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1.1 Contexte et motivations

Les biofilms bactériens sont des communautés collaboratives, protégés par une matrice
extracellulaire et formés par la plupart des especes bactériennes [1], [2]. C’est une forme de vie
préférée par les espéces bactériennes qui est impliquée dans la tolérance aux antibiotiques,
I’acquisition de résistances par des processus de transfert horizontal de geénes et le
développement de maladies chroniques [2]-[4]. Les biofilms représentent un probléme de santé
majeur dans les hdpitaux et dans I’industrie agroalimentaire. Les bactéries vivant en
communautés dans les biofilms sont protégées par une matrice extracellulaire qui est constituée
majoritairement d’eau et d’EPS (Extracellular Polymeric Substances, soit polymeéres
extracellulaires) [1], [2], [5]. Les EPS sont principalement composés d’acides nucléiques, de
lipides, de protéines et de polysaccharides [1]. Parmi ces polysaccharides se trouve la cellulose,
composant majeur de la matrice extracellulaire chez de multiples souches commensales ainsi
que pathogenes [6], [7]. De par sa résistance mécanique, la cellulose confére aux bactéries une
protection contre les environnements hostiles. Dans les biofilms bactériens, la sécrétion de
cellulose par les bactéries a Gram-négatif nécessite la co-expression de génes multiples dont
les différentes sous-unités qui en résultent s’assemblent pour former un complexe de sécrétion
traversant I’intégralité de la paroi bactérienne [8], [9]. Ce complexe stable posséde une partie
périplasmique, une partie que réside dans la membrane interne et une partie cytoplasmique. La
structure de ce mégacomplexe a été caractérisée en microscopie électronique grace a la
technique dite de particule isolée en coloration négative par le Dr. P. Krasteva et ses
collaborateurs [9]. Malgré I’apport important de cette structure, la faible résolution du complexe
n’a pas permis la distinction des différents composants protéiques. De plus, plusieurs travaux
intéressés par 1’étude de la sécrétion de la cellulose se sont focalisés sur les deux sous unités
catalytiques, négligeant les sous unités cytoplasmiques régulatrices qui sont ainsi longtemps

restées énigmatiques [10]-[12].

1.2 Etat de Part

La sécrétion de cellulose chez les bactéries a Gram-négatif nécessite la co-expression de génes
multiples qui sont conservés et répandus chez de multiples bactéries commensales et
pathogenes [8]. Le systéme de genes bactériens est typiquement organisé en un ou deux opérons
appelés bes (bacterial cellulose synthesis) [8]. Les protéines codées par les geénes bcs
comprennent des protéines catalytiques comme BcsA et BesB, qui ménent la polymérisation et

I’export de la cellulose a travers la membrane interne ; des protéines pour la modification
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enzymatique dans le périplasme et ’export a I’extérieur de la cellule comme BesG, BesZ et
BcesC ; et plusieurs protéines régulatrices dont le mécanisme exact reste inconnu comme BcesR,

BcesQ, BesE et BesF [8]-[12].

1.2.1 Les sous unités catalytiques

1.2.1.1 BcsA et BesB

Le géne bcsA et le géne besB sont répandus dans presque tous les opérons de Bcs et se trouvent
généralement en tandem [8]. Les structures des sous unités-catalytiques BcsAB ont été étudiées
en détail chez R. sphaeroides [10]-[12]. BcsA est une protéine d'environ 100 kDa qui
correspond a la cellulose synthase du systtme Bcs et qui est formée par une région
transmembranaire N-terminale, sous laquelle se trouve un domaine cytoplasmique de glycosyl
transférase suivie d'un domaine pilZ qui se lie au c-di-GMP (di-guanosine monophosphate
cyclique) [10], [13]. La région transmembranaire est un domaine d'export de la cellulose formé
de huit hélices transmembranaires (TM1-8) [10]-[13]. Quatre de ces hélices TM sont N-
terminales et les quatre autres sont C-terminales. BcsB quant a elle est considérée comme le
partenaire catalytique de BesA. En effet, des études ont montré que I’hélice transmembranaire
de BesB liée a BesA, est essentielle a la polymérisation et au passage de la cellulose a travers
la membrane interne des bactéries. BcsB est formée par un module périplasmique contenant
deux domaines de liaison aux glucides et deux autres domaines adoptants le repliement jelly
roll et insérée dans la membrane interne via une hélice transmembranaire qui vient compléter

les huit hélices TM1-8 de BesA [10]-[13].

1.2.2 Les sous unités régulatrices

1.2.2.1 BecsR et BesQ

BcesR et BesQ sont des sous-unités cytoplasmiques essentielles a la sécrétion de cellulose in
vivo. Il a notamment été montré par nos collaborateurs qu’au niveau des poles de la bactérie ou

BcesQ a été localisée, I'adhésion intercellulaire y est initiée par la production de cellulose [14].

1.2.2.2 BcesE

BcesE est une protéine cytoplasmique nécessaire a la sécrétion maximale de cellulose et qui
possede un domaine de liaison au c-di-GMP — une molécule clé pour la signalisation

intracellulaire [9], [14]. La protéine BesE se lie au ¢-di-GMP via le motif RxxD du domaine
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GIL (GGDEF I-site-Like), situé¢ a son extrémité¢ C terminale [15]. Ce motif similaire au site [
des domaines GGDEF des diguanylate cyclases, les enzymes qui produisent le c-di-GMP a
partir de GTP, est crucial a la fonction de BesE. Des études de notre groupe et en collaboration
ont aussi montré que la présence de BesE dans le complexe est nécessaire pour la stabilité de la
sous-unité catalytique BcsA et que les deux protéines interagissent directement a travers leurs
modules de liaison au ¢c-di-GMP (domaine GIL de BcsE et domaine PilZ de BesA) [9]. Ces
résultats nous ont alors montré I’importance d’étudier cette protéine en détail afin de déterminer

son role et sa contribution dans I’assemblage et la formation du complexe Bcs.

1.2.3 Le second messager c-di-GMP contréle la formation des biofilms

Dans la plupart des organismes bactériens, le changement entre I'état motile et 1'état stationnaire
sous forme de biofilm est exercé par le c-di-GMP, un second messager intracellulaire qui a des
effets multiples permettant d’inhiber, directement ou indirectement, la motilité flagellaire et de
stimuler la sécrétion des composants de la matrice extracellulaire tels que les
exopolysaccharides [1], [16], [17]. La présence intracellulaire du c-di-GMP est contrdlée par
deux activités enzymatiques opposées : les diguanylate cyclases avec leur domaine GGDEEF le
synthétisent et des phosphodiestérases possédant un domaine EAL ou HD-GYP le dégradent
[18]-[20].

1.2.4 Objectifs de la thése

Dans ce contexte, j’ai combiné études structurales et fonctionnelles afin d’étudier la sécrétion
de la cellulose et son role dans la persistance des biofilms bactériens. Pour ceci, j’ai entrepris
d’étudier trois sous-unités clés pour 1’assemblage et la fonction du systeme de sécrétion de
cellulose chez la bactérie modele E. coli. Dans un premier temps 1’objectif était de déterminer
les structures a haute résolution des protéines cytoplasmiques BesR, BesQ et BesE, vu les roles
importants qu’elles pourraient jouer. D’une autre part, afin de déterminer la structure du
complexe de Bcs avec une meilleure résolution, j’ai utilisé¢ la cryo-EM (cryo-microscopie

électronique) par la technique dite de « particules isolées ».
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1.3 Résultats et discussion

1.3.1 Etude de la structure cristallographique de BcsRQ

L’un des premiers travaux que j’ai pu entamer dans le contexte de mes recherches était 1’étude
de I’interaction de BcsR et de BesQ. Une fois le protocole de coexpression/copurification mis
au point, j’ai procédé a I’optimisation des conditions de cristallisation des deux protéines. Dans
ce cadre j’ai pu obtenir des cristaux qui diffractent et qui nous ont permis de résoudre la
structure du complexe a haute résolution. Ces résultats sont importants non seulement parce
que la structure du complexe BcsRQ a été résolue pour la premiere fois, mais aussi parce qu’ils
représentent un outil indispensable pour 1’étude des interactions possibles entre BcsRQ et leur
partennaire BesE. La structure de BcsRQ a montré une dimérisation du complexec’est-a-dire
un dimere de deux hétérodimeres BcsRQ avec une surface assez importante d’interaction.
Comme la protéine BcsQ est prédite a fonctionner comme une ATPase (Adénosine
TriPhosphatase), notre objectif était de collecter différents états conformationnels de la protéine
qui pourraient exister. Pour cela une analyse de trois types de cristaux a été effectuée. La
protéine BcsRQ sans nucléotides et la protéine purifiée et cristalisée en présence d’ADP
(Adénosine DiPhosphate) et/ou d’ AppCp (analogue non hydrolysable de I’ATP). A partir de la
collecte de jeux complets de données de diffraction sur les différents cristaux, nous avons
constaté qu’il n’existait qu’un seul état conformationnel, celui avec la protéine en complexe

avec ’ATP et cela malgré ’ajout d’EDTA (Ethylénediaminetétraacétique).

