[16]. Untypical DNA structures like G-quadruplex may also be
bound by Hfq, which stabilizes them [17, 18], by playing a
potential role in modulating the features of the nucleoid.
Considering these facts, it is likely that genomic instability might
be partially dependent on Hfq-CTR functions [17–19]. These
Hfq-DNA complexes may finally also induce DNA cross-linking
and entanglements, and eventually increase the density and
viscoelasticity within the nucleoid [20].

This chapter presents cryo-soft X-ray tomography (cryo-SXT)
as a powerful method to assess how bacterial amyloids may
influence nucleoid structure in vivo, measuring nucleoid volume
and density. Furthermore, this chapter shows how it can be used to
study the effects of amyloids on bacterial physiology without the
need for DNA or protein labeling.

2 Materials

The protocol presented here has been optimized for analyzing
E. coli cells, although it can be adopted for any bacterial species,
with modification of growing conditions and culture media
depending on the bacteria of interest.
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2.1 Common

Material, Chemicals,

and Bacterial Media

2.1.1 Bacterial Culture

Media

1. LB-rich medium for bacterial growth [21].

2. To observe the effect of starvation, use supplemented M9
minimal medium (for instance, glycerol 0.2%, vitamins, and
casamino acids 50 μg/mL) [21].

3. Cold non-supplemented M9 minimal medium for rinsing
bacteria.

2.1.2 Laboratory

Equipment

The standard laboratory equipment required includes the
following:

1. Micropipettes.

2. Eppendorf tubes.

3. Culture tubes allowing correct oxygenation of cells.

4. Incubator for bacterial growth.

5. Spectrophotometer (to follow bacterial growth at OD600).

6. Parafilm.

7. Glass slides.

2.1.3 Chemicals 1. Sterile water.

2.2 Bacterial Strains Any E. coli genetic background (such as MG1655) can be used for
this analysis.

To observe the effect of a mutation in a gene encoding a
bacterial amyloid, a strain deleted for the gene of interest (such as
Δhfq [14]) can be constructed using the λ Red system [22].

Alternatively, transduction of the mutated gene of interest can
be performed using a strain from the Keio collection if
available [23].

Selected transductants must be subjected to chromosomal
DNA sequencing of the gene of interest region to confirm the
presence of wild-type (WT) or deleted/mutated alleles.

2.3 Preparation of

Samples for Cryo-

imaging

1. Cryo-EM grids (Fig. 1c): holey carbon-coated gold or copper
Quantifoil® Finder grids R2/2 (Quantifoil Micro Tools
GmbH, Jena, Germany). Finder grids are recommended for
an easier area of interest recovery and correlative studies.

2. A glow-discharger to make the carbon layer of the cryo-EM
grids hydrophilic, which is an essential prerequisite step for
good sample adsorption on the grids.

3. Manual or automated plunge-freezer for the fast cryo-fixation
of the sample on the grid. Note that an automated plunge-
freezer can be preferred for additional temperature and
humidity control.
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4. 60 nm or 100 nm gold beads used as fiducial markers (or a mix
of both, see Note 1).

5. Precision and anti-capillary tweezers.

6. Whatman filter paper.

2.4 Cryo-SXT

Beamline

Cryo-SXT beamlines are available in different synchrotron facilities:
e.g., ALBA/MISTRAL beamline (Barcelona, Spain) [24], Dia-
mond/B24 (Didcot, UK) [25], ALS (Berkeley, USA) [26], HZB
(Berlin, Germany) [27], and TPS/24A under construction
(Hsinchu, Taiwan).

Beamtime can be obtained through peer-reviewed applications
twice a year in most of the above-mentioned beamlines.

2.5 Cryo-TEM Before the cryo-SXT analysis, we strongly suggest checking vitreous
ice quality (see Note 2) and gold beads and bacteria distribution
using a transmission electron microscope with cryo-capabilities
(cryo-TEM). To do this, a field emission gun cryo-TEM operating
at 200 or 300 kV and equipped with an energy filter (in-column or
post-column filter), and a CCD camera or preferentially a direct
electron detector camera are recommended.

Fig. 1 Overview of the transmission X-ray microscope and its operation principle. (a) Schematic representation
of the transmission X-ray microscope (TXM). (b) Attenuation coefficients of carbon and water – the water
window is situated between the absorption K-edges of carbon and oxygen. (c) Electron microscopy grid

322 Antoine Cossa et al.



2.6 Hardware and

Software

1. A powerful workstation preferentially equipped with a CUDA-
capable GPU and at least 32GB of RAM.

2. IMOD eTomo software [28].

3. Tomo3D software [29].

4. MATLAB (Mathworks Inc).

5. R (https://www.R-project.org/) [30].

6. ChimeraX for data visualization [31].

3 Methods

3.1 Culture

Conditions

For the studies presented in this chapter, we used E. coli MG1655
(WT, reference strain) and its Δhfq amyloid-devoid mutant [14].

For exponential phase cells, bacteria are grown in LB-richmedia
until they reach an OD600 of 0.4. For the (mid)stationary phase, an
overnight culture at OD600 of 1.5 is analyzed (seeNote 3).

The late stationary phase (OD600 depends on the genetic
background) can also be analyzed even if bacterial cell morphology
and survival may be strongly affected (see Notes 4–6).

A total of 1.5 mL of culture is centrifuged and washed twice
with non-supplemented M9 minimal medium. Then the cells are
resuspended in a non-supplemented M9 medium and stored at
4 �C to stop the growth. Finally, dilutions (still in
non-supplemented M9) are performed to reach a final OD600 of
0.7 for all strains and conditions of growth. The bacteria are then
processed for cryo-SXT experiments.

3.2 Sample

Preparation for Cryo-

Soft X-Ray

Tomography

1. Au or Cu carbon-coated Quantifoil® Finder grids are first
glow-discharged using plasma.

2. Prior deposition on the grids, 10 μL of each sample condition
at 0.7 OD600 is mixed with 15 μL of 100 nm gold beads and
5 μL of M9 minimal medium (see Note 7).

Fiducial markers enable projections alignment to the
common axis of rotation prior to tomographic reconstruction.

3. 5 μL of the sample is deposited on the carbon side of the grid.

4. The excess of the solution is manually blotted using aWhatman
filter paper.

5. The grid is plunge-frozen into liquid ethane and cooled down
at �174 �C by liquid nitrogen in a cryo-plunger. (If using an
automated plunge-freezer, steps 4 and 5 need to be set in the
machine parameters in addition to specific chamber humidity
and temperature values).

6. We strongly recommend preparing at least three or four grids
per condition.
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7. Before SXT analysis, a few grids are screened with a cryo-
transmission electron microscope to assess the bacterial
concentration and the fiducial distribution on the grid, verify
the absence of ice crystals, and evaluate the ice thickness. As
cryo-TEM is rather destructive, it is not recommended to use
the same grid for cryo-SXT analysis, and we suggest preparing
several grids in the same condition.

8. Alternatively the grids can be screened at Mistral using a cryo-
visible light microscope (Linkam cryo-stage CMS196 coupled
to an Axioscope from Zeiss).

3.3 Cryo-Soft X-Ray

Tomography

Cryo-SXT datasets shown here were acquired at the ALBA
synchrotron Light Source (Barcelona, Spain) on the transmission
X-ray microscopy beamline Mistral (Fig. 1a). Cryo-SXT allows to
image cells in near-native conditions within the water window
energy range (between the carbon and the oxygen K-absorption
edges) (Fig. 1b) as water layers of up to 10 μm can be penetrated,
while carbon-rich structures can be imaged with high absorption
contrast.

It is a quantitative imaging technique that allows the recon-
struction of the linear absorption coefficients (LAC) of the sample’s
material following the Beer-Lambert law (Eq. 1):

Transmission ¼ I norm ¼ I
I 0

¼ e
�
Z

μlðx,y,zÞdz ð1Þ

where I0 is the intensity impinging on the sample.
The linear absorption coefficient μl (μm�1), which is the

reconstructed value in the tomograms (see Note 8), relates to the
mass absorption coefficient μ (μm2/g) of the material and its den-
sity ρ (g/μm3).

Voxel ¼ μl ¼ μρ ¼ � ln
I
I 0

� �
ð2Þ

1. Four samples are mounted in specific holders on a shuttle in a
liquid nitrogen workstation. The holders are then covered to
prevent ice contamination, transferred to a low vacuum transfer
chamber, and finally to the cryo-transmission X-ray microscope
(cryo-TXM) (Fig. 1a) experimental vacuum chamber
(10�7 mbar), preserving cryo-conditions throughout the
transfer.

2. Once inside the cryo-cooled TXM vacuum chamber, one of the
holders is positioned at the sample stage from the shuttle with a
specific robot arm after removing the cover, protecting the
grid. Once at the sample stage, the grid is positioned on the
rotation axis and the focal plane.
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3. Areas of interest on the grids (i.e., thin non-broken and
non-crystalline ice) are selected using a visible light microscope
online with the transmission X-ray microscope (Fig. 2a).

4. Then, those areas are individually screened by acquiring zero-
degree soft X-ray projection mosaics to find the best regions for
individual bacteria acquisitions (Fig. 2b).

5. The data presented here was collected using a 25 nm objective
Fresnel zone-plate (ZP) to image the transmission signal on a
direct illuminated CCD camera (1024 � 1024 pixels, camera
pixel size ¼ 13 μm). Note that a 40 nm objective Fresnel ZP is
also available on the Mistral beamline and is used for thicker
cells.

6. Tilt series are usually collected with an increment of 1� between
two projections. The minimal and maximal achievable tilt
angles will depend on the position of the region of interest
within the grid (i.e., far from the square borders is best) and can
range from �65� (or � 70� using the 40 nm ZP). Generally,
a � 60� tilt range delivers good results.

7. Magnifications of 1300� and 1650� can be used, with
corresponding image pixel sizes of 10 nm and 8 nm,
respectively.

8. Usually, a total of around 10 tomographic tilt-series
corresponding to 10 cells are acquired for each sample
condition.

9. At the end of each tilt-series acquisition, 10 images without
sample (a hole in the grid is chosen or the sample holder is
removed when no holes are available) are collected for normal-
ization purposes. This is commonly called a flat field

Fig. 2 Pre-acquisition mosaics. (a) Full grid mosaic using the online visible light microscope in bright field
mode. (b) Zero-degree soft X-ray transmission mosaic to select areas of interest (grid square in (a)). Scale bars
represent 100 μm (a) and 10 μm (b)
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(FF) acquisition, which is an image of the incoming beam I0 in
Eq. 1 (Fig. 3b). The FF is dependent on the electron beam
intensity of the synchrotron storage ring running in top-up
mode and thus fluctuates slightly over time between
re-injections occurring every 20 min.

3.4 Cryo-SXT Tilt-

Series Processing,

Alignment, and

Reconstruction

1. First, each tilt series is normalized to correct for the exposure
time (when different exposures are used during the tilt series,
for instance, longer exposures can be used at high tilt angle)
and the non-uniformity of the incident X-ray beam using an
average of 10 flat field images.

2. The normalization from Eq. 1 considers the averaged FF,
electron beam currents (of the synchrotron storage ring,
which is in top-up mode with electron refill every 20 min),
and exposure times as denoted in the following equations:

I 0 ¼ 1

N FF

XN
i

FFi �DFavg

tFFexp � I e�
beam

ð3Þ

I ¼ I img �DFavg

texp � I e�
beam

ð4Þ

where i is the ith flat field image and I0 is the normalized
averaged flat field image (in our case, equal to 10 images for
each tilt series (NFF)). Each sample images and flat field images
are corrected with the CCD background (Dark Field, DF),
which is automatically subtracted by the TXM software and
normalized by the exposure times (texp) and the electron beam
currents (I e�

beam
).

Fig. 3 X-ray projection images. (a) Zero-degree projection image from a tilt series. (b) Average of 10 flat field
images. Scale bars represent 1 μm
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3. The absorption signal is then computed by applying a negative
Napierian logarithm to all the normalized tilt series (Fig. 4b)
before 3D reconstruction.

4. Tilt-series preprocessing can be done onsite using available
scripts to convert raw data from the TXM into hdf5 normalized
tilt-series files.

Note that a complete description of the online acquisition
process and data processing has been described in Groen et al.
2021 [32].

A homemade bash script (based on Mistral’s GitHub code) is
used to extract the tilt series from the hdf5 files automatically (into
MRC file format), compute the absorption signal, and generate
aligned tilt series using IMOD command lines [28] to automati-
cally perform the detection, tracking, and alignment of gold fidu-
cials. Finally, the 3D volumes are reconstructed using SIRT
(Simultaneous Iterative Reconstruction Technique) from
Tomo3D without long object compensation [29] (in our case,
30 iterations were used). This method has the advantage of a rela-
tively fast computation.

5. The 3D volumes are then inspected to assert the alignment
quality. If the result is not satisfying, a manual refinement is
performed in IMOD (see Note 9).

6. The absorption tilt-series are reconstructed using ART (Alge-
braic Reconstruction Technique) or SIRT for recovering LAC
values [32, 33].

7. After 3D reconstruction, the voxel values are divided by the
pixel size of the original projections to get the LAC values in
μm�1.

Fig. 4 Normalized transmission and absorbance images. (a) Normalized zero-degree transmission image. (b)
The absorption image computed from (a). Scale bars represent 1 μm
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3.5 Data Processing

and Segmentation

Two conjoint MATLAB and R scripts are used to compute the
semi-automatic segmentation of the nucleoids, which is distin-
guishable, thanks to the differential absorption.

1. The first MATLAB script lets the user click the poles of each
bacterium of interest on the central Z-section of each recon-
structed tomogram (Fig. 5a) to generate pairs of [X, Y]
coordinates (red crosses).

Then each selected bacterium is automatically cropped into a
subvolume (Fig. 5b) and rotated in-plane along the horizontal axis
(Fig. 5c). Following that, each subvolume is rotated to the YZ axis,
and the average of the five central slices is displayed for the user to
draw an ellipse representing the bacterium (Fig. 5d). This step
allows the script to automatically center the bacterium in the
subvolume using the center of mass of the ellipse. A sphero-cylinder
(i.e., rod shape) is fitted to each bacterium using the bacterium
center, width and length metrics computed from the previous step.
Voxel values outside the bacterium are set to NaN (Not a Number)

Fig. 5 Semi-automated nucleoid segmentation workflow. (a) Bacteria poles clicking (red crosses). Gold beads
reconstruction artifacts due to the missing wedge (red arrows). (b) Each bacterium is cropped into a
subvolume using the coordinates of (a). (c) The bacterium is automatically placed along the horizontal axis
of the subvolume. (d) Five slices of the central YZ plane are averaged and displayed to let the user trace an
ellipse representing the bacterium. (e) The bacterium is automatically centered in the subvolume using the
center of mass of the ellipse. (f) A sphero-cylinder mask is fitted on the bacterium. Scale bars represent 1 μm
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to ease further computations. Finally, a 3D median filter (using a
[3,3,3] kernel) is applied to smooth the voxel values before export-
ing them as a text file.