1.3.2  Etude de la structure cristallographique de BesRQ avec deux domaine C-
terminaux de BesE

Quand j’ai commencé le travail sur les sous unités cytoplasmiques, I’interaction entre BcsE et
BcesRQ n’avait pas été¢ démontré. Comme pour BesRQ, le but dans un premier temps était de
mettre au point un protocole pour la coexpression/copurification de BcsRQE. Ceci nous a
permis de confirmer nos attentes que BcsE interagit avec BesRQ en se liant a la partie C-
terminale de BcsQ. D’autant plus, nos résultats confirment que BesR et BesQ sont localisées
dans le cytoplasme car elles sont récupérées dans la fraction soluble. Toutefois quand BcsR,
BcesQ et BesE interagissent, leur extraction nécessite un protocole d’extraction semblable a un
protocole d’extraction d’une protéine membranaire contrairement a BcsRQ seuls. En effet, pour
extraire et purifier le complexe BcsRQE, nous sommes amenés a utiliser des détergents. Ceci
rendait non seulement la procédure de cristallisation difficile voire impossible, mais en plus le

complexe protéique BesRQE n’était pas produit en quantité suffisante. Pour surmonter le
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probléme, j’ai généré des constructions de BcsE en gardant soit la partie C-terminale soit la
partie N-terminale en se basant sur les prédictions de structures secondaires. Les résultats
obtenus révélent deux constructions qui sont copurifiés avec BesRQ, a savoir BesE*#-523 et
BcesE?17523, La seconde étape était alors 1’étude de la structure et du mécanisme d’intéraction
de BcesRQE, pour ceci j’ai opté pour la technique de cristallographie aux rayons X et j’ai pu
obtenir des cristaux qui diffractent d’abord de BcsRQE?*-523 et de BesRQ RIPSEE217-923 | Les
structures cristallographiques ont montré que BcesE se lie effectivement a la partie C-terminale
de BcesQ. En plus de révéler les déterminants structuraux d’interaction avec BcesQ, les deux
structures de BcsRQE ont fourni des informations inattendues quant a I’interaction avec le
second messager ¢-di-GMP. Dans la structure BcsRQE?#-32 |e ¢-di-GMP se trouve lié en tant
que dimére intercalé a chaque domaine GGDEF. Cependant, dans le complexe BcsRQ RISCEE217-
523 BesE subit un changement conformationnel par rapport a la structure de BesE?17-2 seul
(résolue par Samira Zouhir), contribuant ainsi a la découverte d’un motif d’interaction avec le

c-di-GMP jamais identifi¢ jusque-la.

1.3.3 Etude de la structure du complexe de sécrétion par cryo-EM

Dans I’optique d’étudier 1’architecture et I’assemblage du systeme de sécrétion dans son
intégralité, j’ai utilisé la technique d’analyse de particules isolées par cryo-EM. Ceci a permis
non seulement de confirmer I’architecture non-canonique atypique de ce systéme de sécrétion
mais aussi de déterminer la structure de la protéine BcsB. Nous avons montré que cette dernicre
fait partie du cceur catalytique et cette structure nous a également permis de comprendre
I’architecture asymétrique particuliere du systéme de sécrétion, dii & une polymérisation de sa
partie périplasmique. Bien que la structure d’une protéine homologue eit déja été résolue, nos
travaux ont montré pour la premicére fois la propriété d’auto-assemblage du macrocomplexe de

cette caractéristique particuliére de ce systéme de sécrétion de cellulose.

1.4 Conclusion et perspectives

Les derniéres années représentent une révolution dans 1’é¢tude de la cellulose. Les études
antérieures se sont intéressées aux sous-unités catalytiques des systémes bactériens de
biogenese de la cellulose, pendant que les sous-unités régulatrices sont longtemps restées
énigmatiques. Notre groupe de recherche a largement marqué cette révolution de par
I’identification des roles mécanistiques de sous-unité accessoires et essentielles, exprimées par

les bactéries dans les biofilms bactériens. Ces travaux de recherche ont concerné différents
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niveaux, a savoir I’expression, I’assemblage et la régulation du systéme de sécrétion de la
cellulose. De plus, ces travaux sont un élément clé pour mieux comprendre le comportement
des bactéries dans les biofilms, ainsi que les liens mécanistiques aboutissant a 1’acquisition du
phénomene de résistance aux antibiotiques. Le systeme bactérien de sécrétion de la cellulose
fait partie d’un ensemble de systémes conservés chez les Eucaryotes et les Procaryotes. Les
différents résultats de recherches cités ci-dessus peuvent ainsi contribuer a long terme au
développement de thérapies de nouvelle génération, sans risques associés de forte pression
évolutive et de développement de résistances.

Nos travaux présentent également un intérét majeur dans un tout autre domaine. En effet, la
cellulose posséde un fort intérét biotechnologique, en tant que nano-matériel inoffensif,

biocompatible et a colt réduit.
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2 Introduction
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Bacteria can adopt two main modes of growth in nature, the first being the free-swimming
planktonic lifestyle, while the second is the formation of sessile biofilms [1], [2]. Biofilms are
bacterial cells living in a community and embedded in a self-produced matrix, usually attached
to a biotic or abiotic surface [1], [2]. The biofilm matrix provides the embedded bacteria with
tolerance, fitness and protection against the external world, among other privileges [1], [3], [4].
Thereby from an evolutionary point of view, the bacteria have more survival reasons to
optimize mechanisms for the secretion of a biofilm matrix. Biofilms can be seen as an empire
where bacterial cells live in a community surrounded by a fortress, the stronger the fortress
walls, the more protected are the individual cells. Although the biofilm lifestyle is a common
trait, the secreted biopolymers in the extracellular matrix, also known as the Extracellular
Polymeric Substances (EPS), differ between the species by the type of matrix components, the
underlying secretion machineries, as well as the external cues that orchestrate the mechanisms
engaged in the EPS secretion [1], [2], [5]. The EPS typically includes polysaccharides, proteins,
nucleic acids and lipids (Table 1) [2]. One thing is for sure, the key signaling molecule c-di-
GMP (Bis-(3'-5")-cyclic dimeric guanosine monophosphate), promotes the synthesis of many
of the EPS components in biofilms [6], [21]-[23]. Usually through a c-di-GMP-guided
pathway, as a key example, many bacteria produce cellulose as a major component of their
extracellular matrix. The polymer has a large number of advantages, such as excellent
mechanical resistance and water retention and, together with curli, builds up the biofilms of
important enterobacterial species such as Salmonella enterica Serovar Typhimurium (S.

Typhimurium) and Escherichia coli (E. coli), [6], [7].

In the present work, I decipher key components and mechanisms that drive cellulose
secretion in the biofilm matrix. In this introduction part, I will provide the necessary background
for better appreciation of our findings uncovering the mechanisms of bacterial cellulose
secretion. I will provide an overview of cellulose as one of the major polysaccharides secreted
by bacteria in the extracellular biofilm matrix. I will also discuss the conservation of cellulose
secretion systems, as well as the components involved in this secretory mechanism with the
second messenger c-di-GMP in the center of this sophisticated process. As unraveling all the
Bes (bacterial cellulose synthesis) systems is beyond the aim of this project, I rather spot an
emphasis on cellulose secretion in Gram-negative bacteria and more precisely on the type II

Becs secretion system also known as the E. coli-like Bes system.

18



2.1 The matrix of biofilms

2.1.1 Key steps for biofilm formation

The process of biofilm formation is cyclic and, although it can feature various degrees of
complexity depending on external cues and the specific bacterial species, it can be summarized
in three major steps (Figure 1). The overall process is typically under the control of intracellular
c-di-GMP-dependent signaling events and comprises the attachment of planktonic cells to a
surface, the multiplication and maturation into a multicellular three-dimensional structure and
finally the dispersion of bacterial cells that can then colonize new surfaces [1], [16], [24].
Biofilms are truly collaborative multicellular communities, where the extracellular matrix
provides not only mechanical protection but also a medium for exchange of nutrients, horizontal
gene transfer (including genes for antibiotics resistance) and immune system escape, when in a

eukaryotic host.

Regarding biofilm dispersion, on one hand it allows the bacteria to disseminate, on the other,
the bacterial cells that leave the biofilm become exposed and unprotected. The dispersion takes
place when remaining in the biofilm displays more drawbacks than advantages, for example
upon development of oxygen or waste product gradients that can lead to cell lysis [25]. To
tackle such toxicity and survive, many signals can trigger the activation of phosphodiesterases
(PDE) that degrade the c-di-GMP second messenger and thereby inhibit EPS secretion and

increase the cells’ motility [17].

Planktonic cells S :} ~ -
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P
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Figure 1. Key steps of the biofilm formation
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Bacteria can reversibly attach to surfaces subsequently to the loss of motility and synthesis of extracellular
adhesive substances providing strong anchors. Mature biofilms are then developed and are characterized by colony
variance, complex architecture, and collaborative group behavior between functionally differentiated members.
Finally, the dispersion leads to the release of highly motile planktonic cells, capable to colonize new surfaces [4],
[25].

2.1.2 Cellulose, a major constituent of the bacterial biofilm maze, and more

The biofilm matrix is a hydrated mass that apart from intact cells contains a matrix of
polysaccharides, proteins, nucleic acids and lipids [2]. The different secreted components play
a plethora of functions that are relevant to the biofilm growth, some of which are summarized

in Table 1.

Table 1. Examples of EPS and their functions in bacterial biofilms

EPS component Function in biofilms
Polysaccharides Adherence to biotic or abiotic surfaces
Formation of the three-dimensional biofilm architecture
Retention of water to keep the microenvironment hydrated
Mechanical stability of biofilms
Proteins Formation and stabilization of the polysaccharide matrix network
Link the bacterial surface to the other EPS
Electron donor or acceptor to ensure a redox activity in the biofilm matrix
DNA Intercellular connection
Bacterial cells adhesion
Facilitate the exchange of genetic information in the biofilm matrix
Enzymes Create pores to improve nutrients access

Disrupt the biofilm matrix for dissemination

Adapted from [2]

Although it has been generally difficult to analyze the extracellular matrix components,
technological developments have allowed for the characterization of many of them. One of
these components is cellulose, which is the second major component of S. Typhimurium and E.
coli biofilms. Together with curli proteins that upon secretion assemble into amyloid fibers,

cellulose was discovered to provide agar-grown biofilms with the ability to form sophisticated
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three-dimensional structures, such as the “rdar” (for red, dry, and rough) morphotype shown

in figure 2 [7].

Figure 2. Rdar morphotypes of E. coli and Salmonella strains

Rdar morphotypes of Salmonella and E. coli strains grown on Congo red plates. Figure from [7]

Looking at a larger picture, cellulose has well-known reputation as the major constituent of the
plants cell walls, making it the most abundant biopolymer on the planet Earth [8]. In addition
to plants, however, cellulose is also produced by protists, fungi, animals, viruses, and of course
bacteria, with Cyanobacteria being the first cellulose producers and the last common ancestor

of cellulose biosynthesis genes [26], [27].
So, why do bacteria secrete cellulose? Simply put, for its exceptional water retention capacity,
porosity, mechanical resistance and chemical simplicity, combined with its low antigenicity

and ability to interact with additional components from the bacteria or their hosts [8].

In the present project, I will spot the light on the enterobacterial cellulose secretion system, as

a widespread nanomachine for bacterial biofilm formation.
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2.2 Structure and forms of bacterial cellulose

Cellulose is an unbranched homopolysaccharide of D-glucose molecules connected via acetal
linkages joining the C1 and C4 carbons of the glucopyranose rings in a B-configuration [28]
(Figure 3A). The added glucose is rotated by approximatively 180° compared to its neighbor,
as a result the repeating unit is the disaccharide cellobiose [29] (Figure 3A-B). Along the linear
polysaccharide, each glucose moiety forms two hydrogen bonds with each of its neighbors. The
C3 hydroxyl of a given glucose unit engages in a hydrogen bond with the ring oxygen of the
glucose neighbor attached at the C4 carbon, while the C6 donates a hydrogen bond to the C2
hydroxyl of the same neighboring moiety (Figure 3A). On the other hand, the ring oxygen and
the C2 hydroxyl accept a hydrogen bond from the C3 and C6 hydroxyls of preceding glucose
unit, respectively, i.e. the glucose unit attached to the C1 carbon [28] (Figure 3A-B). These
connections not only stabilize a coplanar conformation of the glucopyranose rings, moreover,
the hydroxyl groups point away from the face of the pyranose rings resulting in a facility of
engaging in different interactions with other cellulose polymers (Figure 3A). Even more,
chemical modifications can occur on the building glucose units, such as the attachment
phophoethanolamine (pEtN residues at the C6 position of the cellulose polymer produced by
E. coli and Salmonella) [30] (Figure 3C). The chemical properties of the cellulose polymer all
together bring the existence of different forms of bacterial cellulose. In bacteria, the cellulose
is synthesized and extruded through the Bcs system and once at the cell surface, a subsequent
assembly of the glucan chain can follow forming either a structured architecture also known as

crystalline cellulose or more disordered structure known as amorphous cellulose.
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Figure 3. Cellulose structure

A. The structure of cellulose is shown in stick representation, carbon atoms are shown in gray, oxygen in red. The
individual glucose units are connected via glycosidic 3-bonds between C1 and C4. Cellulose is elongated at its

nonreducing end of the acceptor glucose and each glucose unit is rotated 180° compared to its neighbor. B. The
cellobiose repeating unit is shown in Fischer projection. C. Structure of phosphoethanolamine.

2.2.1 Crystalline cellulose

Crystalline cellulose, has drawn the attention over the past decades due to its architecture
reminding that of the plant cell walls. The different cellulose strands pack against each other
forming hydrogen bonds between the equatorial hydroxyl groups and van der Waals forces
between the glucopyranose rings (Figure 4A-B-C). Early studies using negative-stain, freeze-
fracture electron microscopy revealed that in crystalline cellulose-secreting Gluconacetobacter
xylinus, the cellulose synthase terminal complexes (TCs) form a line along the long axis of the
cell surface which corresponds to the export sites of the elementary cellulose fibrils [31]-[33].
Once secreted in the extracellular environment, the elementary fibrils pack to form the cellulose
ribbon, one per cell [31]-[33]. The cellulose biosynthesis involves a machinery encompassing
the cell envelope, where a catalytic core composed of the BcsAB tandem is involved in the
polymerization of the glucan chain using UDP (uridine diphosphate)-glucose as a substrate
(Figure 6). In most systems of Gram-negative species, including crystalline cellulose secreting
bacteria, the export of the nascent chain through the outer membrane (OM) involves an OM
porin called BesC. The structure of the latter subunit from pEtN-cellulose secreting E. coli has
been solved recently and revealed that the protein adopts a B-barrel fold at its C-terminus,
however the pore diameter would be compatible with the extrusion of only a single-stranded
cellulose chain [34]. Therefore, crystalline microfibril and ribbon formation must occur in the
external environment, parallel to the longitudinal cell axis, however, it would be predetermined
by the longitudinal TC microarray formation in the cell. Other factors, such as accessory
subunits BecsHD thought to form individual cellulose chain conduits in the periplasm and a
recently identified cytoskeletal element thought to stabilize the longitudinal TC array have also
been shown to play key roles in cellulose crystallinity [35]-[37]. Nevertheless, the molecular
mechanisms behind crystalline cellulose formation remain a missing piece in the puzzle and
need to be better unraveled for the production of the bacterial cellulose for biotechnological

applications.
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2.2.2 Amorphous cellulose

Amorphous cellulose is disordered and non-structured cellulose that does not follow a pattern
of regularly packed fibrils or layers (Figure 4B, bottom) and is generally believed to be easier
to unravel when compared to the crystalline type. Interestingly, amorphous cellulose can also
be commonly found in biofilms with high crystalline cellulose I content, marking the borders

between large crystalline domains.
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Figure 4. Bacterial cellulose structure

A. Structure of the crystalline cellulose formed through extensive inter and intramolecular hydrogen bonds and

Van der Waals forces. Image by Luca Laghi, reproduced under license CC BY-SA 3.0 (https://creativecommons.
org/licenses/by-sa/3.0/legalcode). B. Cryo-electron micrographs of secreted bacterial cellulose. Figures from [37]
Above micrograph: a biofilm-embedded Gluconacetobacter hansenii cell surrounded by crystalline cellulose
ribbons. Below micrograph: amorphous pEtN-cellulose, marked by an asterisk, secreted by the commensal E. coli
1094 strain. C. Crystalline cellulose secreted by Gluconacetobacter xylinus-containing medium. The cellulose
pellicle formed at the water-air interface is shown by a green arrow.