2. Then masked voxel values are imported in R where a Gaussian
mixture model (GMM) fitting is computed to separate the
different voxels populations of each masked bacterium (i.e.,
nucleoid, cytoplasm, membranes, or gold beads) on the histo-
gram (Fig. 6a) using the Mixtools package [34]. Four GMMs
are fitted to each bacterium histogram (i.e., 2, 3, 4, and 5 Gaus-
sians) (Fig. 6b). Then the different populations of voxels from
the GMM segmentations are exported.

3. A visual inspection is now required to assess which population
of the different models represents the nucleoid as best as
possible (Fig. 6b). If no population is satisfying enough, the
bacterium is discarded from the analysis. The reasons for this
are often that the focus tracking was not good enough during
data collection (bacteria far from the rotation axis are out of
focus at high tilt angles due to the depth of field of the lens) or
that too many gold beads are present close to the bacteria,
which generate artifacts (white halo, see Fig. 5a) due to the
Au high absorption and the missing wedge in the 3D volume
reconstruction.

4. A final step of several erosions and dilations is performed to
discard the wrongly attributed voxels, lonesome cytoplasm
voxels are eliminated, and tiny holes in the nucleoid are
recovered. The final volume is exported and statistical analysis
on the volume and LAC values is now possible.

5. Visualization is done using ChimeraX.

Fig. 6 Semi-automatic segmentation of the nucleoid voxels. (a) Gaussian mixture fitting of 5 Gaussians on the
cropped bacteria histogram from Fig. 5. (b) Segmentation results of the Gaussian fittings. Fitting of two
Gaussians in blue, three in red, four in green, and five in orange. Scale bar represents 1 μm
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3.6 LACs Visual

Representation

1. To bring out the global tendency of the LAC values of the
nucleoids between different strains and conditions, it is possi-
ble to compute the averaged LAC histograms per condition
using R. LAC values of interest are found between 0.15 and
0.30 μm�1 (this might not be the case for other types of
bacteria). This range is then divided into intervals of 0.001
(seeNote 10). For each condition, the voxels of each bacterium
fitting into an interval are counted and converted into the
corresponding volume value using the pixel size of the original
images. For each interval, the counts are normalized using the
formula x�xminð Þ

xmax�xminð Þ to have (artificial) volume values between
0 and 1. And then the average and standard deviation of each
interval are computed (see Note 11).

4 Notes

1. While 100 nm gold fiducials are commonly used for cryo-SXT,
a mix of 60 nm and 100 nm can be used as the 60 nm beads
provide a more precise tracking position for tilt-series align-
ment but usually not seen in all projections (because not in
focus), whereas 100 nm beads can be tracked on all projections
but with a little less precision.

2. Bacteria distribution and ice quality can be checked with a cryo-
visible light microscope. Nevertheless, beads cannot be visua-
lized using light microscopy.

3. Note that WT and mutant strains may not grow similarly;
mutant strains may grow slower than their WT counterpart.

4. Be sure to verify the presence of the desired mutation in the
tested strain by DNA sequencing after constructing the mutant
by transduction. The recombination processes in bacterial cells
may sometimes lead to the presence of the genetic marker in an
unexpected genome region while leaving the gene of interest
intact or only partially inactivated.

5. It is a good practice to confirm the effects of the tested muta-
tion by conducting complementation experiments, i.e., to
provide the WT form of the gene of interest in trans (for
example, expressed from a plasmid) in the mutant. Restoration
of the WT phenotype in such a complementation experiment
excludes any possible polar effects of the mutation, i.e., the
influence of the mutation on the neighbor (usually
downstream-located) genes that might give specific phenotypic
effects. However, be careful to interpret the data (including
analysis of the images) due to the presence of plasmids in cells
that can modulate interactions of amyloids with the chromo-
some by competing for amyloid binding.

330 Antoine Cossa et al.



6. The analysis of the late stationary phase may be difficult for
some mutants; for instance, the case for the MG1655-Δhfq
strain due to the effect of Hfq on σS (the stationary phase
sigma factor) expression [35].

7. The gold beads may tend to stick to the Gram(�) bacteria’s
outer membrane, generating reconstruction artifacts in the
final volumes. To avoid this, it may be preferable to deposit
the gold beads on the grid before depositing the bacterial
sample. In total, 5 μL of the 100 nm gold beads solution can
be deposited on each grid after being glow-discharged and set
to dry overnight in a dry and dust-free environment. Then the
grids are glow-discharged a second time prior to the deposition
of the bacterial sample. The situation might be different for
Gram(+) bacteria.

8. When using flat sample supports, tomographies of 180 degrees
projections cannot be acquired. This is the well-known prob-
lem of the missing wedge (similarly as in electron tomography)
which will affect the resolution of the final volume and the LAC
reconstructed values. Note that absolute LAC recovery is
affected not only by the missing wedge, if any, but also by the
resolution achieved with the instrument, the algorithm used
(e.g., ART and SIRT), and even its implementation in the
different software available. Studies will therefore focus on
the discussion of LAC differences among cell conditions.

9. If gold bead fiducials or high contrast ice contaminations are
present close to bacteria, they might produce reconstruction
artifacts, thus creating a bias in the interpretation of the LAC
values. It is possible to attenuate (or even remove) those arti-
facts by masking the fiducials from the aligned tilt series using
IMOD goldbead removal tool, or inpainting methods such as
discrete cosine transform (DCT) [36], or iterative artifacts
removing using MaskTomRec [37].

10. It is possible to use other interval steps such as 0.01 but, in our
experience, interval steps of 0.001 between LAC values seem
to give more accurate results.

11. Note that this type of representation does not enable the direct
comparison of the nucleoid volumes because of the normaliza-
tion but is rather a way to better see the shifts in absorption
between conditions.
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4.2. Cryo-SXT applied to the analysis of Hfq mutant cells 

As previously discussed in Chapter II, Hfq shapes and compacts DNA, nevertheless, 

this role has not been established in vivo. For this goal we compared the morphology of cells 

affected in Hfq expression. Precisely the bacterial strains used were MG1655 WT (Wild Type, 

reference strain), MG1655-∆hfq and MG1655-∆ctr (truncated protein with only the first 72 

amino-acids) (Malabirade et al. 2018). The later strain was used because Hfq plays both direct 

and indirect roles on DNA structure. Indeed, Hfq mediates post-transcriptional regulation of 

NAP expression using small noncoding RNA (sRNA). Using this CTR-deleted form of the 

protein that should not be affected in riboregulation should help to discriminate direct and 

indirect effects on DNA structure (the NTR only should allow riboregulation). In Publication 

4 below, using cryo-soft X-ray tomography imaging of native unlabelled cells and using a semi-

automatic analysis and segmentation procedure, we show that Hfq significantly remodels the 

E. coli nucleoid. 
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ABSTRACT 25 

The bacterial chromosomic DNA is packed within a membrane-less structure, the nucleoid, 26 

due to the association of DNA with proteins called Nucleoid Associated Proteins (NAPs). 27 

Among these NAPs, Hfq is one of the most intriguing as it plays both direct and indirect roles 28 

on DNA structure. Indeed, Hfq is best known to mediate post-transcriptional regulation by 29 

using small noncoding RNA (sRNA). Although Hfq presence in the nucleoid has been 30 

demonstrated for years, its precise role is still unclear. Recently, it has been shown in vitro that 31 

Hfq forms amyloid-like structures through its C-terminal region, hence belonging to the 32 

bridging family of NAPs. Here, using cryo soft X-ray tomography imaging of native unlabeled 33 

cells and using a semi-automatic analysis and segmentation procedure, we show that Hfq 34 

significantly remodels the Escherichia coli nucleoid. More specifically, Hfq influences 35 

nucleoid density especially during the stationary growth phase when it is more abundant. Our 36 

results indicate that Hfq could regulate nucleoid compaction directly via its interaction with 37 

DNA, but also at the post-transcriptional level via its interaction with RNAs. Taken together, 38 

our findings reveal a new role for this protein in nucleoid remodeling in vivo, that may serve 39 

in response to stress conditions and in adapting to changing environments. 40 

 41 

KEYWORDS: Nucleoid associated protein (NAP); functional amyloid; bacterial 42 

heterochromatin; DNA Bridging; X-ray high-resolution imaging; post-transcriptional 43 

regulation, noncoding RNA. 44 
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INTRODUCTION 46 

Hfq is a pleiotropic regulator found in about 50% of sequenced Gram-positive and Gram-47 

negative bacteria (Sun et al., 2002). While its function in Gram(+) is still unclear (Bouloc and 48 

Repoila, 2016), it was initially discovered as an Escherichia coli host factor required for 49 

bacteriophage Qβ RNA replication (Franze de Fernandez et al., 1968). Even if hfq is not an 50 

essential gene, its importance in RNA metabolism and in many related cellular functions was 51 

demonstrated by the observation of numerous adverse phenotypes in hfq- cells (Tsui et al., 52 

1994). These unfavorable effects of hfq mutation are linked to the role of Hfq in the stimulation 53 

of RNA annealing, an activity called “RNA chaperone” (Arluison et al., 2007; Rajkowitsch et 54 

al., 2007). In particular, Hfq interacts with small non-coding RNAs (sRNAs) and facilitates 55 

base-pairing of sRNAs with their target mRNAs (Vogel and Luisi, 2011). The sRNA:mRNA 56 

complex formed typically inhibits mRNA translation and often lead to subsequent RNAs 57 

degradation (Aiba, 2007). Less frequently, sRNAs also activate RNA translation (McCullen et 58 

al., 2010). A well-known example of sRNA-based regulation consists of the annealing of MicA, 59 

a small noncoding RNA of E. coli, to ompA mRNA, which encodes an outer membrane porin 60 

(Udekwu et al., 2005). The roles of Hfq and sRNA are particularly important for bacterial stress 61 

resistance, when bacteria must survive in changing conditions (Gottesman, 2019; Gottesman 62 

et al., 2006). Indeed, Hfq is involved in bacterial virulence as it helps respond to new conditions 63 

encountered in the host during infection (Kendall et al., 2011; Porcheron and Dozois, 2015). 64 

This role of Hfq in virulence is illustrated with a Vibrio cholerae ∆hfq mutant that is highly 65 

attenuated in a mouse model infection (Ding et al., 2004). In turn, Hfq and sRNA are also 66 

involved in antibiotic resistance (Gaffke et al., 2021; Wang et al., 2021), bacterial 67 

communication and quorum sensing (Rutherford et al., 2015), two processes that could 68 

influence bacterial pathogenicity. 69 
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The RNA chaperone function of Hfq is primarily due to its N-terminal region (NTR). Indeed, 70 

this region of the protein adopts a typical fold, the Sm-fold (Wilusz and Wilusz, 2005). 71 

Structurally this fold is characterized by a secondary structure consisting of an α-helix followed 72 

by a twisted five-stranded β-sheet. This β-sheet allows the self-assembly of Hfq into its 73 

functional form, a ring-shaped homohexamer (Brennan and Link, 2007). The surface of the Sm 74 

ring comprising the N-terminal α-helices is designated as the proximal face; the opposite face 75 

is referred to as the distal face. Both surfaces of the NTR have been shown to bind RNAs with 76 

different specificities and affinities (Brennan and Link, 2007; Robinson et al., 2014; Sauer et 77 

al., 2012; Updegrove et al., 2016). In E. coli, each Hfq monomer consists of 102 amino acid 78 

residues in which the Sm/NTR region contains about 65 residues. But in addition to this NTR, 79 

Hfq also comprises a C-terminal region (CTR) of about 35 residues. The CTR region extends 80 

outside the NTR, at the periphery of the torus (Arluison et al., 2004) and is preferentially 81 

located at the proximal side of the torus (Wen et al., 2017). Structurally, this region has been 82 

described for years as intrinsically disordered and indeed, to date, its precise 3D structure is 83 

still unknown (Dimastrogiovanni et al., 2014; Orans et al., 2020; Vogel and Luisi, 2011). 84 

Recently, a new property has been discovered for this region as the CTR has been shown to be 85 

able to convert to an amyloid structure under certain conditions (Fortas et al., 2015; Partouche 86 

et al., 2019). Notably, the presence of a nucleic acid promotes this conversion from an 87 

intrinsically disordered region into an amyloid domain (Malabirade et al., 2018). This transition 88 

strengthens the hexameric structure (Arluison et al., 2004). The role of the CTR on RNA 89 

annealing is controversial. Nevertheless, it seems to be dispensable for most sRNA-based 90 

regulations (Arluison et al., 2004; Olsen et al., 2010), even if the lack of this CTR could affect 91 

a few sRNA-mediated regulations (Salim et al., 2012; Turbant et al., 2021a; Vecerek et al., 92 

2008; Vincent et al., 2012). 93 
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Besides these RNA-related functions, Hfq has also been shown to interact with DNA (Takada 94 

et al., 1997) and is found in the nucleoid, i.e., the membrane-less compact structure where the 95 

bacterial chromosome is compacted by proteins (Dorman, 2014). Hfq thus belongs to the 96 

family of Nucleoid-Associated Proteins (NAPs), jointly with a dozen of other DNA-binding 97 

proteins (Azam and Ishihama, 1999; Dame et al., 2020; Dillon and Dorman, 2010; Dorman et 98 

al., 2020). Hfq’s role in DNA structuring is unclear but it is the third most prevalent protein in 99 

the nucleoid during the exponential growth phase (Azam and Ishihama, 1999) and its 100 

concentration increases by a factor of two during the stationary phase (Diestra et al., 2009). 101 

While other NAPs such as H-NS (histone-like nucleoid structuring protein), HU (heat-unstable 102 

nucleoid protein), Dps (DNA-binding protein from starved cells) or IHF (integration host factor) 103 

seem to be uniformly distributed in the nucleoid, Hfq seems to have a heterogeneous 104 

localization pattern (Azam et al., 2000). Densely occupied regions have recently been 105 

evidenced in E. coli genome (referred as Extended Protein Occupancy Domains, EPOD) and 106 

may contain higher concentration of Hfq (Amemiya et al., 2021). As Hfq average concentration 107 

in the nucleoid is about 10-20% of total Hfq (~10-15 µM) (Azam and Ishihama, 1999; Diestra 108 

et al., 2009), its local concentration could thus locally reach tens to hundreds of µM. This high 109 

concentration could in turn favor the amyloid self-assembly of Hfq via its CTR (Milles et al., 110 

2013). 111 

Usually, NAPs have three DNA-binding modes which are: (i) bending (examples are HU, IHF, 112 

Dps), (ii) wrapping (i.e., leucine-responsive regulatory protein, Lrp) or (iii) bridging (H-NS). 113 