2.3 Types of bacterial cellulose secreting systems

The mechanisms governing the secretion of bacterial cellulose have sparked intense interest
since the polymer’s discovery in bacteria at the end of the 19th century [38]. Many studies have
since aimed at the elucidation of cellulose biosynthesis mechanism and the subunits involved
in the process. Consequently, many nomenclatures have been attributed to the different
subunits, so in 2015 Romling and Galperin revisited the classification of bcs operons and

proposed a novel unified nomenclature for hcs proteins and their encoding genes [8]. The same
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study highlighted the diversity among the different coding operons among bacterial species and
clades and divided the majority of bcs loci into three major types [8] (Figure SA-B) (see below
for more details). The common point to all three systems is the catalytic subunit BcsA with its
partner BesB (Figures 5A-B-6). BesA is the inner membrane protein composed of multiple
transmembrane helices that stand above two cytosolic domains, a glycosyltransferase domain
that catalyzes the polymerization of UDP-glucose into the B-1,4-linked glucan and a C-terminal
c-di-GMP-sensing PilZ domain [10], [11], [39]. The majority of BesB’s amino acid sequence
occupies a large periplasmic donut-shaped module, comprising two flavodoxin-like domains
and two carbohydrate-binding domains, the latter of which are proposed guide the nascent
polysaccharide to the outer membrane [10], [11], [40] (Figure 6). In addition, BesB is anchored
in the inner membrane by its C-terminal tail, composed of an amphipathic extracytosolic helix
and a transmembrane anchor helix. Previous in vitro studies have demonstrated that, in both E.
coli and Rhodobacter sphaeroides (R. sphaeroides), this C-terminal tail is indispensable for
cellulose polymerization, thereby, BcsB is characterized as the co-catalytic subunit, or co-
polymerase. In several cases, BcsA and BesB genes are fused and likely post-translationally
divided into two proteins [41]. In addition to these core catalytic subunits, most bcs operons in
Gram-negative bacteria encode a periplasmic hydrolase BesZ and an outer membrane (OM)
secretory subunit BcsC composed of an N-terminal tetratricopeptide repeat (TPR)-rich
periplasmic domain and a C-terminal OM porin domain.

Most cellulose secretion systems feature multiple additional Bes subunits, many of
which are indispensable for cellulose secretion. In addition, certain subunits typically co-occur
with others, which prompted the recent classification of cellulose secretion systems based on

the accessory to the catalytic BcsAB tandem subunits [8].

2.3.1 Type I cellulose secretion system

The type I cellulose secretion system is found in a, 8 and y subdivisions of proteobacteria. This
type includes the core components genes besABZC, as well as the hallmark of this type of
secretion system gene besD (Figure SA-B). In G. xylinus, the encoded protein BesD is proposed
to localize to the periplasm and to contribute to the packing of the glucan chains into ordered
cellulose ribbons also known as type I crystalline cellulose [8], [42]. Added to that, upstream
of the bcsD gene is found besH (also known as “ccpAx” or “ORF2”) whose protein product
interacts with BesD and is also suggested to play a role in crystalline fibril assembly [35].

Nevertheless, whereas the BesH subunit seems limited to the Komagataeibacter lineage, many
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types I bcs operons are found in non-crystalline cellulose-secreting bacteria, suggesting broader
roles for the hallmark BesD subunit. Additional Bes components can also be found in these
Type I systems, such as the BcsO, BesP, and BesQ subunits but their functions have not been

characterized yet [8].

2.3.2 Type II cellulose secretion system

The type II cellulose secretion systems are widespread among B- and y-Proteobacteria and
especially enterobacterial pathogens [8]. In Sa/monella and E. coli, the bcs locus is divided into
two divergently arranged operons, bcsEFG and bcsROABZC [8] (Figure 5A-B). The
discriminating components of this type are the cytosolic c-di-GMP-sensing subunit BesE and
the periplasmic membrane-anchored BesG responsible for installing the pEtN modification in
the secreted amorphous cellulose [30]. In addition, the BcsR, BesQ and BesF subunits, whose

functions are discussed below in more details, are also encoded by the respective bcs operons.

2.3.3 Type III cellulose secretion system

The type III secretion systems are limited to some cyano- and a-Proteobacterial species [8].
They lack the three subunits BesD, BesE and BesG, whereas BesC subunit is replaced by
another outer membrane TPR-rich subunit, BesK, which lacks the C-terminal porin module [8]

(Figure 5A-B).

2.3.4 Other types of cellulose secretion

There are additional types of cellulose secretion systems that don’t fit into the standard picture
of any of the types above or in some cases can feature a hybrid architecture. Examples include
systems where the type I hallmark bcsD gene, can be encoded with the type Il besE(F)G cluster.
In other examples, such as in the cellulose-producing cyanobacterium Thermosynechococcus
vulcanus, both bcsB and bcsC genes are missing and the BcesA-mediated cellulose
polymerization and extrusion are assisted by an efflux pump-like tandem composed of an inner-
membrane HlyD-like subunit and an outer membrane TolC-like exporter [43]. Further
‘outsiders’ involve Pseudomonas fluorescens SBW25, which is known to secrete acetylated
cellulose and exhibits a hybrid wss operon, combining BesQ- and BesABZC-like components,
together with an acetylation complex homologous to the alginate secretion system. In

accordance with the omnipresence of cellulose secretion machineries among many diverse
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organisms, some Gram-positive bacteria are also found to secrete cellulose. Studies on
Streptomyces coelicor have shown that this actinomycete secretes cellulose in order to adapt to
osmotic responses or growth of the hyphal tips [44], [45] and uses a yet different cellulose

secretion system, some components of which appear to have a fungal origin.

Covering all the so far described systems of cellulose secretion is beyond this work, however
this part highlights both the diversity and the complexity of the cellulose secreting systems.
Moreover, with the ever-growing abundance of genomics data, the arborescence of Bcs
secretion systems keeps growing and embraces now many Gram-positive bacteria, for whom
many questions remain unanswered, especially concerning exopolysaccharide secretion
through the thick peptidoglycan layer or the Gram-positive cell envelope devoid of an outer

membrane [46].
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Figure 5. Prevalent types of Bcs systems

The three major types of the Bes systems and their corresponding operons organizations as classified in [8], [47].
A. Examples of bes operon organization and mosaicity for the three major types of cellulose secretion systems. B.
Thumbnail representation of the topology of Bes subunits relative to the bacterial envelope for the three types of
Bcs systems. Color-coding as in A; the main conserved functional modules are annotated at the bottom. IM: inner

membrane; PG: peptidoglycan; OM: outer membrane.
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2.4 Mechanism for cellulose biosynthesis

Across the various organisms that secrete cellulose, a shared mechanism of cellulose
polymerization is determined by an enzyme belonging to the glycosyl transferase family 2 [10],
[48], [49]. The latter catalyzes the reaction of cellulose synthesis by the addition of one glucose
at a time to the nascent polysaccharide using a preactivated nucleotide sugar substrate, UDP-
glucose. UDP-glucose is made available by a dedicated enzyme, UDP-glucose
pyrophosphorylase or UDPGP, which is essential for cellulose secretion [50]. Upon
incorporation of the glucose moiety from the substrate into the nascent polysaccharide, the UDP
product is then released back in the cytosol for its recycling. The formerly attached glucose
through an a-configuration to the UDP, is inverted to be consequently attached to the glycosidic
chain in a B-configuration [10], [51]. The catalytic reaction is basically a SN2-like substitution
reaction, in which the nucleophile C4-hydroxyl group (acceptor), attacks the C1 carbon of the
donor glucose (Figure 3A). This reaction is facilitated by both a deprotonation of the
nucleophile and a stabilization of the substrate’s pyrophosphate group via a divalent metal
cation, usually Mg?* or Mn?* [10], [48], [52]. Once the glycosidic transfer is completed at the
non-reducing end in the cytosol, the glucan chain exits the bacterial cell with the reducing end

pointing first to the periplasm and subsequently the extracellular milieu [10], [13].