Hfq belongs to the third family of bridging NAPs and significantly compacts DNA (El Hamoui 114 

et al., 2020; Geinguenaud et al., 2011; Jiang et al., 2015; Malabirade et al., 2018; Verma et al., 115 

2019; Wiggins et al., 2009). The Hfq bridging property presumably helps the bacterial 116 

chromosome (4.6 Mb, 1.5 mm long) to fit in vivo within the small bacterial nucleoid volume 117 

(~0.2 μm3) (Skoko et al., 2006). While Hfq-NTR interacts non-specifically with the DNA 118 
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backbone (Orans et al., 2020), the compacting potential relies mainly on the CTR region of 119 

Hfq, independently of the Sm/NTR region (Jiang et al., 2015; Kubiak et al., 2022; Malabirade 120 

et al., 2017). Hfq-CTR may indeed drive bacterial heterochromatin formation (Beaufay et al., 121 

2021). Hfq has a preference for A-tract repeats (Geinguenaud et al., 2011; Link et al., 2009; 122 

Updegrove et al., 2010), that are found regularly throughout bacterial DNA and may influence 123 

promoter efficiency (Aiyar et al., 1998; Tolstorukov et al., 2005). Hfq is thus presumably 124 

important for DNA packing in EPOD that are transcriptionally silent (Amemiya et al., 2021; 125 

Beaufay et al., 2021). Indeed, some phenotypic effects due to the lack of Hfq initially attributed 126 

to RNA regulation (Tsui et al., 1994) may be directly linked to defects in DNA-related 127 

processes (Cech et al., 2014; Chen and Gottesman, 2017; Gaffke et al., 2021; Haniford and 128 

Ellis, 2015; Kubiak et al., 2022; Le Derout et al., 2010; Parekh et al., 2019; Tsui et al., 1994). 129 

While numerous experiments point to an important role for Hfq and in particular of its CTR in 130 

DNA packaging (Beaufay et al., 2021), its precise influence on this process in vivo still remains 131 

poorly understood. To address this question, we used cryo Soft X-ray Tomography (cryo-SXT). 132 

This technique allows DNA imaging in 3D at high resolution (~ 30 nm half pitch) while 133 

preserving bacterial cells in a near-native state (Oton et al., 2016). Indeed, in contrast to 134 

eukaryotic cells, the lack of membrane surrounding the bacterial DNA makes its observation 135 

in vivo challenging without staining (for instance by using diamidino-phenylindole DAPI, 136 

(Hoff, 1988)). One major advantage of this technique, compared to super-resolution 137 

fluorescence techniques working below the diffraction limit (PALM/STORM, (Wang et al., 138 

2011)) is to be able to analyze label-free DNA as DNA staining may influence its structure and 139 

compaction (Bettridge et al., 2021; Hammel et al., 2016; Remesh et al., 2020). Our cryo-SXT 140 

analysis demonstrates the influence of Hfq on nucleoid compaction in particular during the 141 

stationary growth phase of E. coli, and to illustrate the role of Hfq-CTR in this process. These 142 

results confirm a new mechanism of DNA bridging by a NAP using an amyloid structure in 143 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

7 
 

vivo and unveil a novel function for Hfq in nucleoid remodeling that may help to adapt to 144 

changing environments. 145 

 146 

MATERIALS AND METHODS 147 

All chemicals, unless otherwise stated, were purchased from Sigma-Aldrich. 148 

 149 

Bacteria strains and culture conditions 150 

The bacterial strains used were MG1655 WT (Wild Type, reference strain), MG1655-∆hfq and 151 

MG1655-∆ctr (truncated protein with only the first 72 amino-acids) (Malabirade et al., 2018). 152 

The hfq gene region of these strains have been sequenced to confirm the presence of various 153 

hfq alleles (hfq+, ∆hfq or ∆ctr). For exponential phase cells, bacteria were grown in LB rich 154 

media until they reached an OD600 of 0.4. For mid-stationary phase, an overnight culture with 155 

an OD600 1.5 was analyzed. Note that strains do not grow similarly, especially MG1655-∆hfq 156 

strain that grows more slowly. In addition, the analysis of late stationary phase is difficult in 157 

the case of ∆hfq strain, due to the effect of Hfq on σS. 1.5 mL of culture were centrifuged, 158 

washed in non-supplemented M9 minimal medium and then cells were resuspended in non-159 

supplemented M9 medium and stored at 4°C to stop the growth. Dilutions were performed to 160 

reach a final OD600 of 0.7 for all strains and conditions of growth. The bacteria were then 161 

subsequently processed for cryo-SXT experiments. 162 

 163 

Sample preparation for cryo soft X-ray tomography 164 

Holey carbon-coated gold Quantifoil® Finder grids (Quantifoil Micro Tools, Großlöbichau, 165 

Germany) R2/2 (reference: Au G200F1) were glow-discharged using a PELCO EasiGlow™ 166 

(Ted Pella, Inc., Redding, CA, USA). Prior deposition on the grids, 10 µL of each sample 167 

condition at 0.7 OD600 were mixed with 15 µL of 100 nm gold beads (reference: GC100 from 168 
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BBI solutions) used as fiducial markers for enabling projections alignment to common axis for 169 

rotation prior to tomographic reconstruction and 5 µL of M9 media. 5 µL of sample were 170 

deposited on the carbon side of the grid, the excess of solution was manually blotted using a 171 

Whatman filter paper and then the grid was plunge-frozen into liquid ethane cooled down at 172 

−174°C by liquid nitrogen in a Leica EM CPC cryo-plunger (Leica Microsystems, Wetzlar, 173 

Germany). Three grids were prepared per condition, for a total of 18 grids. A few grids were 174 

screened with a cryo-transmission electron microscope (JEOL 2200FS) to assess the bacteria 175 

concentration and the fiducial distribution on the grid, as well as to verify the absence of ice 176 

crystals and evaluate the ice thickness prior to cryo-SXT analysis. 177 

 178 

Cryo soft X-ray tomography 179 

Cryo-SXT datasets were acquired at the ALBA synchrotron Light Source (Barcelona, Spain), 180 

on the transmission X-ray microscopy (TXM) beamline (MISTRAL BL09, proposal 181 

2018082926) (Sorrentino et al., 2015). 182 

Samples were mounted in specific holders and transferred to the cryo-TXM experimental 183 

vacuum chamber, preserving cryo-conditions throughout the transfer. Once inside the cryo-184 

cooled vacuum chamber the grids were positioned in the focal point and at the axis of rotation 185 

of the TXM chamber. Using a visible light microscope on-line with the X-ray microscope, 186 

areas of interest were selected. Prior to individual bacteria screening, zero-degree soft X-ray 187 

projection mosaics were acquired to evaluate sample quality and to identify best regions on the 188 

grids. For our data collection a 25 nm objective Fresnel zone-plate was used to project the 189 

transmission signal on a direct illuminated CCD camera (1024 × 1024 pixels, camera pixel 190 

size = 13 µm). Acquisitions were performed using X-ray photons in the so-called water-191 

window energy range at 520 eV (corresponding wavelength is 2.38 nm). At this energy, water 192 

(oxygen) is “transparent” (i.e., very low absorption) to X-rays while proteins and DNA (carbon 193 
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and nitrogen) have a strong absorption, thus creating contrast (Wolter, 1952). Tilt-series were 194 

collected with an increment of 1° between two projections. The number of projections per tilt-195 

series ranged between 120 and 128 depending on the minimal and maximal tilt-angles that 196 

were achieved, which were about ±60° (Loconte et al., 2022). Magnifications of 1,300X and 197 

1,650X were used, with corresponding image pixel-sizes of 10 nm and 8 nm, respectively. A 198 

total of 64 tomographic tilt-series were acquired and distributed as follows: exponential phase 199 

WT (12 tomograms), exponential phase ∆hfq (14 tomograms), exponential phase ∆ctr (10 200 

tomograms), stationary phase WT (9 tomograms), stationary phase ∆hfq (9 tomograms) and 201 

stationary phase ∆ctr (10 tomograms). 202 

 203 

Cryo-SXT tilt-series processing, alignment and reconstruction 204 

To correct the non-uniformity of the X-ray beam, each tilt-series image was normalized using 205 

an average of 10 images taken without sample, commonly called a flat field (FF). Because the 206 

flat field varies over time (it is dependent on the beam intensity of the synchrotron storage ring), 207 

it was measured after each tilt-series collection. The normalization considered the averaged FF, 208 

beam currents and exposure times as denoted in the following equation from (Oton et al., 2015):  209 

𝐼𝑚𝑔𝑛𝑜𝑚𝑎𝑙𝑖𝑧𝑒𝑑
𝑖 =

𝐼𝑚𝑔𝑖

𝑇𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒
𝑖 𝐼𝑏𝑒𝑎𝑚

𝑖

∑
𝐼𝑓𝑙𝑎𝑡𝑓𝑖𝑒𝑙𝑑

𝑓

𝑇𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒
𝑓

𝐼𝑏𝑒𝑎𝑚
𝑓

𝑁𝐹𝐹
𝑓=1

  210 

Where 𝑖 is the 𝑖-th image in the tilt-series, 𝑓 is the 𝑓-th flat field image and 𝑁𝐹𝐹 is the number 211 

of FF images used to estimate the average FF, which in our case equal 10 (for each tilt-series). 212 

𝐼 denotes the incident X-ray beam current. 213 

The mass absorption coefficient  is related to the transmitted intensity 𝐼 through a material 214 

of density 𝜌 and total thickness 𝑑 by: 215 

𝐼 = 𝐼0𝑒−𝜇𝜌𝑑 216 
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Where 𝐼0 is the intensity impinging on the sample. 217 

The linear absorption coefficient (LAC) 𝜇𝑙  (𝜇𝑚−1), which is the reconstructed value in the 218 

tomograms, relates to the mass absorption coefficient 𝜇  (𝜇𝑚2/𝑔)  of the material and its 219 

density 𝜌 (𝑔/𝜇𝑚3). 220 

𝜇𝑙 = 𝜇𝜌 221 

𝑉𝑜𝑥𝑒𝑙 = µ𝑙 = 𝜇𝜌 = −𝑙𝑛 (
𝐼

𝐼0
) 222 

To compute the absorption signal, a negative Napierian logarithm was applied to each 223 

normalized tilt-series prior to reconstruction. All tilt-series were processed using a homemade 224 

bash script to automate the extraction of the tilt-series from the hdf5 files, absorption tilt-series 225 

computation, automated fiducial detection/tracking/alignment using IMOD command lines 226 

(Kremer et al., 1996) and reconstruction of the 3D volumes using simultaneous iterative 227 

reconstruction technique (SIRT) algorithm from Tomo3D software (z = 300 pixels, 20 228 

iterations) (Agulleiro and Fernandez, 2011; Agulleiro and Fernandez, 2015) to have a first look 229 

at the reconstructed volumes before further processing. 230 

 231 

Data processing and segmentation 232 

Selected transmission tilt-series were manually aligned using fiducials (gold beads were 233 

automatically detected and tracked, then their position was manually refined) in Etomo from 234 

IMOD software (Kremer et al., 1996). The resulting alignment was then applied to 235 

corresponding absorption tilt-series. Because the gold beads used for the alignment tend to 236 

stick to the bacteria outer membrane and to further improve the reconstruction quality, these 237 

fiducials were removed from the images. To do so, the fiducials close to bacteria of interest in 238 

the absorption tilt-series were manually masked using Napari (Sofroniew, 2022). This mask 239 

was then applied to the tilt-series to replace the fiducial pixels by NaNs (Not a Number) before 240 

applying inpainting to generate new pixel values (500 iterations of an iterative discrete cosine 241 
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transform-based inpainting algorithm implemented in MATLAB) (Garcia, 2010). The resulting 242 

tilt-series were then reconstructed using SIRT without long object compensation, implemented 243 

in Tomo3D (Z = full height, 30 iterations). Volumes were then YZ-flipped to have the missing-244 

wedge along the Z axis, cropped to Z = 300 px, and the voxel values divided by 0.01 or 0.008 245 

depending on the pixel size (respectively 10 and 8 nm) to recover the LAC values (in µm-1). 246 

Supplementary figure S1 shows the differences between normal versus inpainted volume slices. 247 

Individual bacteria were then cropped into subvolumes for which the segmentation of their 248 

nucleoid was performed iteratively using LabKit (Arzt et al., 2022). Each resulting probability 249 

map was exported and thresholded to values above 0.5. The nucleoid part of the resulting binary 250 

volume was separated from other parts (i.e., mostly artefacts or bacteria membrane) using the 251 

“Find connected regions” tool from Fiji (Schindelin et al., 2012). In case the nucleoid would 252 

still be connected to other artefacts, the result was manually refined. Finally, the 3D mask was 253 

applied to the original bacteria subvolume and the nucleoid voxels exported for further analysis 254 

using R (https://www.R-project.org/) (R Team, 2020). Note that the missing-wedge, which is 255 

equivalent for all datasets, underestimates the values of the LAC for all strains similarly; 256 

therefore, a comparison of reconstructed LACs across strains can be performed. 257 

 258 

Visualization of segmented data 259 

The different volumes generated in MATLAB (low-absorbance nucleoid, high-absorbance 260 

nucleoid and bacteria volumes) were exported in a format compatible with ChimeraX, which 261 

was used for data visualization (Goddard et al., 2018). The core domains (Figure 5), 262 

corresponding to hollow pocket-like regions inside the nucleoid, are represented using a 263 

Gaussian sphere which was designed using the MO 3 command in SPIDER (Frank et al., 1996). 264 

The size of the sphere was manually adapted to fit the inner diameter of the hollow region. 265 

 266 
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Statistical analysis 267 

LAC histograms were computed in R. Histogram counts (i.e., number of voxels) of each 268 

bacterium nucleoid were computed using LAC bins (i.e., intervals) of 0.005. Then for each bin, 269 

the counts of each bacterium were converted into the corresponding volume using the voxel 270 

size. The bin counts of each bacterium were normalized using 
(𝑥 − 𝑥𝑚𝑖𝑛)

(𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛)
 to have a range of 271 

volume values in the interval [0, 1]. Finally, the mean and standard deviation of each bin were 272 

computed. 273 

For each condition, the mean LAC value of each segmented nucleoid was plotted as a box plot 274 

(Figure 2B). To evaluate the statistical significance of the distribution per condition, we first 275 

performed Shapiro normality tests on each condition, all of which could not reject the normal 276 

distribution hypothesis. Then, because each condition contained less than 30 individuals, 277 

Mann-Whitney non-parametric tests were done. A total of nine tests were performed, 278 

comparing the two growth phases of each strain (3 tests) and the strains at each growth phase 279 

(6 tests) with a desired 𝛼 = 0.05. The same statistical analysis protocol was used to compare 280 

the mean nucleoid volumes. 281 

 282 

Full length and truncated Hfq relative quantification 283 

Relative quantification of full-length Hfq and CTR-truncated Hfq forms was performed using 284 