2.5 Subunits for bacterial cellulose secretion
2.5.1 Polymerization and transport across the bacterial envelope

2.5.1.1 BcsAB tandem

The bcsA and besB genes are widespread in almost all cellulose synthase operons, and are
usually found adjacently in a tandem [8] (Figure 5A). The structures of the catalytic BcsAB
have been thoroughly studied in R. sphaeroides, whose Bcs system belongs to the type III
cellulose secretion systems and secreted an amorphous polymer [8]. The BcsA subunit, or
cellulose synthase protein, is roughly a 100 kDa-sized subunit formed by a non-continuous
transmembrane region, a glycosyl transferase cytosolic domain and a C-terminal pilZ domain
that binds the synthase-activating second messenger dinucleotide c-di-GMP (the mechanism
underlying the c-di-GMP signaling is described in more details below) [9], [10]. The
transmembrane region is an a-helical transmembrane cellulose export domain (TMD), which
in R. sphaeroides is formed by eight transmembrane helices (TM1-8), four of which are N-

terminal and the other four are C-terminal to the central GT domain. In addition, a single TM
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helix of the partner BesB protein completes the export domain and is indispensable for the
catalytic mechanism [10] (Figure 6). Whereas BcsA’s conserved glycosyl transferase (GT)
domain is inserted between TM4 and TMS5 [53], its active site is capped by a so-called ‘gating
loop’ inserted between TM7 and and TMS of the export domain and requires c-di-GMP binding
to the protein to allow for substrate entry. The c-di-GMP sensing is carried out by a C-terminal
cytosolic PilZ domain adopting a B-barrel fold [10] (Figure 6). The GT domain interacts with
the inner leaflet of the cytosolic membrane via three amphipathic interface helices (IF1-3). To
date, all structures of the duo BcsAB co-crystallized with a translocating polysaccharide, which
was apparently copurified with BcsAB as the polysaccharide was not added during the
purification steps [10]-[12]. The structural studies revealed that BcsA’s glycosyl transferase
domain is able to accommodate 10 glucose units of the nascent polysaccharide, whose
glucopyranose rings form van der Waals interactions with residues Met300, Phe301, Phe316 ,
Trp383 of [F2, Phe419, Phe426, Tyr433, Phe441,Val551, Val555, Trp558 [10]. The equatorial
hydroxyl groups of the glucose units form hydrogen bonds with Tyr80, Asnl118, His276,
Asn412, Argd23, Glud39, Tyr45S5, Serd76, Glu477 [10]. While the van der Waals interactions
of the translocation glucan chain encompass IF1, IF2, TMS5, 5/6 loops, and TM8, the hydrogen
bonds are made with TM3, TM4, GT, TMS, 5/6 loops, TM6, and IF3 [10]. The structure of
BesA’s GT domain harbors a conserved motif formed by three non-sequential aspartic acids,
as well as a Glutamine-Glutamine/Arginine-a random residue-Arginine-Tryptophan motif (or
D, D, D, Q(Q/R)xRW) [10]. The latter signature is also characteristic in other B-
glycosyltransferases [10]-[12]. In R. sphaeroides, the first two Aspartic Acids (Aspl79,
Asp246) of the “D,D,D,Q(Q/R)xRW” are involved in UDP coordination, while the third
aspartic acid (Asp 343) likely constitutes the catalytic base. This third astaptate is part of a
strictly conserved TED (Threonine-Glutamate-Aspartate) motif of the so-called ‘finger helix’,
which is also involved in gating loop relaxation and polysaccharide translocation [10]. It is
conventional now that the polysaccharide extrusion through BesA transmembrane channel is
assisted by its membrane-anchored partner BesB [10]. A study demonstrated that cellulose
synthesis in vitro requires both BesA and BesB, and in particular BesB’s C-terminal tail of an
amphipatic and a transmembrane helices [48]. This interdependence is further supported by the
fact that in some species, bcsB gene is fused with bcsA [42]. The latter observation has also
long supported the hypothesis of an equimolar assembly of BcsAB across the bacterial domain
of life, however we will show here that such an assumption is over-simplistic and that at least
in the E. coli-like Bcs biosynthetic platform, the BcsAB tandem can feature a markedly different

stoichiometry allowing for additional functionalities within the secretion system.
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Figure 6. BcsAB cellulose synthase complex.

Crystal structure of the complex showing a 1:1 BcsAB assembly in cartoon representation and a co-purified
cellulose polymer in sticks (from protein data bank entry 4p00) [10].

2.5.1.2 BecsC, the B-barrel porin

BesC is a ~130 kDa outer membrane protein whose amino acid sequence starts by a signal
peptide. The mature protein, afterwards the signal peptide cleavage, adopts ~19-
tetratricopeptide (TPR) repeats that most likely localize in the periplasm, guide the nascent
polysaccharide and/or interact with the peptidoglycan, while the C-terminal ~400 residues
adopt a B-barrel conformation and function as an outer membrane porin for cellulose export
(Figure 7A). Thus, BesC is the second checkpoint export protein after the IM (Inner Membrane)
BcesA synthase. More generally, the scheme of the porin-like domain preceded by periplasmic
TPR-rich modules is a recurrent theme across exopolysaccharide secretion systems. In the
alginate biosynthetic system, the secretion of alginate requires the AlgK-AlgE duo, where AlgK

provides the periplasmic TPR scaffold, and AIgE functions as the outer membrane porin. In
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addition, the PelE-PelB complex from the Pel system exhibits the same pattern with periplasmic
TPR modules from (both PelE and PelB) and a porin domain (from PelB), as well as the PgaA
protein from the PNAG (poly-N-acetylglucosamine) secretion machinery, which similarly to
BesC incorporates both TPR modules and a porin domain in the same polypeptide chain [54].
The crystal structure of a truncated versions of BesC have been reported recently. One of these
structures encompasses the last TPR motif and the C-terminal B-barrel from the E. coli
homolog. The porin is formed by 16 B-strands whose connecting loops are longer on the
extracellular side and form a dome-shaped structure on the cell surface [34]. The lumen of the
~15 A-wide channel is highly electronegative and is suggested to facilitate the insertion of the
hydrated zwitterionic pEtN-cellulose [34] (Figure 7B). The channel permeability is controlled
by the extracellular loop connecting 8 B-barrel strands 15 and 16 (also called the ‘gating loop”)
and is stabilized by two conserved Tyrosines (Tyr1025 and Tyr1124) belonging to extracellular
loop 6 and the gating loop, respectively [34]. Furthermore, both aromatic and hydrophilic
residues line the lumen of the channel suggesting that facilitated cellulose diffusion relies on
both aromatic stacking and hydrogen bonding with the polysaccharide [34]. Interestingly, the
C-terminal 15 residues were found inserted as an elongated loop into the lumen of the porin
domain, where it is stabilized by a number of interactions, most important of which is the
stabilization of the conserved Y1157 residue midway across the channel [34]. Another recent
study used SEC-SAXS (Size-exclusion chromatography-coupled, small angle X-ray scattering)
on a construct covering most of the TPR repeats from another BcsC homolog and revealed an
overall extended solenoid architecture typical to the TPR rich periplasmic scaffolds that can
span most of the intermembrane width of the periplasm [55]. The same study also reported a
crystal structure of five sequential TPR repeats from the N-terminus of the respective BcsC
homolog. Interestingly, the five protomers in the asymmetric unit adopted three different
conformations suggesting an overall flexible BcsC conformation that can adapt to variability in

the intermembrane periplasmic distance [46], [55] (Figure 7A).
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Figure 7. Architecture of the outer membrane pore BesC

A-B. Crystal structure of E. coli BesC™!''7 (from protein data bank entry 6tzk) encompassing TPR19, a
connecting linker region and the outer membrane porin domain [34]. The protein is shown in cartoon, the
extracellular loops and luminal C-terminal tail are also shown as transparent surface. The lumen constriction
proximal to the extracellular surface is seen in B, the gating zt-stacking residues Y!°% and Y!!?* from extracellular
loops EL6 and ELS are shown as sticks.

2.5.2 Accessory subunits

2.5.2.1 BcesG and the phosphoethanolamine modification

Together with BesE and BesF, BesG is specific to the type 11 E. coli-like secretion systems. In
E. coli it is associated with the besEFG operon, that is localized next to the besRQABZC [8].
BesG is roughly 60 kDa and its large C-terminal domain had been first predicted to lie in the
periplasm and belong to the phosphatase alkaline family [56]. The role of this subunit had
remained elusive until recent studies showed that BcsG is responsible for adding
phosphoethanolamine (pEtN) groups to the nascent polysaccharide, in both Salmonella and E.
coli [30], [57] (Figure 3C). The pEtN groups are likely added from the
phostphatidylethanolamine (PE) lipids of the inner membrane. Solid-state nuclear magnetic
resonance spectroscopy analysis revealed that a pEtN group attach to the C6 of the glucose
building blocks and initial quantification analyses estimated that up to half of the residues can

carry the pEtN modification in the secreted polysaccharide [30]. The pEtN transferase activity
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is indeed carried out by the periplasmic C-terminal domain whereas the N-terminal part for the
protein in embedded in the inner membrane. In line with biofilm formation, by interacting with
curli fibers, pEtN cellulose was also shown to play a key role in promoting the adhesion of
uropathogenic E. coli cells to bladder cell in vitro [57]. The adhesion of cells to a surface is a
crucial step of biofilm formation [2]. While curli are required for cell adhesion, pEtN cellulose
strengthens the adhesion of curli to the host cell surface [57]. By consequence, pEtN cellulose
together with curli was proposed to enhance Urinary Tract Infectious (UTI) E. coli pathogenesis
[57]. Lately, high resolution BcsG structures of the C-terminal domain from Salmonella
enterica and E. coli have been reported [58], [59]. The crystallographic snapshots from both
studies were in a full accordance, and both C-terminal domains adopt a typical phosphatase
alkaline fold, with 7 stranded B-sheets sandwiched between a-helices (Figure 8). Both structures
exhibit almost identical folds (0.4A R.M.S.D) and contain a Zn>" ion interacting with different
moieties of amino acid Cys243, Ser278, Glu442, and His443, altogether form the active site
(Figure 8) [58], [59]. The function of BesG is not fully understood yet, as a BesG deletion in
Salmonella typhimurium severely decreased not only the efficiency of cellulose secretion, but
also affected BcsA insertion and/or stability in the membrane [58]. This observation stands in
line with previous works where two-hybrid assay showed that BcsG interacts with its operon
neighbors BesF and BesE, as well as with the synthase BesA likely having structural and not

only enzymatic roles in secretion system assembly and cellulose biogenesis [9], [30].