Western Blot and Dot blot. Briefly, crude extracts at the same OD were diluted serially for both 285 

strains. The ∆hfq strain was used as control to subtract background. Membranes of blots were 286 

successively incubated with anti-Hfq polyclonal antibody from Goat (Origene, Germany), with 287 

anti-goat secondary antibody coupled to alkaline phosphatase (Sigma) and revealed with the 288 

NBT/BCIP Reagent Kit (Sigma). Intensities of bands were evaluated using ImageJ (Schneider 289 

et al., 2012). Note that the polyclonal anti-Hfq antibodies may recognize slightly less the 290 

truncated form of the protein and thus explaining the small differences observed. 291 
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RESULTS AND DISCUSSION 292 

As Hfq effects on DNA structure may be direct or indirect (see our previous work about the 293 

effect of Hfq on DNA topology (Malabirade et al., 2018)), we analyzed three bacterial strains: 294 

(i) MG1655 WT (Wild Type, reference strain), (ii) MG1655-∆hfq (totally devoid of Hfq protein) 295 

and (iii) MG1655-∆ctr, expressing a truncated form of the protein with only the first 72 amino-296 

acids corresponding to the NTR (Malabirade et al., 2018). Each strain was studied during 297 

exponential and stationary growth phases, generating a total of 6 different conditions. Bacteria 298 

were plunge-frozen on electron microscopy grids. Cryo-SXT tilt-series were collected to study 299 

the 3D structure of bacteria. A set of representative bacteria (usually 3 bacteria per condition) 300 

out of 30 were selected and are described throughout the whole analysis workflow for the sake 301 

of clarity and transparency. Note that each voxel in the SXT reconstructed volume corresponds 302 

to the linear absorption coefficient (LAC) (referred to as the absorbance in the text) of the 303 

material comprised within it (Groen et al., 2019). The absorbance, which translates into the 304 

density, of the various analyzed nucleoids can then be compared. A collection of reconstructed 305 

tomogram slices is presented to appreciate the morphological differences between the different 306 

strains (Figure 1). 307 

Nucleoids (Figure 1, Nu) can clearly be observed inside the cells as clear zones (lower 308 

absorption) inside the darker cytoplasm (higher absorption) (Figure 1, Cy). Depending on the 309 

cell growth phase, this nucleoid can be oval-shaped (B3), dumbbell-shaped (A1) or round-310 

shaped just after replication (C1). Note that from these various shapes arise heterogeneities in 311 

the statistics discussed below. Some nucleoids have an apparent hollow structure (Figure 1, 312 

NuCo) that is particularly visible on some bacteria (Figure 1, bacteria A1, A3, C1, D1 and F3). 313 

These hollow structures are made of higher absorbance matter as the corresponding pixels are 314 

darker (i.e., lower pixel value) than that of the nucleoid and similar to those of the cytoplasm. 315 

Membranes can also be observed (Figure 1, Me in bacteria B2 and F2). The resolution of the 316 
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method is estimated ~ 26 nm based on the Fresnel zone plate used (Oton et al., 2016) and allows 317 

to observe inner and outer membranes (Supplementary Figure S2). Nevertheless, due to the 318 

absence of staining and low contrast, the double membrane characteristic of Gram-negative 319 

bacteria cannot be observed in all the cells. In stationary phase cells, granules, possibly 320 

polyphosphate granules based on their shape, size and contrast (Mandala et al., 2020; Pallerla 321 

et al., 2005; Racki et al., 2017), can also be observed (Figure 1, Gr in bacteria B2 and D3). 322 

Indeed, polyphosphate granules are expected to appear as low-density material (i.e., white 323 

pixels) because they possess a high oxygen content, which generates almost no contrast in the 324 

water window in cryo-SXT. Non-inpainted reconstructed tomogram slices of more bacteria are 325 

available in supplementary Figures 3-8. 326 

327 
Figure 1. Tomographic reconstructed slices of representative bacteria for the different strains 328 
and growth phases. The slices have been extracted from absorbance reconstructed volumes which 329 
contrast has been inverted to resemble that of electron microscopy transmission images. A) Exponential 330 
phase WT cells. B) Mid-stationary phase WT cells. C) Exponential phase ∆hfq cells. D) Stationary 331 
phase ∆hfq cells. E) Exponential phase ∆ctr cells. F) Stationary phase ∆ctr cells. Scale bar is 1 µm. 332 
Several cellular structures have been highlighted: the nucleoid (Nu), the nucleoid core (NuCo), the 333 
cytoplasm (Cy), the membrane (Me) and the granules (Gr), artifacts (Ar) due to the presence of holes 334 
in the grids. 335 
 336 

The nucleoid volume, absorbance and shape of the different strains were then analyzed and 337 

compared. The choice of these three strains allowed us to discriminate indirect effects due to 338 
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sRNA-based regulations, mainly due to Hfq-NTR, from those directly due to DNA compaction 339 

by Hfq-CTR (Jiang et al., 2015; Malabirade et al., 2017). 340 

 341 

342 
Figure 2. Summary of the nucleoid volumes and optical densities. A) Box plot representation of the 343 
nucleoid volume of the different bacteria strains. B) Box plot representation of the mean nucleoid 344 
absorbance (LAC) of each bacterium per strain type. The mean and median values are indicated by a 345 
red dot and a bold black horizontal line, respectively.  346 
 347 

Evolution of nucleoid volume and absorbance between exponential and stationary phases in 348 

WT cells  349 

The analysis presented in Figure 2 shows that the averaged nucleoid volume (�̅�) is higher in 350 

exponential phase cells ( �̅� = 0.159 𝜇𝑚3 ) compared to mid-stationary phase ones ( �̅� =351 

0.120 𝜇𝑚3). Note that the WT cells actively divide during exponential phase, giving either 352 

short bacteria that just divided (�̅� ≈ 0.10 𝜇𝑚3), or long bacteria that will divide soon (�̅� ≈353 

0.22 𝜇𝑚3 ). For this reason, it is difficult to calculate a p-value to ensure volumes are 354 

significantly different (see also below). The absorbance of the nucleoid also evolves as it is 355 

significantly less dense in exponential phase (𝐿𝐴𝐶̅̅ ̅̅ ̅ = 0.180 𝜇𝑚−1) compared to stationary 356 

phase (𝐿𝐴𝐶̅̅ ̅̅ ̅ = 0.231 𝜇𝑚−1, p-value = 0.015) (Figure 2B and Figure 3A, left panel, red and 357 
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blues curves respectively). The mean, median and standard deviation values of the different 358 

populations are summarized in Table 1. 359 

 360 
 Volumes (µm3) 

 Mean Median Std 

WT expo 0.159 0.131 0.0680 

WT stat 0.120 0.099 0.0441 

∆hfq expo 0.149 0.139 0.0322 

∆hfq stat 0.114 0.094 0.0579 

∆ctr expo 0.280 0.278 0.0711 

∆ctr stat 0.260 0.235 0.0737 

 LACs (µm-1) 

 Mean Median Std 

WT expo 0.180 0.173 0.0182 

WT stat 0.231 0.234 0.0248 

∆hfq expo 0.153 0.161 0.0159 

∆hfq stat 0.165 0.158 0.0150 

∆ctr expo 0.239 0.241 0.0298 

∆ctr stat 0.217 0.206 0.0227 

Table 1. Summary of the nucleoid volumes and LAC, mean, median and standard deviation 361 
values. These values are associated with the box plots of Figure 2. 362 
 363 

Overall, in WT cells, the LAC is shifted to higher values during stationary growth phase, which 364 

therefore indicates higher nucleoid absorbance. More precisely, the distribution of the LAC 365 

values is bimodal. There is a first sub-population centered around 0.16 µm-1 and a second sub-366 

population centered around 0.19 µm-1 in the exponential phase, which are shifted towards 0.22 367 

and 0.27 µm-1 in the stationary phase. This bimodal distribution could reflect the coexistence 368 

of bacteria sub-populations, as they are not synchronized for their division. These results agree 369 

with previous studies as the nucleoid absorbance has already been described to be higher for 370 

stationary-phase cells compared to exponential phase growing ones (Hammel et al., 2016; Zhu 371 

et al., 2020). Note that the results presented here do not show a strong reduction of the nucleoid 372 

volume as that observed in previous studies. This observation may be explained by the fact that 373 

the analysis was carried out on mid-stationary phase cells, due to the difficulty of reaching late 374 

stationary phase for the ∆hfq strain because of the positive effect of Hfq on σS expression, the 375 

stress and stationary phase sigma factor (Battesti et al., 2011). As described later in this work, 376 

WT cells were compared to hfq mutants grown in the same conditions, focusing on mid-377 

stationary phase was mandatory for our analysis. One would have expected a more important 378 

nucleoid volume reduction in late stationary phase, as described previously with the same 379 
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reference strain MG1655 (Hammel et al., 2016). To summarize, in the presence of Hfq the 380 

transition from exponential to mid-stationary phase slightly reduces the nucleoid volume while 381 

significantly increasing its absorbance. 382 

 383 

Effect of Hfq deletion on nucleoid volume and absorbance in ∆hfq cells 384 

In the ∆hfq strain, the nucleoid volumes in exponential phase cells (�̅� = 0.149 𝜇𝑚3) and in 385 

stationary phase cells (�̅� = 0.114 𝜇𝑚3) are not statistically different (p-value = 0.222, Figure 386 

2A). Moreover, in the ∆hfq strain, the nucleoid absorbance does not change significatively 387 

between exponential and stationary phases (p-value = 0.691). The LAC values of both growth 388 

phases are centered between 0.153 and 0.165 µm-1 (Figures 2B and 3A, middle panel). Thus, 389 

in the absence of Hfq, neither the volume nor the absorbance of the nucleoid are significantly 390 

modified when the cells shift from exponential to stationary phase. 391 

The comparison with WT cells reinforces this analysis. The nucleoid volumes of exponential 392 

WT cells (0.159 µm3) and exponential ∆hfq cells (0.149 µm3) are not statistically different (p-393 

value = 1.00, Figure 2) and the distributions of their LAC values, again related to nucleoid 394 

density, are not significantly different either (LAC centered around 0.180 and 0.153 µm-1 395 

respectively, p-value = 0.095; Figures 2B and 3B, left panel, orange and purple curves 396 

respectively). Thus, in exponential phase, the absence of Hfq does not seem to influence the 397 

volume of the nucleoid, nor its absorbance and density.  398 

Oppositely, during the stationary phase, although the nucleoid volume is not significantly 399 

different (p-value = 0.691) (Figure 2), the absorbance is significantly lower in ∆hfq cells 400 

compared to WT cells (Figures 2B and 3B, right panel, orange and purple curves respectively) 401 

(p-value = 0.008). The LAC value distribution of the stationary ∆hfq cells are centered at 402 

0.165 µm-1. Considering previous in vitro analysis, these results were partially expected, as the 403 

absence of Hfq should result in less compaction and thus in an increase of the volume and/or a 404 
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decrease in absorbance (Jiang et al., 2015; Malabirade et al., 2017). Here we observe only an 405 

effect on the absorbance. Hence, these results suggest a positive role for the Hfq protein on 406 

DNA compaction and in nucleoid during the stationary phase, when Hfq is the most abundant 407 

(Diestra et al., 2009). Note that the reorganization of E. coli nucleoid upon entering the 408 

stationary phase was previously attributed to Dps and IHF NAPs (Lee et al., 2015). Here we 409 

show that Hfq may also play an additional role on nucleoid density (direct or indirect, see 410 

below) during the stationary growth phase. 411 

 412 
Figure 3. Histograms of nucleoid volumes as a function of LAC for each E. coli strain.  413 
Results are displayed to highlight both the effects of the growth phase for each strain (A) and the effects 414 
of the different hfq mutations during each growth phase (B). A) LAC histograms per strain with 415 
exponential phases in red and stationary phases in cyan. B) LAC histograms per growth phase with the 416 
WT strain in orange, the ∆hfq strain in purple and the ∆ctr one in green. Histograms represent the mean 417 
value (intense line) and the standard deviation (transparent), (see Methods). 418 
 419 

Effect of Hfq-CTR deletion on nucleoid volume and absorbance in ∆ctr cells 420 

As Hfq effects could be indirect via sRNA-based regulations (Malabirade et al., 2018), the 421 

outcome of CTR deletion was then tested by using ∆ctr cells. Indeed, Hfq-CTR is dispensable 422 
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for most sRNA-based regulations, even if few exceptions exist (Olsen et al., 2010; Turbant et 423 

al., 2021a; Vecerek et al., 2008). In short, deletion of the CTR should abolish the direct effect 424 

of Hfq on DNA compaction (Malabirade et al., 2017), while most sRNA-regulations controlled 425 

by Hfq-NTR should remain (Brennan and Link, 2007). Our analysis shows that the nucleoid 426 

volume is not significantly different between exponential phase ∆ctr cells (�̅� = 0.280 𝜇𝑚3) 427 

compared to stationary phase cells ( �̅� = 0.260 𝜇𝑚3 ) (p-value = 0.691, Figure 2A). The 428 

absorbance of the nucleoid is not significantly less dense in exponential phase compared to the 429 

stationary phase even though the mean LAC changes from 0.239 to 0.217 µm-1 (p-value = 430 

0.309, Figures 2B and 3A, right panel, red and blue curves respectively). Thus, in absence of 431 

the Hfq-CTR, the transition from exponential to stationary phase, both the absorbance and the 432 

volume do not seem to change much. 433 

Compared to WT condition values, we also observe that the deletion of the CTR significantly 434 

induces an increase of the volume (from 0.159 to 0.280 µm3, p-value = 0.032) and of the 435 

absorbance (from 0.180 to 0.239 µm-1, p-value = 0.032) during the exponential phase of 436 

growth. During the stationary phase, the deletion of the CTR also induces a significant increase 437 

of the volume (from 0.120 to 0.260 µm3, p-value = 0.008) and no significant change of the 438 

absorbance (LAC decreases from 0.231 to 0.217 µm-1, p-value = 0.421). Thus, the absence of 439 

the CTR domain is associated with an increase of the volume during both the exponential and 440 

stationary phases of growth, and an increase of the absorbance only during exponential phase 441 

compared to WT conditions. As the CTR is expected to compact DNA, its absence should 442 

result in a less dense nucleoid occupying a larger volume. This is what is observed for the 443 

volume. Conversely, the absorbance/density of the nucleoid is either increased (during the 444 

exponential phase) or remains unchanged (during the stationary phase). 445 
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 446 