BCSGS' typhimurium

Figure 8. Crystal structure of the BesG periplasmic domain

The overall fold of the catalytic module is shown in cartoon representation. The Zn** coordination in the active
with the key residues involved in cation coordination and/or essential for the pEtN modification are shown as
sticks (Figure generated in PyMoL, Schrodinger LLC).
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2.52.2 BcesZ

BcesZ is ubiquitous among Bces systems and part of the conserved 3-4 component core, which
also includes the catalytic BcsAB tandem and, in Gram-negative species, the OM pore BesC
[8]. This peculiar subunit has been shown to exhibit an endo-f-1,4-glucanase activity, meaning
that it can hydrolyze the nascent polysaccharide. This feature of having a polysaccharide-
degrading enzyme as part of the cognate secretion system is not unique to cellulose secretion,
as other EPS secreting systems such as the PNAG, Pel and alginate machineries encode
similarly an EPS-digesting enzyme within the same gene clusters as the other core components
[54]. Similarly to the endocellulase BesZ, PgaB and Pel A exhibit both a hydrolase activity while
AlgL displays a lyase function [54]. Moreover, this feature is also preserved in higher
kingdoms, as higher plants include an endoglucanase named Korrigan (KOR) required for the

correct assembly of the elongating cell walls [60].

Although this pattern is frequently observed in other systems, the biological relevance to have
a glucanase around the nascent glucan chain has sparked many questions that remain to be
answered. Hydrolases such as BesZ in S. typhimurium has been shown to promote virulence,
while in vitro experiments have showed that PslA and PelG disrupt the biofilm formed by P.
aeruginosa [61], [62]. Furthermore, BesZ could play a role in the packing of the cellulose
microfibrils in G. xylinus. In fact, the deletion of bcsZ gene in G. xylinus resulted in irregular
and twisted packing of the de novo synthesized fibrils suggesting that BesZ could play a crucial
role in cleaving the entanglements that can occur between secreted cellulose fibrils and thus
BesZ ensures the formation of a well-structured crystallized cellulose [63]. The latter
observation opens the door to another question regarding amorphous cellulose where wild-type

levels of BesZ are also required for optimal cellulose secretion.

BcesZ structures from both E. coli and G. xylinus adopt a (a/a)e-barrel fold forming a single
domain, in which six pairs of antiparallel a -helices are found to form an inner and outer ring
[64], [65] (Figure 9A-B). Structural analysis on the E. coli homolog revealed that the connecting
loops extend on one side of the barrel forming antiparallel B-sheets, as a result the structure
adopts a deep “sickle shaped” groove on one side where the two catalytic residues D243 and
ES55 are embedded deep down the groove [65]. Both BesZ structures from E. coli and G. xylinus
fit completely in the GH-8 family of enzymes and adopt an overall similar architecture, with a

slight difference regarding the substrate polysaccharide [64], [65]. BesZ from G. xylinus needs
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cellopentaose or longer polysaccharide for its activity, as opposingly to its homolog BcsZ from
E. coli, which requires at least an hexasaccharide [65], [66]. Thus, a catalytically inactive E.coli
BesZ mutant solved in complex with cellopentaose is suggested to be in the post-hydrolysis
state in which the protein contacts glucan chain at the non-reducing end as the reducing end has
already left the catalytic center [65]. The common part between the BesZ structures and other
homologs from GH-8 family enzymes revealed that the interactions with the glucan chain are
basically hydrogen bonds and stacking interactions with conserved aromatic residues.
Nevertheless, all studies on enterobacterial BcsZ were carried out before the discovery of the
pEtN modification, so substrate specificity for the modified cellulose remains to be

characterized.

BesZ is not limited to Gram-negative bacteria, as a recent study identified the CcsZ
(Clostridium cellulose synthase Z) protein and functional BesZ homologs have been described
even in the atypical efflux-type cellulose secretion systems of cyanobacteria [43], [67]. It is true
that there is no direct sequence homology between BesZ and CesZ and added to that CesZ is a
membrane tethered endo-f-1,4-glucanase that belongs to the GH-5 family instead of the GH-8
family of enzymes. Nevertheless, CcsZ has specificity for cellulosic materials and is believed
to act in a similar manner in its cognate secretion systems [67]. The discoveries around BcsZ
together point toward a putative role in limited hydrolytic action on the cellulose chains in the
periplasm or at the cell surface thus preventing aggregative microfibrils formation before the
exopolysaccharide reaches the extracellular environment. Interestingly, whereas in most studies
BesZ is positioned in the periplasmic compartment, other studies have suggested fully
extracellular role for the subunit [64], [68]. Indeed, more studies are necessary to better
characterize the fine functional balance exerted by BcsZ homologs as they can be suitable
targets to prevent biofilm formation or, alternatively, play a role in biotechnological

applications to increase cellulose production.

36



A E. Coli E55 B G. Xylinus
BcsZ E>>Q BcsZ

pdb 1wzz /

Figure 9. BesZ homologs in E. coli and G. xylinus
A. Crystal structure of a cellopentaose-bound catalytically inactive mutant of E. coli BesZ [65]. The
oligosaccharide and catalytic dyad are shown as sticks. B. Crystal structure of the G. xylinus BcsZ homolog [64].

2.5.2.3 BcesQ and BesR

The type II cellulose secretion system of E. coli is characterized by two additional genes bcsR
(formerly yhjR) and besQ (formerly yhjQ) leading the operon that contains the four core
secretory componens BesA, BesB, BesZ and BesC (Figure SA) [8]. Whereas BesR is a short
~7 kDa peptide without reliable structural models until our work, BesQ belongs to the SIMIBI
(Single-recognition particle, MinD and BioD) ATPases family conserved in both prokaryotes
and Eukaryotes. Members of the latter family comprise MinD, responsible for the positioning
the divisome in bacterial cells, FIhG/FIhF involved in bacterial flagellum assembly and SRP54-
SR and Get3 NTPases responsible for membrane protein sorting [69], [70]. Regarding cellulose
secretion, the closest homologs to BcsQ are WssA/WssJ proteins that are part of the acetylated
cellulose secretion machinery in P. fluorescens SBW25 [14], [71]. BesR and BesQ share
predicted cytosolic localization and partake in interactions with several Bcs components [9].
Interestingly, BcsQ localizes at the cell pole, which corresponds to the site of cellulose
secretion, as well as initial cell-cell-adhesion in E. coli [14]. Remarkably, both BesR and BesQ
are essential for cellulose secretion in E. coli but are absent in many Type I and Type III

cellulose secretion systems suggesting different regulatory inputs for the enterobacterial Bcs
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machinery [9]. These secretion system-specific effects and the essentiality of the two subunits
for pEtN cellulose biogenesis motivated us to decipher the roles of both BcsR and BesQ and
many mechanistic insights regarding the structures and functions of both components can be

found in the Results chapter.

2.5.2.4 BcsE, the ¢c-di-GMP sensor

Before the identification of BcsE as a c-di-GMP receptor in the Bes system, the PilZ domain-
containing BcsA was the first described to require the interaction with c-di-GMP to perform its
glycosyltransferase activity [10], [72], [73]. Later BcsE joined the group of c-di-GMP receptors
upon the characterization of a conserved C-terminal domain containing a c-di-GMP-binging
RxxD motif, which — when found on c-di-GMP-producing GGDEF domain-containing
diguanylate cyclases — can serve as an autoinhibitory, or I-, site for allosteric regulation.
Conversely, BesE was dubbed as a GGDEF I-site Like, or GIL-, domain protein by Fang and
coworkers [15]. Although BcsE is not absolutely essential for cellulose secretion it plays a
crucial role in maintaining the stability of the Bcs complex and contributes to optimal
polysaccharide production [9], [15]. The bcsE gene leads the operon besEF G, which is hallmark
for E. coli-like Type II cellulose secretion systems. The pEtN-cellulose modifications by BesG
on one hand, and the proximity of the bhcsEFG genes to the besABZC cluster on the other,
suggests that this second Bcs cluster not simply contributes to secretion and chemical
modifications of the cellulose but rather plays key roles in the macroscopic architecture of the

mature bacterial biofilms [9], [30].