Figure 4. Model of Hfq-dependent regulations controlling DNA volume and compaction. A) 447 
Network of the Hfq-related pathways regulating the DNA compaction. The route 1 represents the CTR-448 
mediated DNA compaction as previously shown in vitro (Malabirade et al., 2017). Route 2 is a NTR-449 
mediated compaction pathway, representing the NAPs under the control of promoters driven by σS 450 
factor, its expression being itself dependent on sRNAs post-transcriptional regulation (Battesti et al., 451 
2011). As it is driven by σS factor, route 2 is primarily active during the stationary growth phase. Route 452 
3 is a NTR-mediated pathway too, it represents the translation of NAPs such as H-NS which are 453 
dependent on sRNAs, and which can be indirectly regulated by Hfq. Yet, route 3 is most likely 454 
negatively regulated (Lalaouna et al., 2015; Majdalani et al., 1998). sRNA regulators controlling 455 
mRNAs are depicted as open arrows; mRNAs as thick black lines; 5’ and 3’ of RNAs are depicted by 456 
a “ball and arrow head”, respectively; Hfq-NTR is depicted as a blue toroidal hexamer; Hfq-CTR as a 457 
blue amyloid β-strand; σS as yellow ellipse; NAPs as grey ellipses; chromosomic DNA is represented 458 
as a grey line; nucleoid is represented with a blue picture; positive and negative regulations by Hfq are 459 
indicated by arrows and T-shape lines, and colored in green and red, respectively; the dotted line 460 
symbolizes the peptidoglycan between the outer and inner membranes. B) Schemes showing the 461 
activated pathways for all studied conditions. The size of the nucleoid picture symbolizes the volume 462 
of the nucleoid. The level of grey in the disc behind the nucleoid picture symbolizes the absorbance 463 
value of the nucleoid (i.e., the darker, the higher the absorbance). 464 
 465 

Compared to the ∆hfq cells, the results show that the nucleoid volume and absorbance in ∆ctr 466 

cells are significantly increased in both growth phases. The volume changes from 0.149 to 467 

0.280 µm3 (p-value = 0.032) and the LAC increases from 0.153 to 0.239 µm-1 in exponential 468 

phase (p-value = 0.008). The volume changes from 0.114 to 0.260 µm3 (p-value = 0.032) and 469 

the LAC increases from 0.165 to 0.217 µm-1 (p-value = 0.032) in stationary phase. Thus, the 470 
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deletion of Hfq-CTR in ∆ctr cells generates a new phenotype, different from that of the 471 

complete deletion of Hfq in ∆hfq cells. Several hypotheses could explain these observations 472 

(see model in Figure 4): 473 

(i) The presence of the Hfq-CTR domain could influence Hfq stability, as shown previously in 474 

vitro (Arluison et al., 2004) and thus its abundance in vivo. The effect observed could thus be 475 

due to different concentrations of full-length Hfq or truncated Hfq. We can rule out this 476 

hypothesis as, in agreement with previous reports (Gaffke et al., 2021; Turbant et al., 2021b), 477 

the relative amounts of Hfq and its CTR-truncated form were similar (Supplementary Figure 478 

S9). The differences observed thus rely on the regulation mode exerted by Hfq when its CTR 479 

is present or not, not on its abundance in the cell. 480 

(ii) As previously demonstrated, the CTR of Hfq, which binds DNA, is capable of forming an 481 

amyloid structure (Fortas et al., 2015; Malabirade et al., 2018; Partouche et al., 2019) and drives 482 

bacterial heterochromatin formation (Beaufay et al., 2021). In these conditions, an amyloid 483 

aggregation of Hfq through its CTR, could play an important role in the compaction of DNA 484 

(Figure 4A, Route 1). This hypothesis explains why the nucleoid volume is smaller when the 485 

CTR is present (wild-type control) as opposed to when it is absent (∆ctr) Figure 4B). 486 

To reinforce this conclusion, we intended to perform a complementation test of the Δctr strain 487 

with a CTR-expressing plasmid in trans to try to restore the wild type phenotype. Nevertheless, 488 

this was not possible as this part of the protein cannot be expressed independently of the NTR 489 

in the bacteria as it is unstable when translated alone (Kubiak et al., 2022; Taghbalout et al., 490 

2014). 491 

(iii) Then, the NTR part of the protein may also have a role as it allows sRNA-regulations that 492 

influence nucleoid compaction. This can be seen with the different phenotypes observed for 493 

∆hfq and ∆ctr strains that both lack the CTR region. A well-known example of sRNA-based 494 

regulation by Hfq is DsrA, a small noncoding RNA of E. coli that targets different mRNA. 495 
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These include rpoS and hns mRNA, which encodes σS, the stress and stationary phase sigma 496 

factor (Battesti et al., 2011; Majdalani et al., 1998) and the nucleoid-structuring protein H-NS 497 

(Lease and Belfort, 2000), respectively. While DsrA sRNAs positively regulates the expression 498 

of rpoS in particular during the stationary phase, it negatively regulates hns mRNAs translation 499 

(Lalaouna and Masse, 2016). It was recently shown that H-NS does not significantly affect 500 

nucleoid volume and compaction (Gao et al., 2017). Nevertheless, Hfq may positively (Figure 501 

4A, Route 2) or negatively (Figure 4A, Route 3) regulate other NAPs via its NTR. 502 

(iv) Finally, we cannot overlook the indirect effects of the amyloid-like aggregation of Hfq 503 

CTR, which could impact the availability of the NTR, preventing interactions with other 504 

proteins and/or RNAs. Since the Hfq concentration in the nucleoid during the stationary phase 505 

is twice that during exponential phase (Diestra et al., 2009), the protein could be more prone to 506 

form amyloid-like structures in these conditions (Fortas et al., 2015; Partouche et al., 2019). 507 

Hfq could thus be differently available for potential interactions with other partners, a 508 

mechanism which would be more important during the stationary phase because of the higher 509 

protein concentration. In the WT condition, the aggregation of the CTR could prevent the NTR 510 

interacting with other proteins. In ∆ctr cells, this CTR-mediated control is absent and may 511 

result in uncontrolled interactions via the NTR, which we suspect to explain the abnormally 512 

high nucleoid absorbance in these CTR-deprived cells (Figure 4B). 513 

 514 

Nucleoid shape in WT cells 515 

In parallel, we also analyzed the spatial distribution of the nucleoid domains as a function of 516 

their absorbance. In exponential phase WT cells, high-absorbance nucleoid regions (Figure 5A, 517 

red isosurface), probably EPOD domains (Amemiya et al., 2021), surround low-absorbance 518 

nucleoid regions (Figure 5A, yellow isosurface). Moreover, hollow regions located deep inside 519 

the nucleoid, as already observed in Figure 1, have an absorbance different from that of the 520 
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nucleoid, similar to that of the cytoplasm, and as such, were not detected as part of the nucleoid 521 

during the semi-automatic segmentation analysis. Blue spheres have been manually placed to 522 

locate the hollow regions in the 3D isosurfaces (Figure 6A). These regions have been described 523 

and designated as “cores” in previous works (Remesh et al., 2020; Wang et al., 2011). In 524 

stationary phase WT cells, the situation is similar at the exception of bacteria B1 in which low-525 

absorbance regions are exposed to the surface of the nucleoid (Figure 5B) and has no “core”. 526 

The presence of nucleoid high- and low-absorbance domains as well as the nucleoid cores can 527 

also be visualised in animations which are available as supplementary data (Supplementary 528 

Movies 1-6). 529 

These domains may presumably be Ori, Ter, Left, and Right arms (Valens et al., 2004), but 530 

cannot be formally identified with cryo-SXT. Correlative SXT imaging in combination with 531 

fluorescence and/or cryo-transmission electron microscopy using labelled marker proteins 532 

(Diestra et al., 2009; Espeli and Boccard, 2006) could help to answer this question in the future. 533 

 534 

Effect of Hfq and its CTR on nucleoid shape 535 

In ∆hfq cells the high-absorbance nucleoid (Figure 5C-D, red isosurfaces) still surrounds the 536 

low-absorbance one (Figure 5C-D, yellow isosurfaces), both in exponential phase and 537 

stationary phase. In ∆ctr cells, the high- and low-absorbance nucleoid regions coexist side by 538 

side at the surface of nucleoid as if the nucleoid regions are laterally distributed (Figure 5E-F). 539 

This is different from what we observed in other cell types where high- and low-absorbance 540 

regions were organized in different shells (Figure 5A-D). Moreover, the presence of cores is 541 

still detected in these strains (i.e., ∆hfq and ∆ctr cells), except for the ∆hfq exponential phase 542 

strain (Figure 6). Even though this analysis cannot describe the nature of core domains, it 543 

unveils the general absence of core domains in exponential phase ∆hfq cells is directly or 544 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

24 
 

indirectly linked to the presence of Hfq-CTR. Thus, it turns out that Hfq and its CTR does not 545 

only influence the absorbance and the volume of the nucleoid but also its shape. 546 

 547 

Figure 5. Visualization of the nucleoid volume and absorbance for each bacteria strain. The 548 
different segmentations have been automatically generated using a unique algorithm which was equally 549 
applied to all bacteria. A) Exponential phase WT cells. B) Mid-stationary phase WT cells. C) 550 
Exponential phase ∆hfq cells. D) Stationary phase ∆hfq cells. E) Exponential phase ∆ctr cells. F) 551 
Stationary phase ∆ctr cells. The bacteria are displayed with different scales to better visualize the 552 
nucleoids, hence the absence of scale bar. The blue isosurfaces are segmentations of the bacteria 553 
membranes. The red and yellow isosurfaces are segmentations of the high-absorbance and low-554 
absorbance regions of the nucleoid, respectively. The densely occupied regions are likely EPOD 555 
domains that have been recently evidenced in E. coli (Amemiya et al., 2021). 556 
 557 

Effect of Hfq and its CTR on cell shape 558 

Finally, elongated cells were observed in the ∆hfq strain (Figure 1, bacteria C4). Such elongated 559 

cells were not observed in the WT strain. We thus confirm that the absence of Hfq results in 560 

the formation of some elongated cells, as previously described (Tsui et al., 1994). Interestingly, 561 

we also observed this phenotype for the strain expressing Hfq devoid of its C-terminal region 562 

(∆ctr) (Figure 1, bacteria E4). We then performed the first analysis of volume, absorbance and 563 

shape of nucleoids in hfq mutant elongated cells. The volume and absorbance of the elongated 564 

nucleoids were 0.712 µm3 and 0.594 µm3 and 0.139 µm-1 and 0.204 µm-1 for these ∆hfq and 565 
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∆ctr cells, respectively. Based on the nucleoid semi-automatic segmentation, these elongated 566 

cells also have interdigitated low-absorbance and high-absorbance nucleoid domains (Figure 567 

5, E4, bottom bacteria), as in regular-size bacteria. 568 

569 
Figure 6. Visualization of the nucleoid cores. A) Exponential phase WT cells. B) Mid-stationary 570 
phase WT cells. C) Exponential phase ∆hfq cells. D) Stationary phase ∆hfq cells. E) Exponential phase 571 
∆ctr cells. F) Stationary phase ∆ctr cells. The red and yellow isosurfaces are segmentations of the high-572 
absorbance and low-absorbance regions of the nucleoid, respectively. In some of the bacteria, the 573 
nucleoid is characterized by the presence of one (or more) hollow region(s) which are known as 574 
nucleoid cores, previously observed in tomographic slices of the bacteria (Figure 1). These cores are 575 
highlighted using blue spheres which have been manually placed at the center of the hollow regions. 576 
The bacteria are displayed with different scales to better visualize the nucleoid cores, hence the absence 577 
of scale bar. 578 
 579 

CONCLUSION 580 

Taken together our analysis confirms (i) that the role of Hfq on DNA structuring exists not 581 

only in vitro but is confirmed in vivo, particularly during the stationary phase when Hfq is the 582 

most abundant; (ii) that Hfq interaction with DNA via its CTR induces nucleoid remodeling 583 

that may serve for DNA-related regulations to adapt to changing environments; (iii) that 584 

additional effects due to Hfq-NTR related to sRNA-based regulation also exist. Thus, our 585 

analysis reinforces the role of NAP for this master regulator that may help to answer to stresses 586 

encountered by bacteria. Similarly to H-NS, Hfq may be a transcriptional regulator affecting 587 
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the expression of genes involved in stress protection, such as σS (rpoS) or two-component 588 

systems (PhoP) (Holowka and Zakrzewska-Czerwinska, 2020). 589 

 590 

SUPPLEMENTARY DATA 591 

Supplementary data is available in a separate attached file. 592 
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4.3. New developments of the cryo-SXT analysis protocol 

Compared to the protocol described in Publication 3 (Cossa, Wien, et al. 2022), we 

improved our analysis in Publication 4. These improvements should be part of a new chapter 

of Methods in Molecular Biology series in 2023 to update the method specifically applied to 

Gram-negative bacterial analysis. 

First, the gold bead fiducials were creating reconstruction streak artefacts inside of the 

bacteria and were affecting the corresponding linear absorption coefficients (LAC) values thus 

biasing our analysis. We have therefore conceived a new protocol to eliminate those artefacts 

by masking the gold beads fiducials and re-analysed all the cell conditions. The step-by-step 

procedure is described below and in the Methods of Publication 4.  

It should be noted that this problem is particularly important in Gram (-) bacteria that 

have an electrostatically charged outer membrane that attracts gold beads (which are positively 

charged). We have now established that this problem can be counteracted during the sample 

preparation step by applying the gold bead fiducials on the grids and letting them dry in a dust-

free environment prior to the deposition of the bacterial samples (see Notes, in Publication 3 

(Cossa, Wien, et al. 2022)). While not completely solving this problem, as the addition of the 

bacterial cells releases a portion of the beads from the grid, we noticed that it significantly 

reduces it. 

Protocol for fiducial masking 

The fiducials close to bacteria of interest in the absorption tilt-series were manually 

masked using Napari (Sofroniew, Nicholas et al. 2022) and a Wacom Cintiq graphic pen 

display. The resulting mask was then applied to the tilt-series to remove the fiducial pixels by 

replacing them with the NaN (Not a Number) value (i.e., can be assimilated to empty pixels). 

Next, the inpainting fill in those NaNs by estimating their pixel values. Note that because of 

this, it is crucial that the masks cover all the pixels of the beads in order for the inpainting 

algorithm not to artificially recreate the beads. Therefore, the masking should be a little wider 

than the actual size of the beads. We used 500 iterations of an iterative discrete cosine 

transform-based (DCT) inpainting algorithm implemented in MATLAB (Garcia 2010). 

Second, while repeating all the processing pipeline after masking the beads, we have 

noticed that we originally used, by mistake, a default parameter in the reconstruction step which 
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is the long object compensation that is commonly used in electron tomography and should not 

be applied here. This parameter was affecting the absolute LAC values obtained which were 

being rescaled.  

Therefore, resulting inpainted tilt-series were reconstructed using 30 iterations of 

Simultaneous Iterative Reconstruction Technique (SIRT) (Gilbert 1972), at full Z-height and 

without long object compensation, implemented in Tomo3D.  

We verified that the new reconstructed LAC values with SIRT using Tomo3D software 

without long object compensation are equivalent to those obtained with TomoPy using SIRT 

or ART and with TomoJ using ART. 

Volumes were then cropped to Z = 300 px, YZ-flipped to have the missing-wedge along 

the Z-axis, and the voxel values divided by 0.01 or 0.008 depending on the pixel size 

(respectively 10 and 8 nm) to recover the linear absorption coefficient (LAC) values (in µm-1). 

Figure 26 shows the differences between normal versus inpainted volume slices. 

 

Figure 26. Comparison of the same 3D reconstruction slices without (A) and with (B) masking 

and inpainting of the gold bead fiducials on the aligned tilt-series. While some artefacts are still 

visible at the position of the fiducials, the streak artefacts completely disappeared. This example was 

done on Δhfq stationary phase cells. Note that both volumes were reconstructed using the same 

parameters in Tomo3D (30 iterations of SIRT, full Z length, without long object compensation). Scale 

bar represents 1 µm.  
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The next critical point is the limitations of missing wedge due to tilt-angle limitation. 

To image bacteria using cryo-SXT on the MISTRAL beamline at ALBA synchrotron, the 40 

nm Fresnel zone plate (40ZP) might give overall better tomograms than the 25 nm ZP (25ZP) 

because of their depth of field (DoF), respectively 3.3 and 1.6 µm (Otón et al. 2016). The 25ZP 

has a better resolution but at the cost of a lower DoF compared to the 40ZP. This lower DoF 

induces a fiducial tracking of lower quality at high tilt-angles because the gold bead fiducials 

become blurry and thus harder to track precisely. This effect is stronger the farther the fiducials 

are from the tilt-axis. Note that to partly alleviate this limitation, it is possible to mix 100 nm 

and 60 nm gold beads as the 100 nm ones are trackable on most tilt-images but with a lower 

accuracy than the 60 nm ones which permit a better alignment at the cost of not being trackable 

on all views. Furthermore, combining the 40ZP with dual-axes tilt-series acquisition has the 

potential to give better results/resolution than the 25ZP because of a reduction of the missing 

wedge to a missing pyramid. Then, this could lead to a better 3D segmentation. 

As for the effect due to the missing wedge, it is known that it impacts the LAC values 

of the reconstructed tomograms by underestimating values by about 10 to 20%. This aspect is 

currently being investigated at MISTRAL using phantoms to determine which reconstruction 

algorithm gives the most accurate LAC values. 

In addition, the reconstructed nucleoid volumes also suffer from this missing wedge 

issue as it is well known that it provokes an elongation along the Z-axis. But, as all cell 

conditions discussed here suffer from the same bias in LAC under-estimation and from the 

same reconstructed volume elongation and considering that we are discussing relative values 

among cell conditions and not absolute ones, we believe this not to be a limiting factor when 

interpreting the data. 

Finally, we are aware that other problems still need to be corrected in the future to 

improve accuracy of the results. Among these problems Quantifoil Au grids for instance have 

carbon holes that induce artefacts in 3D reconstruction. We can also mention the difficulty 

specific to bacteria to segment the nucleoid because of the lack of membrane separating it from 

the rest of the cell. Finally future analyses should extend the number of individuals to have 

stronger statistics. 
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4.4. Correlative imaging 

Initially, one of the goals of my PhD project was to carefully retrieve the cryo-grids 

after cryo-SXT imaging to correlatively analyze the exact same bacteria using cryo-TEM in 

our lab at Institut Curie. This procedure necessitates great care as handling the cryo-grids needs 

to be done in a cryo-environment (i.e., with liquid nitrogen). While a first batch of grids was 

successfully retrieved and sent back to our lab, the cryo-TEM imaging did not yield exploitable 

results because of the presence of a lot of ice contamination and too thick ice.  

These observations led us to pivot to analyze the next batch of grids using cryo-STEM. 

Unfortunately, due to a problem during transportation, the cells were lost, and this analysis has 

not been possible. We hoped to redo the experiment but due to COVID crisis, we could 

unfortunately not plan a new series of experiments before the end of my PhD. 

4.5. Conclusions and perspectives 

From our analysis, we can conclude that Hfq influences nucleoid density especially 

during the stationary growth phase when it is more abundant. Our results indicate that Hfq 

could regulate nucleoid compaction directly via its interaction with DNA, but also at the post-

transcriptional level via its interaction with sRNA. Taken together, our findings reveal a new 

role for this protein in nucleoid remodelling in vivo, that may serve in response to stress 

conditions and in adapting to changing environments. 

As a general remark about the method, we must indicate that LAC values reported can 

be significantly different than those previously reported for X-ray tomography of E. coli, for 

instance by Hammel et al. or Remesh et al. (Hammel et al. 2016; Remesh et al. 2020). This can 

be explained. There is indeed no reference to absolute LAC values and differences in LAC 

values are common in the literature. The nucleoid LAC values reported in the two publications 

mentioned above in the same group using the same set up and method indeed are significantly 

different: while Hammel et al. reported a WT MG1655 nucleoid LAC of 0.22 µm-1, Remesh 

et al. reported LAC of 0.41 µm-1 for the same experimental conditions. As these differences 

and the exact type of reconstruction used are not discussed in the mentioned papers, it is 

difficult to understand where the difference could originate. Our thought is that the different 

algorithm implementation in the respective reconstruction software used might explain this. 
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Note that these data were collected with the same instrument using full tilt projection series 

(spanning over 180 degrees evenly). 

Results from WT MG1655 are the only we can use for comparison of data in (Hammel 

et al. 2016; Remesh et al. 2020) with our data, which are closer to the values reported by 

Hammel et al. (Hammel et al. 2016). In our discussion, we have focused on the relative 

differences between reconstructed LAC values for the different cell conditions and not on the 

absolute LAC values of each of them, exactly as this was done in Hammel et al. and in Remesh 

et al (Hammel et al. 2016; Remesh et al. 2020). As indicated previously, the most important 

point is that all our data have been collected with the same instrument and have been processed 

in the same way, thus relative differences are biologically meaningful. 

The last point we can mention is that we have obtained nucleoid structures presenting 

low and high absorbance domains, as well as the nucleoid cores. Unfortunately, the domains 

cannot be further identified and compared with previous data about E. coli nucleoid 

macrodomains (Espéli and Boccard 2006). Indeed, fluorescence microscopy analyses have 

revealed the non-random organization of chromosomic DNA in bacteria. Precisely, in E. coli, 

four large regions centred on the replication origin domain (Ori), the replication termination 

domain (Ter) and two additional macrodomains flanking the Ter domain have been evidenced. 

It has made possible to label these domains due to protein tag available for light microscopy. 

Unfortunately, to date an approach for labelling specifically the proteins using cryo-SXT is not 

available but should bring many useful information if it can be developed (see Chapter VI). 
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Chapter V. Sparse cryo-STEM tomography for 
biological samples 

5.1. Introduction to cryo-scanning transmission electron microscopy (cryo-
STEM) 

In scanning mode, the electron beam is condensed into a (sub)nanometric probe 

(contrasting with the parallel beam in TEM mode) which is focused on the sample plane and 

raster scans it using a set of two scanning coils. Unlike in TEM, the signal is not acquired as a 

direct image but rather pixel by pixel and line by line.  

In STEM, the objective lens is located before the sample (contrary to TEM) and the 

signal is collected on the bright field (BF) detector, annular dark field (ADF) (Figure 27) and 

eventually on a high-angular ADF (HAADF). 

In STEM the contrast is not based on phase contrast like in TEM but on electron 

scattering (Sharon G. Wolf and Elbaum 2019). It is thus an amplitude contrast depending on 

the atomic Z-number and the sample thickness. In bright field (BF) imaging, the signal is 

produced by transmitted and inelastically scattered electrons attaining the BF detector versus 

elastically scattered electrons creating darker contrast (see Figure 13). 
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Figure 27. Schematics of the optical differences between TEM (A) and STEM (B) imaging modes. 

ADF, Annular Dark Field; BF, Bright Field; α, semi-convergence angle; θo, outer acceptance angle; θi, 

inner acceptance angle; r, detector segment radius; L, camera length (Sharon G. Wolf and Elbaum 

2019). 

Due to the differences in the way the electron dose is administered to the sample, cryo-

STEM induces less electron radiation damages at equal electron dose than cryo-TEM (Sharon 

Grayer Wolf, Houben, and Elbaum 2014) and provides a greater electron mean free path, 

meaning that cryo-STEM can image through thicker specimens even exceeding the micrometre 

barrier (Rez, Larsen, and Elbaum 2016; Trépout 2020). Those two characteristics make cryo-

STEM most suitable for the study of whole cell biological samples. Even though this method 

was historically widely used in material science it is gaining more and more popularity among 

the biological field. 

In cryo-STEM, there are several microscope parameters that can adjusted to our needs 

to reduce electron radiation. One is the dwell time, which is defined by the time the scanning 

electron beam takes to scan a single pixel. The faster the dwell time, the less radiation damage 

is applied to the sample. Depending on the sample thickness, the convergence of the beam can 
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be adjusted by the condenser aperture. A more convergent beam, resulting in a smaller probe, 

thus provides better resolution, but with a decreased depth of focus. On the opposite, less 

convergent beams up to almost parallel beams generate increased depth of focus but at the 

expense of a diminished resolution because the probe size is greater than 1 nm. 

The electron dose remains the main limitation for tomography as the number of 

projection images increases. To overcome this restraint, different acquisition methods have 

been developed. 

We are interested in bright field (BF) signals because of the light elements (low atomic 

Z-number) constituent of unstained biological cryo-samples. 

5.1.1. Sparcity and inpainting 

Inpainting techniques are mathematical methods that permit recovery of a signal close 

to the fully sampled one starting from an undersampled signal. It can be applied to recover 

missing information in a dataset, such as missing pixels in a sparse image. In our lab, at Institut 

Curie, we usually use an inpainting algorithm based on the discrete cosine transform (Garcia 

2010) implemented in MATLAB. This algorithm has the advantage of considering all data of 

a sparse image to estimate the value of missing pixels while classical interpolation methods 

only consider the surrounding pixels. 

The Institut Curie lab where I worked for a part of my PhD is pioneering in the 

collection of sparse images in STEM and STET (Trépout 2019). Using a similar approach, we 

propose a sparse sampling method based on the acquisition of regularly spaced lines in cryo-

STEM tomography (cryo-STET). The acquisition of lines allows better control of the electron-

dose deposition, especially when the EM is not equipped with a faster shutter at the level of the 

condenser. Our results show that this method, complemented with inpainting, enables the 

acquisition of good results while decreasing the total electron dose received by the sample, 

and/or doing tomographic acquisition at higher magnification (Cossa, Cren, et al. 2022; Cossa, 

Arluison, and Trépout 2021). 

Details of the method are presented in the Publication 5. 
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Abstract 

Cryo-STEM tomography is a unique and unrivalled method capable of imaging micrometre-

thick samples at the nanometre scale. Yet, the electron dose received by the sample during 

cryo-STEM tomography experiments is high, thus preventing i) the observation of thicker 

samples and ii) the use of higher magnifications, which would both require even higher electron 

doses. Here, we describe a new low-dose method which consists in collecting a fraction of the 

image pixels. The limitations of the method are discussed and an actual sparse cryo-STEM 

tomography dataset is presented as a proof of principle. 
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Introduction 

Structural biology plays an important role in the understanding of cellular processes. 

By resolving the structure of a cellular molecular complex or a protein, it is possible to partly 

understand how it functions. Transmission electron microscopy (TEM) has the potential to 

resolve the structure of biological objects thanks to its high-resolution capabilities. Cryo-TEM 

is a method combining TEM and cryo-methods which is able to study vitrified samples in a 

near-native state at very high resolution. Moreover, tomographic acquisition (cryo-TET) can 

be performed to study the 3D structure of objects, consisting in collecting several tilted views 

of the same sample (typically in the tilt range ±65°), which are used to computationally 

reconstruct the 3D volume of the object of interest. Cryo-TET is mainly limited by the 

maximum sample thickness which is ~250nm [1], depending on the accelerating voltage (i.e., 

200 or 300kV) and the absence or presence of a post-sample energy filter which can increase 

the signal-to-noise ratio (SNR) of the collected images by discarding inelastically scattered 

electrons. Hence, cryo-TET cannot be used on thick samples such as prokaryotes or eukaryotes 

unless it is combined with thinning approaches such as focused ion beam. If used below the 

thickness limit, cryo-TET can achieve nanometric resolution of cellular content and even sub-

nanometric resolution when combined with sub-tomogram averaging. 

Scanning TEM (STEM) is an alternative to standard TEM mainly used in material 

sciences. STEM uses a convergent electron beam focused at the sample plane which is moved 

in a raster scanning fashion, enabling point by point imaging of the sample [2-3]. STEM is 

gradually being used in biological sciences. Indeed, STEM tomography (STET) has been used 

to explore the structure of biological samples embedded inside thick resin sections. Compared 

to TET, STET has the potential to image thicker samples (up to 1µm), yet at the expense of 

resolution since imaging of thick samples requires the use of 1 to 2nm probe sizes, which 

drastically limits the resolution. Cryo-STEM tomography (cryo-STET) has been developed in 

2014 [4]. In cryo-STET, the sample is deposited on the grid (alternatively it can also be grown 

directly on the grid) and there is no need for further thinning, making the sample preparation 

step quick and easy. It can be applied to study entire thick samples such as prokaryotes and 

eukaryotes. Since cryo-STET does not involve the use of the polymers which are found in 

resins but rather H2O, the mean free path of the incident electrons is increased and then samples 

of at least 1.5µm can be observed [5] as more electrons reach the detector. 

 The main limitation of cryo-STET of thick biological samples is the electron dose that 

it requires, making high magnification (hence high-resolution) studies difficult or near 

impossible. First, very thick samples (>1µm) need an increase of the electron dose to have 

sufficient SNR because of the higher percentage of electrons scattering occurring while passing 

through the sample. This is materialized by an increase of the pixel dwell time. Second, 

reaching high magnifications requires the beam to scan the sample surface more slowly, 

meaning that higher sample irradiation occurs. Since cryo-fixed biological samples are very 

sensitive to radiation damage caused by the electron beam, it becomes obvious that imaging 

thick biological samples at high magnification is particularly tricky. It is estimated that the 

maximum total electron dose received by the sample should not be over 100e-/Å². Though, 

cryo-STET has been shown to be a less damaging method compared to cryo-TET and that 

higher doses can be used without seeing the sample burn [4]. Then, a solution must be found 

to reduce the electron dose. 