2.5.2.5 BcsF

BesF is a small subunit anchored to the inner membrane by a single transmembrane helix. The
besF gene is not common to all proteobacteria, and where annotated is usually a downstream
operon neighbor of the bcsE gene (Figure SA) [8]. It has been shown that BesF, interacts with
BcesA, BesE and BesG in vivo, however the mechnisms by which the interactions occur and the
exact role of BesF in cellulose secretion, needed to be decrypted. Here we examined further the
role of this subunit and demonstrate that it is key to Bcs macrocomplex assembly integrity via

membrane recruitment of the regulatory BcsRQE components (see Results section) [9], [30].
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2.6 C-di-GMP, a versatile second messenger

Cyclic diguanylate or c-di-GMP is a monocyclic RNA dinucleotide second messenger that is
almost ubiquitous in the prokaryotic world and has also been observed in eukaryotic social
amoeba from the Dictyostelium clade [74]. The discovery of c-di-GMP goes back to almost
half a century now, when Benziman and coworkers first described that the in vitro cellulose
synthase activity of G. xylinus was promoted by GTP and an unknown GTP-converting protein
factor [75]. The latter hypothesis was supported in a successive study, where digitonin
solubilization showed that the GTP-converting protein associates with the membrane-bound
enzyme and is promoted by Ca®" ions [76]. Shortly after, the GTP-converting enzyme was
isolated using agarose-conjugated GTP as an affinity matrix and its synthase-activating product
identified as bis(3' ,5" )-cyclic diguanylic acid, or c-di-GMP [72]. Almost two decades later
with the revolution of DNA (Deoxyribonucleic acid) sequencing methods and ever-growing
data on genome assemblies, c-di-GMP has revealed itself as a universal second messenger in
the center of a plethora of mechanisms in the bacterial world [22], [54], [77]. Often through
direct control, c-di-GMP orchestrates many biological processes including motility, virulence
gene expression and secretion of extracellular polysaccharides [22], [54], [77]. Many studies
thoroughly reviewed the different roles of this small molecule and highlighted the layers of
physiological responses controlled by c-di-GMP covering the transcriptional, translational and
posttranslational levels [21], [22], [54], [77]. Moreover, in order to adapt to the large spectrum
of mechanisms, c-di-GMP is able to adopt variable stable conformations when bound to
proteins which makes it difficult to predict its new targets [23] (Figure 10). In this part of the
present study, I will discuss targets and regulation of the near-ubiquitous second-messenger c-
di-GMP. I also contribute to the understanding of c-di-GMP signaling in relation with cellulose
secretion by the discovery of new dinucleotide-sensing mechanisms specific to the E. coli-like

type II cellulose secretions in the Results chapter.

39



Extended monomer U-shaped monomer Intercalated dimer
PDB 3gfz PDB 2rde PDB 6ybb
e.g. EAL domain e.g. PilZ domain e.g. GGDEF domain

Figure 10. Examples highlighting the conformational adaptability of c-di-GMP

Based on the structural studies, c-di-GMP can adopt a variety of conformations when bound to proteins in order
to adapt and confer specificity to the different targets.

2.6.1 Synthesis and degradation of c-di-GMP

C-di-GMP is synthesized from 2 molecules of GTP by diguanylate cyclases (DGCs) and
degraded by phosphodiesterases (PDEs) (Figure 11). Multiple-sequence analyses across
bacterial genomes have led to the characterization of the domains that confer the activity of the
c-di-GMP-metabolizing enzymes, either the diguanylate cyclase activity or the
phosphodiesterase. DGCs contain GGDEF domains, while PDEs are characterized by EAL or
HD-GYP domains, where the domain names come from conserved amino acid motifs [18]—
[20]. Interestingly, many proteins feature both GGDEF and EAL domains, for that reason it is
difficult to assign a specific function to such hybrid proteins from domain architecture and
sequence conservation alone. The first structurally characterized protein featuring a GGDEF
domain, PleD¢ crescentus not only allowed for the experimental confirmation of the diguanylate
cyclase function, but also revealed an allosteric binding site, called I-site (from Inhibitory site)
which is represented by an RxxD motif (i.e. an arginine and an aspartate spaced by two amino
acids) and is involved in a negative feedback control [18]. The degradation of c¢-di-GMP, on
the other hand, can be achieved in two steps, with first phosphodiester cleavage leading to a
linear pGpG product and a subsequent hydrolytic event producing 2 moieties of GMP. While
HD-GYP domains typically break the c-di-GMP fully to GMP, some EAL domains can lead to
the accumulation of pGpG (Figure 11). In Gram-negative bacteria, the HD-GYP proteins, are
less common, whereas GGDEF and/or EAL domain-containing proteins are widespread among

Gram-negative bacteria and a bit less in Gram-positive bacteria. Many bacteria feature multiple
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proteins containing c-di-GMP-metabolizing domains and oftentimes these modules can be
‘degenerate’, or catalytically inactive, yet important in c-di-GMP-mediated signal transduction.
For example, the E. coli K-12 genome encodes 29 proteins containing both GGDEF and/or
EAL domains, and 4 of those exhibit degenerate domains [78]. Among the studies of ever-
increasing number of GGDEF/EAL proteins, different nomenclatures have been used, and a
recent consensus nomenclature was proposed to name genes encoding catalytically active
GGDEF and EAL domains as dgc and pde, respectively [78]. Surprisingly, c-di-GMP-
metabolizing proteins are generally not redundant and despite the presence of multiple such
actors in the cell, their function appears to be restricted to specific signaling pathways and
physiological effects. For example, among the identified DGCs in cellulose-secreting E. coli
K12 strains mostly DgcC is responsible for activating pEtN cellulose secretion, whereas in the
E. coli 1094 strain studied in this work this role is taken by DgcQ enzyme [79], [80]. Bacterial
two-hybrid assays have showed that cellulose-promoting DgcC interacts with the
phosphodiesterase PdeK, and both enzymes interact with the co-catalytic partner BesB [79]. To
coordinate cellulose biogenesis, a model is thus proposed where interactions between the co-
polymerase BcsB, the ¢-di-GMP “source” DgcC and the ¢-di-GMP “sink” PdeK secure physical
proximity to fine-tune cellulose biogenesis [79]. The idea of having a source and sink in
physical proximity is consistent with a mathematical model from the same study where c-di-
GMP molecules produced locally by the DgcC enzyme can dramatically increase the
probability of c-di-GMP capture by the Bcs secretion machinery, and thus lead to cellulose
secretion activation in vivo, where — as we show in the Results section — activating dinucleotide
retention will be further secured by the multi-site c-di-GMP complexation by the cytosolic
BcsERQ vestibule-forming complex and the PilZ module of the synthase BesA [79], [81].
Finally, the co-localization of PdeK with the secretion machinery can be seen as a security valve
that controls the flow of the intracellular c-di-GMP and consequently adapts the cellulose

biogenesis to the cadence of the external stimuli and cellular metabolism.
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Figure 11. Biochemistry of c-di-GMP

The three-dimensional structure of c-di-GMP is formed by two GMP moieties that are linked via 5’-3” macrocyclic
ring. The synthesis of c-di-GMP is catalyzed by diguanylate cyclases containing GGDEF domains. c-di-GMP is
degraded by proteins containing either EAL or HD-GYP domains. yielding pGpG or 2GMP molecules. The three-
dimensional structure of c-di-GMP is shown in the middle of the reaction in stick representation, carbon atoms are
shown in gray, oxygen in red, nitrogen in blue and phosphorus in orange (from protein data bank entry 3hvS).
Upon binding to effector molecules, c-di-GMP regulates diverse cellular processes generally leading to loss of
motility, cell adhesion and persistence of biofilm forming communities [17]-[20].