 In electron microscopy, the reduction of the electron dose can be performed using 

different strategies. In the particular case of ET, this can be performed at the level of the tilt-

series (i.e., tilt down-sampling) or at the level of the image (i.e., image down-sampling). On 

one hand, tilt down-sampling is trivial and simply consists in reducing the number of collected 
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tilt images. On the other hand, image down-sampling is much more challenging and consists 

in collecting a limited number of pixels per acquired image (i.e., producing sparse images). 

Image down-sampling is superior to tilt down-sampling because it produces more 

homogeneous collection of the information, hence improving the reconstruction quality [6]. 

Currently, sparse image collection is mastered by a handful of laboratories worldwide that 

exploit the point-to-point imaging pattern of STEM [7-11]. 

In the present work, we propose a new method to collect sparse images, using parallel 

line scans. Instead of collecting all the lines that an image is composed of, we propose to 

acquire only a fraction of them, dramatically reducing the total electron dose received by the 

sample and thus allowing us to increase magnification or increase dwell time. This sparse 

scheme requires an additional pre-processing step after acquisition to recover the missing 

information. This process is called image inpainting, this term was introduced by Bertalmio et 

al. 2000 [12] and consists in using mathematical methods to recover the missing information 

in an image based on the surrounding information (i.e., pixels). Several methods can be used 

such as discrete cosine transform (DCT) [13] or shearlet transform [14]. 

Materials and Methods 

Cell culture 

T. brucei AnTat 1.1E bloodstream forms were cultivated in HMI-11 medium 

supplemented with 10% foetal calf serum at 37°C in 5% CO2. Exponential growth-phase cells 

(~2x106 parasites/mL) were used for this study. 

T. gondii tachyzoites of the RH strain were propagated in vitro in human foreskin 

fibroblasts using Dulbecco’s Modified Eagle Medium supplemented with 10% foetal calf 

serum, 2mM glutamine and 1% penicillin-streptomycin. Tachyzoites were grown in ventilated 

tissue culture flasks at 37°C and 5% CO2. Tachyzoite at a concentration of 107 parasites/mL 

were used for this study. 

Sample preparation 

After cell culture, the two cell types (i.e., T. brucei and T. gondii) were fixed with 

formaldehyde (paraformaldehyde 4% w/w final concentration) directly in the culture medium 

to preserve the cell integrity. The sample (5μl drop) was deposited on a glow-discharged 

Quantifoil 200 mesh R2/2 grid (Quantifoil, Großlöbichau, Germany). The grids were pre-

coated with gold beads of different sizes that were used for tracking and focusing purposes 

during the automated data collection. The pre-coating was made with a gold bead solution 

which was composed of commercial 15nm gold beads (Aurion) and lab-made gold nanorods 

of various dimensions (synthesised at Li’s laboratory, Ecole Normale Supérieure Chimie Paris-

Tech, Paris, France) mixed in equivalent proportions. After depositing the sample, the grids 

were manually blotted from the back side using a Whatman filter paper and plunge-frozen into 

liquid ethane at −174°C using a Leica EM-CPC equipment (Leica, Wetzlar, Germany). After 

freezing, the grids were stored in a liquid nitrogen tank until observation by cryo-electron 

tomography. 

Cryo-STEM tomography data collection, alignment and reconstruction 

Before data collection, cryo-plunged electron microscopy grids were mounted on a 

Gatan 914 high-tilt cryo-holder (Gatan, Pleasanton, CA, USA). Cryo-STET datasets were 

collected on a JEOL 2200FS 200kV field emission gun hybrid TEM/STEM electron 

microscope (JEOL, Tokyo, Japan). 3k by 3k images were collected in bright-field mode using 
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a 20μm condenser aperture and an on-axis JEOL STEM detector placed at 40cm camera length 

(the signal was digitised to 16-bit values using a Digiscan II ADC). The dwell time was set 

between 1 and 3μs/pixel and the magnifications used was 60,000x (corresponding pixel size is 

1nm). 

Images and tilt-series were collected in Digital Micrograph. Fully-automatic cryo-

STET tilt-series were collected using a home-made script developed in Digital Micrograph. 

The STET acquisition software used here has previously been presented in detail [7]. Tilt-series 

were collected between −65° and + 65° using 2° tilt increments. The total electron dose 

received by the sample was 80e-/Å2 for the full images collected on the T. gondii sample and 

24e-/Å2 for the sparse images collected on the T. brucei sample. 

Fiducial-based alignment of the tilt-series was performed in Etomo (v.4.9.10) [15-16]. 

3D volume reconstructions were computed using 30 iterations of simultaneous iterative 

reconstruction technique (SIRT) as implemented in Tomo3D (v2.0) [17-18]. Data exploration 

and analysis was performed using ImageJ [19], MATLAB (The MathWorks Inc., Natick, MA, 

USA), Python (3.9) and manual segmentation was performed in PhotoFiltre. 

In silico sparse image generation and inpainting 

A conventional tilt-series was first binned by a factor two and normalized using the 

whole tilt-series histogram. Then, a Python script was used to generate in silico sparse images. 

Briefly, a fraction of the frame lines was removed from each tilt-angle image of the tilt-series, 

leaving regularly spaced pixel lines. The missing values were set to NaN (Not a Number) for 

further inpainting process. Bicubic interpolation inpainting was processed via a homemade 

Python script. DCT inpainting (250 iterations) was performed in MATLAB. 

Performance evaluation metrics 

Commonly used evaluation metrics were computed to assess the performance of each 

inpainting algorithm, i.e., the mean squared error (MSE), the peak signal to noise ratio (PSNR), 

which both measure the fidelity of the inpainted image compared to the original one, and the 

structural similarity index measure (SSIM) [20]. The latter measures the perceptive quality of 

the inpainting rather than absolute error of the individual pixels as MSE or PSNR. In order to 

have a representative metrics evaluation on the inpainted tilt-series as well as on the 

reconstructed volumes, a rescale of the tilt-series images intensities was performed in the 

interval [-1, +1] using the whole tilt-series histogram. For the volumes, the rescale was done 

on the whole volumes and the metrics were evaluated on each Z-slice. 
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Where 𝑚 and 𝑛 are the number of rows and columns in the image respectively, 𝐼 is the 

reference image, 𝐾 is the reconstructed image, 𝜇𝑥 is the average 𝑥, 𝜇𝑦 is the average of 𝑦, 𝜎𝑥𝑦 
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is the covariance of 𝑥 and 𝑦, 𝜎𝑥
2 is the variance 𝑥, 𝜎𝑦

2 is the variance 𝑦 and 𝑐1 and 𝑐2 are two 

variables to avoid divisions by close-to-zero denominators. 

Results / Discussion 

In silico sparsity simulation on T. gondii images 

First, we evaluated the reconstruction quality of two different inpainting strategies, the 

bicubic reconstruction and the DCT reconstruction. For that purpose, we generated several 

differently-downsampled sparse images in silico using fully-framed images from a cryo-STEM 

tomographic tilt-series acquired on T. gondii. Images were collected at the apical end of the 

cell. After data collection, only a certain fraction of each tilt-image lines was kept to mimic a 

sparse acquisition (e.g., 10%, 20%, and 50%). Note that this scheme enables to use full-framed 

images as reference to compute the metrics. Each image of each tilt-series went through this 

process. After removing a certain fraction of the lines, inpainting was performed using either 

bicubic interpolation or DCT. The following table presents the evaluation metrics values for 

each tested condition. 

 

 Scanned lines 

(%) 
MSE (10-4) PSNR (dB) SSIM (%) 

Reference 100 0.00 100.00 100.00 

Bicubic 

inpainting  

50 1.46 44.67 62.90 

20 2.55 42.26 36.67 

10 4.45 39.62 27.08 

DCT 

inpainting  

50 1.24 45.38 66.62 

20 1.88 43.57 43.66 

10 2.07 43.17 35.28 

Table 1. Inpainting reconstruction quality of the tilt-series assessed using evaluation 

metrics (MSE, PSNR and SSIM). Each value reported in this table corresponds to the average 

value for the whole tilt-series. 

As can be observed from the results reported in Table 1, the lower the number of 

simulated scanned lines, the lower the quality of the reconstruction for all metrics. This was 

expected. With 50% of the lines scanned, the bicubic interpolation generates pixels which 

values are not so different from the original ones, as can be seen by the MSE value which is 

1.46×10-4 and preserves well the perceived structural observation (SSIM value is 62.90%). 

With 20% and 10% of the lines scanned, the bicubic interpolation fails at reconstructing 

accurate pixel values as the metrics crash. The quality decreases as measured with the metric 

values is particularly rapid for the bicubic interpolation. This is not the case for the DCT 

reconstruction which always performs better and appears to be more robust when the number 

of lines scanned decreases. This can be observed as the MSE and PSNR values for the DCT 

reconstruction of the images containing only 10% of the lines are better (i.e., better 

reconstruction quality) compared to the same metrics for the bicubic reconstruction of the 

images containing 20% of the lines. For the SSIM metric, the two types of reconstruction (i.e., 

10% DCT and 20% bicubic) have similar quality. The results show that DCT performs better 

than bicubic with two times fewer pixels. DCT is robust as MSE and PSNR only change 

slightly when the number of lines scanned is diminished from 20% to 10% (from 1.88 × 10-4 

to 2.07 × 10-4 and from 43.57dB to 43.17dB, respectively). On the other hand, the SSIM shows 

that a significant part of the structure is lost and cannot be recovered even with DCT. 
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During the tomographic reconstruction process, the values of the 2D projection images 

are projected in a 3D volume. This process could potentially lead to a low-quality 3D volume 

(if the pixel value differences are being added) or a regular quality 3D volume (if the pixel 

value differences are averaged out). Since DCT performed much better than the bicubic 

reconstruction on the tilt-series images, only DCT-reconstructed volumes were analysed. 

Before assessing this question, it was important to perform a fair comparison of the 3D 

volumes. Indeed, since the sparse tilt-series do not contain as original and accurate structural 

information as the reference tilt-series, their alignment could be of inferior quality. For this 

reason, the alignment of the reference tilt-series was applied on the other tilt-series. This has 

the advantage of enabling pixel-by-pixel comparison of the 3D volumes as it was done for the 

tilt-series. The results can be found in the Table 2.  

 

 Scanned lines 

(%) 
MSE (10-3) PSNR (dB) SSIM (%) 

Reference 100 0.00 100.00 100.00 

DCT 

inpainting  

50 0.32 40.92 71.15 

20 2.44 32.14 47.77 

10 4.88 29.16 44.79 

Table 2. Inpainting reconstruction quality of the 3D volumes assessed using evaluation 

metrics (MSE, PSNR and SSIM). Each value corresponds to the average for the whole 3D 

volume (1000 Z-slices). 

Similarly to what was observed for the reconstruction of the missing pixels in the tilt-

series, the lower the number of simulated scanned lines, the lower the quality of the 

reconstruction for all tested metrics. This was expected too. Yet, compared to the values 

computed on the tilt-series, the MSE and PSNR values display rapid deterioration of the 

reconstruction quality while the SSIM value shows a much slower degradation. This can be 

explained by the fact that the values of the voxels constituting the 3D reconstructions originate 

from the values of the pixels constituting the 2D images. Meaning that in the sparse dataset, 

the voxel values are defined by original pixel values and inpainted pixel values. Then when the 

proportion of inpainted pixels becomes much higher than that of the original pixels, the 

computed voxel values deviate significantly from the reference values, which is what is 

measured by MSE and PSNR. From the SSIM point of view, the reconstruction from the dataset 

containing 50% of the original lines has a high structural similarity with the reference. 

Interestingly, this difference is higher than what was computed for the tilt-series (71.15% 

versus 66.62%). The SSIM of the two other reconstructions are not very different. 

To better appreciate the structural information contained in the different 

reconstructions, images (Z-slices) from the 3D volumes have been extracted (Figure 1). Several 

structural elements of T. gondii can be observed in the reference reconstruction (Figure 1A). 

Recently, several of these structures have been characterised at higher resolution [21]. When 

only 50% of the original pixels are present, the structural elements are still visible, yet the 

reconstruction appears noisier. When only 20% and 10% of the original pixels are present, the 

reconstruction quality is visually deteriorated and almost no structural elements can be spotted, 

except for the ones found at the periphery of the cell (i.e., the conoid, the plasma membrane 

and the inner membrane complex). Note that this T. gondii cell is ~2.5µm thick and that only 

few electrons can pass through such a thick sample explaining the weak contrast in the 3D 

reconstruction. 
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Actual cryo-STET sparse acquisition on T. brucei 

 After investigating the quality reduction of a sparse cryo-STET dataset generated in 

silico compared to a conventional cryo-STET one, the next step was to actually collect a sparse 

cryo-STET dataset at the microscope. This was performed on T. brucei, a parasite thinner than 

T. gondii. In this dataset, only 10% of the pixels were collected using the previously described 

scheme, performing very low-dose conditions. DCT was applied to reconstruct the missing 

pixels. Images were collected at the middle of the cell were the cell is ~1µm thick. The studied 

cell possessed two flagella, an old one and new one which we could discriminate because the 

growing end of the new one was visible (Figure 2). Even though only 10% of the pixels were 

collected, the observable structural details are important. Several elements can be distinguished 

in the cytoplasm and the lumen of the microtubules can be observed in some parts of the old 

flagellum (Figure 2D, arrow-heads). The organisation of the structural elements observed in 

this sparse cryo-STET dataset is similar to that found in conventional cryo-STET dataset [5]. 

Summary and conclusions 

In this pioneering work we present the potential of sparse cryo-STET on thick 

biological samples. Images containing only 10% of the pixels can be collected and 

reconstructed to generate 3D volumes containing the structural elements found using 

conventional imaging methods. The quality of the 3D volume is necessary of inferior quality 

and resolution but considering the reduction of the electron dose applied to the sample, there 

is currently no other method with a better resolution/dose ratio on whole cells. Sparse cryo-

STET has many potential applications for thick specimens such as large prokaryotes and 

eukaryotes which for the moment cannot be observed at the nanometre scale without enduring 

a thinning process. There is also room for improvement of the method, at the level of the data 

acquisition (e.g., different smarter sparse schemes) but also at the level of the pixel 

reconstruction and the overall 3D volume reconstruction quality. 
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Figures 

 

Figure 1. Comparison of conventional and sparse cryo-STET reconstructions of T. gondii. 

The Z-slices are 20 nm-thick and are spaced by 200 nm. A) Z-slices of the reconstruction from 

the reference fully-collected images. B) Z-slices of the reconstruction from the sparse images 

containing 50% of the original pixels. C) Z-slices of the reconstruction from the sparse images 

containing 20% of the original pixels. D) Z-slices of the reconstruction from the sparse images 

containing 10% of the original pixels. Some structural elements have been highlighted: the 

plasma membrane (Pm), the pellicle with the internal membrane complex (Im), the conoid 

(Co), micronemes (Mi), rhoptries (Rh) and a dense granule (Dg). The scale bar is 400 nm. 
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Figure 2. Observation of a T. brucei cell using sparse cryo-STET where only 10% of the 

pixels have been collected. A-J) Z-slices (2 nm-thick) spaced by 40 nm. A’-J’) Manual 

segmentation of the cell showing the location of the cytoplasm (Cyt), the old (OF) and new 

(NF) flagella, the cytoplasmic membrane (MBc), the flagellar membrane (MBf) and the 

microtubule doublets and central pair inside the flagellum (MT). The lumen of the microtubule 

can be resolved in some parts of the reconstruction (white arrow-heads in the zoom-in image). 

The scale bar is 400 nm. 
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5.1.2. Unpublished results 

After validating that the sparse cryo-STET can perform dose reduction compared to 

cryo-STET, we performed other experiments to further explore the potential of sparse cryo-

STET on whole bacterial cells that are usually too thick to be observed using conventional 

cryo-TEM. Using E. coli as test sample, we collected various sparse cryo-STET dataset to 

evaluate i) the effect of electron dose distribution (few high SNR pixels versus numerous low 

SNR pixels) and ii) the possibility to reach high magnifications using sparse images. 

Shearlet inpainting is another kind of inpainting based on wavelets theory (i.e., a time-

frequency representation) (Kutyniok, Lim, and Steidl 2014). We have reasons to believe it can 

outperform discrete cosine transforms-based inpainting. One of the bottlenecks of shearlets 

inpainting is that it is very computer intensive.  

The goal is to evaluate to what degree downsampling cryo-STEM images while 

maintaining the same total electron dose affects the resulting SNR after inpainting compared 

to fully sampled images at lower electron dose (i.e., lower dwell time) per pixel. And secondly, 

evaluating if undersampling strategies enables the acquisition of tomographic tilt-series at 

higher magnifications. 

The sparse cryo-STET and shearlets inpainting results are still being processed and will 

be part of a future manuscript in the next months. 

5.2. Discussion of the results and perspectives 

We presented a method that successfully enables the acquisition of sparse cryo-STEM 

tomography dataset on thick biological samples. This method can be used to acquire cryo-

STEM datasets and enables a satisfying recovery of the missing data. 

Yet, this method requires improvements to evaluate the best sampling rate (which might 

depend on the type of sample observed) and in the choice of inpainting method. Indeed, the 

latest developments on inpainting methods include deep-learning ones which could give even 

better results provided a representative dataset of cryo-STEM images is given to the algorithm. 

As all methods, deep-learning ones need to be taken with great care as they are likely 

to introduce plausible artefacts. This comment is especially important since, many times, we 
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lack a clear understanding of the type of information these neural methods are really extracting 

from the data. 

The performance of these methods should be evaluated in future works. 

To fulfil the requirements of compressed sensing (CS) theory, the image sampling 

should be incoherent in order not to create artefacts. However, the acquisition scheme we 

evaluated acquire regularly spaced lines of pixels. Indeed, this sampling method enabled us to 

obtain good visual results, but it is not ideal according to CS theory. Because the lines are all 

oriented in the same direction, this creates anisotropic images as acquired lines possess the full 

sampling resolution along their axis while perpendicularly to them, pixels are extrapolated 

which inevitably reduces the attainable resolution in this direction. From this point of view, we 

note that the term “compressed sensing” is used here in a broad manner, since the experimental 

conditions are not precisely those that would match the mathematical needs. 

Finally, provided some refinement in the acquisition sampling scheme and eventually 

in the inpainting method, sparse cryo-STEM would be a method of choice to perform 

correlative analysis with cryo-SXT of sensitive biological samples such as bacteria. Indeed, 

even though cryo-SXT is less damaging than cryo-electron tomography, the need of dose 

reduction for correlative analysis is of prime importance. Using sparse cryo-STEM on the same 

bacteria previously imaged by cryo-SXT could enable us to take advantage of the contrast 

between the cytoplasm and the bacterial nucleoid brought by the water-window (cryo-SXT) 

and the ability to clearly resolve the membranes of bacteria (cryo-STEM). 
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Chapter VI. Specific labelling of Hfq: 
development of a tag for cryo-SXT and 
cryo-STEM 

As indicated in Chapter IV, using cryo-SXT, we observed nucleoid structures 

presenting low and high absorbance domains, as well as nucleoid cores. Unfortunately, the 

domains cannot be further compared to that identified using fluorescence microscopy and 

referred as nucleoid macrodomains (Espéli and Boccard 2006). The main reason is that 

currently a label to specifically tag a protein using cryo-SXT is not available. 

With a new synchrotron proposal allocated in 2021, we thus intended to image Hfq 

location specifically within the nucleoid by using a recently developed protein tag for X-ray 

imaging called LBT, standing for Lanthanide Binding Tag (Victor et al. 2020). In the near 

future, this would allow the mapping of specific proteins of interest by X-ray fluorescence, 

cryo-SXT and cryo-(S)TEM. 

Our reason for choosing Hfq as a first model was guided by two main reasons. First, its 

property to form hexamers (at least) that would give six times more signal than a monomer 

(Link, Valentin-Hansen, and Brennan 2009). This should be even more pronounced when Hfq 

polymerizes and forms an amyloid structure (Fortas et al. 2015). The second reason is that no 

tag is currently available to label Hfq allowing its proper folding and correct localization. 

Actually, most of the fluorescently tagged Hfq protein formed inclusion bodies that do not 

allow an accurate analysis. Finally, we have a tunable expression system available for this 

protein (Diestra et al. 2009).  

Precisely we constructed an E. coli strain allowing the expression of Hfq-LBT fusion 

proteins. The expression of Hfq-LBT is induced by Arabinose (the hfq-lbt gene was placed 

under the control of an inducible promoter called PBAD). This allows a moderate expression of 

the protein, comparable to the physiological expression. For this goal, cells are grown in 

minimal medium supplemented with glycerol 0.2% (glucose would repress the expression of 

the protein from the promoter). Subsequently, L-arabinose is added to induce the expression of 

the promoter and thus the protein. The advantages of this system are: (i) the absence of L-

arabinose produces very low levels of transcription from PBAD (low leakiness of the promotor); 
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(ii) the system has a good titratability and the amount of protein expressed is correlated with 

the amount of inducer added. We can use L-arabinose concentration ranging from 0.001% to 

0.1% from few minutes (the PBAD promoter has a very fast induction rate) to overnight 

induction time. The concentration of arabinose may vary to adapt to the level of protein 

expression needed (see Diestra et al. as an example for Hfq expression (Diestra et al. 2009)). 

For our cryo-SXT analysis, cells were cryofixed after protein expression and 

Lanthanide incubation. Samples were prepared in our lab and data collection was performed in 

remote access due to the SARS-CoV-2 pandemic. For statistics, a minimum of 8 tomograms 

for each strain and in each growth-phase were acquired. We collected about 50 good 

tomographic tilt-series (each with at least 1-3 cells). Reconstructed tomograms have started to 

be analyzed in our lab.  

In conclusion, even if this analysis is still ongoing, our results already suggest visual 

differences between labelled cells and controls (Figure 22). We hope our group can go ahead 

with this analysis after my PhD with colleagues at the CNB-CSIC in Madrid and at ALBA 

synchrotron. 

Note that because this tag was initially developed for X-ray fluorescence microscopy 

and given that the two lanthanides used in this study (as in (Victor et al. 2020)) are Europium 

and Erbium which have Lα and Lβ X-ray emission peaks between 5-8 keV. Their study was 

performed using hard X-rays above 10 keV using samples at room temperature which is quite 

different from cryo-SXT conditions.  

While our preliminary results seem to indicate local concentrations which would 

correlate with previously demonstrated localization of Hfq in E. coli, we still need to confirm 

that the lanthanides have a specific affinity for the tag compared to non-tagged organic 

material. In that sense, it would be interesting to perform cryo-XRF in correlation with cryo-

SXT to confirm the presence of the lanthanides at the specific locations identified using cryo-

SXT. 
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Figure 28. Cryo-TEM (left) and Cryo-SXT (right) analysis of E. coli cells with europium-labelled 

LBT-Hfq. This agrees with the previously known location of Hfq in the nucleoid and near the bacteria 

inner membrane (Diestra et al. 2009). 

As for the use of the LBT in cryo-STEM tomography, the preliminary results show an 

increase in contrast inside the cytoplasm of the bacteria cells which appear darker. This also 

seems to improve contrast between the cytoplasm and the nucleoid which appear brighter than 

the cytoplasm (see Figure 29). 
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Figure 29. Average of five slices of the reconstructed volume of a dividing E. coli bacterium 

containing the Hfq-LBT and incubated 10 minutes with Europium, acquired in cryo-STEM. Scale 

bar represents 300 nm. 

Using this label for Hfq and sparse cryo-STEM tomography (as explained in Chapter 

V) will hopefully enable acquisitions at higher magnification to obtain the precise localizations 

of Hfq in its cellular context. 
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Chapter VII. General conclusions 

My goal during this PhD thesis research consisted of developing methods to analyse 

how compounds will affect cells by targeting an important factor for bacterial adaptation, the 

Hfq protein. While this bacterial protein is mainly known to act on noncoding RNA regulation 

in order for the bacteria to adapt to various stresses, including those encountered during host 

infection, it also binds DNA and affects different DNA-related processes such as replication or 

recombination. To target Hfq cellular functions and in particular its function related to DNA-

based regulation we will specifically focus on one of its structural properties, the formation of 

an amyloid structure. Precisely our goal is to target this bacterial amyloid to develop new 

antimicrobials. Such a structure that gives new functions to this protein is referred to as a 

functional amyloid, and it helps in maintaining the normal physiological state of the bacterial 

cell (Otzen and Riek 2019). They are called functional in contrast with the better known and 

more studied pathological amyloids implicated in over 30 human disorders, such as 

neurodegenerative Alzheimer’s or Parkinson’s diseases (Knowles, Vendruscolo, and Dobson 

2014). During this amyloid assembly, the protein undergoes a structural rearrangement leading 

to the assembly of β-sheets and subsequent formation of a cross β-sheet quaternary structure. 

This conformation is the fingerprint of amyloids.  

Using various in vitro and in vivo approaches, my work analysed the ability of Hfq to 

assemble into amyloid fibres on DNA, which allows it to compact DNA (Malabirade et al. 

2018). The characterization of the amyloid structure formed on DNA is based on a 

multidisciplinary approach exploring various structural and biophysical techniques 

(Malabirade, Jiang, et al. 2017). My contribution to this work includes cryo-TEM imaging, 

complementary to X-ray and neutron scattering (Matsuo and Peters 2022; Matsuo et al. 2022; 

Malabirade, Jiang, et al. 2017). We also intend to develop new methods for in cellulo imaging 

of the nucleoid (Cossa, Trépout, et al. 2022; Victor et al. 2020). Using these techniques, we 

have new tools to observe the phenotype of Hfq depleted cells, which will be used in the near 

future to observe the effect of new antibacterial compounds. Precisely, we will use cryo-SXT 

or cryo-(S)TEM tomography for our analyses. We have already used these methods to 

investigate unlabelled E. coli cells and intend to combine them with a new protein tag dense to 

electrons and X-rays, which could furthermore be used for X-ray fluorescence imaging (Victor 

et al. 2020). 
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The following summarizes the salient results and conclusions of this Thesis: 

 Chapter II presents how Hfq-CTR interacts with double stranded DNA and allows 

its compaction. 3D models are in construction to explain how the peptide shapes 

the DNA. Different models based on SANS experiments have been proposed and 

our analysis using cryo-TEM should allow refinement of the analysis. Even if this 

work is not completely finished it should lead to a new publication in 2023. 

 Chapter III shows how Hfq and its CTR interact with single stranded DNA. The 

main conclusion of this part of the work is that Hfq CTR folds and align ssDNA, 

with consequences on genetic expression in vivo. 

 Chapter IV allows conclusions about the effect of Hfq and its CTR in situ in the 

cell. This chapters constitute the main part of my PhD work and brings important 

elements to prove that Hfq (due to its CTR) allows the compaction of DNA directly, 

but also indirectly by using sRNA- based regulations. 

 Chapter V shows perspectives of cryo-STEM for the analysis of bacteria. This 

chapter also discussed how correlative imaging using cryo-SXT/cryo-STEM could 

be done. This was a subject I should have developed during my PhD, especially to 

develop new algorithms during my stay in Spain. But due to sanitary crisis, it was 

unfortunately not possible to do this development. 

 Chapter VI finally shows the development of a protein Tag called LBT that could 

be used for correlative imaging (cryo-SXT, cryo-(S)TEM and X-ray fluorescence). 

First tests are very promising, and I hope our groups will be able to develop this 

new tool in the future. 
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Chapter VIII. Perspectives 

The problem of antibacterial resistance is particularly complex due to the absence of 

new drug development over the last thirty years. Much effort has been undertaken during last 

years to modify and improve existing antibiotics. However, the main problem with this 

approach is the development of new bacterial resistance, which usually requires little or no 

modification of existing mechanisms. Therefore, the search for novel antibacterial targets in 

cells is of utmost importance. 

The objective of our group is thus to develop compounds that can inhibit or interfere 

with the self-assembly of Hfq and Hfq/DNA interaction. Our group already observed that some 

compounds, known to prevent the self-assembly of amyloids formed during neurodegenerative 

pathologies, are capable of affecting bacterial amyloid fibrillation and the survival of the 

bacterium (Partouche et al. 2018; Turbant, Partouche, et al. 2021). The main advantage of this 

approach known as “therapeutic repositioning” is the use of compounds already known and 

used against human diseases. Toxicity, pharmacokinetic and tolerance studies of such 

compounds are generally well documented. Therapeutic repositioning thus makes it possible 

to avoid preclinical trials as well as phase 1 clinical trials (tolerance), thus significantly 

reducing the duration and cost to allow the development and formulation of new antibiotics in 

an accelerated manner. We believe that this approach may allow the development of a new 

class of antibiotics that can block Hfq self-assembly and with important consequences on 

bacterial physiology and virulence. If we already identified two promising compounds, 

although these compounds need to be improved to be more efficient. Replica-Exchange 

Molecular Dynamics (REMD) simulation approaches will be applied to accomplish this 

improvement. This in silico technique has the advantage of allowing an exhaustive sampling 

of the different conformations of amyloid regions. Analysis of the dynamics of assembly will 

help drive the optimization of compounds. In silico and in vitro assays will then be applied to 

screen for inhibitors and evaluate their efficacy (IC50 measurements of inhibitory compounds). 

Then, in vivo tests will be performed to see the effect of compounds on bacterial survival, 

including Minimum Inhibitory Concentration (MIC) measurements and imaging. 

Expected breakthroughs and benefits of my PhD project are thus twofold: 1) develop 

methods for the investigation of the bacterial nucleoid and NAP function in cellulo, and 2) 
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provide the opportunity to analyse results for the development of novel antibiotics of the future 

that could be patentable. 
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