2.6.2 Multileveled signaling of c-di-GMP in Bcs system

In order to orchestrate cellulose biogenesis in E. coli, c-di-GMP typically employs multilevel
signal transduction mechanisms, which culminate with BcsA activation upon the binding of the
c-di-GMP to the PilZ domain [10] (more details are in the section below). In pEtN-cellulose
secreting E. coli 1094 and Salmonella, the signaling cascade starts with expression of the
stationary phase sigma factor RpoS, or ¢°, in response to external stimuli [80] (Figure 12).
Under physiological conditions, the actual c-di-GMP levels in the cytosol are quite low, mainly
due to efficient degradation of the dinucleotide by the phosphodiesterase PdeH [82]. Stationary

phase RpoS leads to the expression of a specific diguanylate cyclase DgcE, which counteract
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the effects of the phosphodiesterase PdeH and releases the diguanylate cyclase DgcM from
inhibitory interactions with the phosphodiesterase PdeR. DgcM thus can engage in an
interaction with the MIrA transcription activator and activate the transcription of CsgD [82]-
[84]. CsgD in in turn activates the expression of the rest of the csg genes involved in curli

secretion and the diguanylate cyclase DgcC which ultimately produces the cellulose synthase-

activating c-di-GMP [85], [86].

Adding to the complexity of c-di-GMP signaling, studies on a collection of E. coli isolates
showed that CsgD-/DgcC-dependent cellulose secretion is not the only mechanism for c-di-
GMP control of the BesA cellulose synthase [80]. For example, in the commensal E. coli 1094
strain used as a model organism in this work, cellulose secretion is specifically activated by a
different diguanylate cyclase — the enzyme DgcQ — and appears to circumvent the CsgD-
dependent signaling cascade [80] (Figure 12). Both signaling pathways, CsgD-/DgcC-
dependent or independent, share in common the RpoS-dependent initiation, however it is

unclear what the signaling mediators are for the downstream DgcQ activation [80].

43



e
€
|

]
— ?9

MIrA

1
1

CsgD

!
@ @

} }
c-di-GMP c-di-GMP

-

Figure 12. Cellulose biosynthesis regulation in E. coli

The figure illustrates the two pathways regulating the pEtN-cellulose production in enterobacteria. On the left is
the CsgD-/DgcC-dependent pathway, on the right is the CsgD-independent/DgcQ-dependent pathway. In both
cases, the production of c-di-GMP is required for the cellulose biosynthesis. In particular, cellulose
polymerization and extrusion requires the binding of the dinucleotide to the PilZ module of the synthase BcsA,
which in turn is facilitated by the multi-site c-di-GMP complexation of the cytosolic regulatory complex
BcsERQ (see Results section) [81], [87]. Diguanylate cyclases (DGC) are shown in green, phosphodiesterases
(PDE) are shown in pink [17], [80].
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2.6.3 C-di-GMP and the cellulose synthase BesA

In most Bcs systems, cellulose secretion is initiated upon the activation of the synthase BesA
by the second messenger c-di-GMP. BcsA harbors the three modules, namely the
transmembrane export domain, the family-2 glycosyltransferase responsible for the catalytic
reaction, and the well-studied c-di-GMP-binding C-terminal PilZ domain [10]. Different
crystallographic snapshots of the BesAR- sPhaeroides with its co-catalytic partner BesB, have been
studied in great details. Comparisons between the different states reveal that cyclic dinucleotide
binding induces several important conformational changes. First, in the c-di-GMP bound state,
the PilZ B-barrel rotates by approximatively 20° around a so-called ‘hinge’ helix, which is
sandwiched at the interface between the B-barrel and the glycosyltransferase domain [10], [12].
An additional conformational change that characterizes the c-di-GMP-bound state involves
Arg580 situated from the conserved R580xxxR motif that precedes the PilZ B-barrel and
partakes in c-di-GMP complexation [10]. In the c-di-GMP-free state the synthase is in an auto-
inhibitory state, where the so-called ‘gating loop’ caps the active site entry in a resting-state
conformation stabilized by a salt bridge interaction between the Arg580 and an equally
conserved Glu371 from the gating loop [11]. Upon c-di-GMP binding, Arg580 rotates by
approximatively 180° and is involved in a new interaction with the dinucleotide, which frees
the gating loop and creates a large 22.5 x 12.4 A opening to the active site, wide enough to
allow for entry of the substrate UDP-glucose. Further increase in c-di-GMP concentrations do
not increase the affinity of BcsA for UDP-glucose in vitro [48] consistent with c-di-GMP-based

control of active site entry as evidenced by the crystal structures.

Nevertheless, control of active site accessibility is not the only function of the BcsA’s gating
loop. Some of the resolved c-di-GMP-bound crystal structures contain either a homolog of the
substrate UDP-glucose, or the product UDP. In fact, in both latter states, the gating loop inserts
deeply into the catalytic pocket, where many of the loop’s residues and especially the conserved
FxVTxK motif coordinate the uracil base and the pyrophosphate of the UDP moiety [11]
(Figure 13). Moreover, a crystallographic snapshot of a c-di-GMP-bound state in the pre-
translocation conformation features a largely disordered gating loop with an overall trajectory
reminding that of the UDP-bound but c-di-GMP-free resting state [10], [12]. Therefore, it is
conceivable that both the release of c-di-GMP or of the product UDP can initiate gating loop
relaxation. Furthermore, different studies have reported markedly different binding affinities

between BcsA and c¢-di-GMP, more consistently in the micromolar range, which in a
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physiological context would suggest a more dynamic sampling rather than strong complexation
[48], [88], [89]. One may thus think that the c-di-GMP binding to the PilZ domain is highly
dynamic, and that release of c-di-GMP in-between catalytic cycles can be even required to
allow for efficient gating loop relaxation, product release and polysaccharide translocation,
before c-di-GMP re-complexation causing the initiation of a new cycle. Substrate entry and
insertion of the gating loop would allow the initiation of the catalysis, and upon the glycosyl
transfer the gating loop would relax, retracting from the catalytic pocket to allow for the
recycling of UDP to UDP-glucose in a mechanism depending simultaneously on the local
concentrations of c-di-GMP, UDP-glucose, and UDP (Figure 13). As we show in this work,
such dynamic process of activating dinucleotide recycling is likely greatly facilitated in the E.
coli-like Bcs system by the formation of a synthase-proximal c-di-GMP pool by multi-site
complexation to the regulator BcsERQ vestibule surrounding the PilZ module of the synthase

(see Results section).

c-di-GMP, pre-translocation
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Figure 13. Zoom-in of the active site of synthase BcsA
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The different catalytic states are captured in the crystal structures of the R. sphaeroides BcsAB tandem from
crystals grown or soaked with different ligands. Protein data bank accession numbers are indicated in each panel;
presence of substrate homologs, products, c-di-GMP, translocation state of the polymer and gating loop
conformation are indicated for each state [10]-[12]. Green arrows indicate putative conformation transition
pathways integrating all captured conformational states. Alternative pathways would depend on local variations
of c-di-GMP, product and substrate molecules, as well as finger helix-mediated or spontaneous translocation. The
cellulosic polymer, substrate homolog, UDP product, c-di-GMP and key residues from the gating loop, c-di-GMP
coordinating PilZ-proximal linker, finger helix and conserved QRGRW motif are shown as sticks.

2.6.4 Cellulose synthase core within kingdoms

Plants are more famous for the processive synthesis of cellulose as a primary building material
of their cell walls, thus making cellulose the most abundant biopolymer on the planet Earth.
However, the identification of plant cellulose synthases relied on gene homology to their
bacterial bcs4 homologs. Later, it became evident that the genes for cellulose synthesis in plants
have likely evolved from cyanobacteria via lateral gene transfers during multiple ancient
endosymbiotic events [26], [27]. Plants build cellulose through CesA variants, which belong to
the glycosyl transferase 2 family like their bacterial counterparts BesA [26]. Globally, both
cellulose synthases catalyze the glucose transfer from the UDP-glucose to the C4 hydroxyl of
the nascent cellulose polymer through a process coupling the polymerization of the cellulose
polymer and its extrusion through the plasma membrane (Figure 3A). Nevertheless, in plants
the synthase complexes enrolled in polysaccharide secretion have been typically shown to form
hexameric macroassemblies called ‘rosettes’ or CSCs (cellulose synthase complexes). Recent
studies revealed that the rosettes likely accommodate six CesA trimers, or 18 CesA protomers,
that play a major role in securing the packing of the secreted glucan chains into fundamental
microfibrils composed of 18 glucan chains in a mechanism similar to the crystalline cellulose
ribbon secretion in G. xylinus [90] (Figure 5A). A recent study using in situ cryo-electron
tomography, revealed another similarity between cellulose synthesis in crystalline cellulose-
secreting bacteria and plants by identifying a novel cytoplasmic structure in G. xylinus and G.
hansenii dubbed “the cortical belt”, which spatially correlates with the extracellular cellulose
ribbon and is proposed to tether the synthase terminal complexes in a manner similar to cortical

microtubule tethering of plant CSCs [37] (Figure 5B-C).
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Figure 14. The similarity between cellulose synthesis in plants and bacteria

A. Proposed structure of a CesA rosette complexes based on [90], where multiple CesA protomers will secure
crystalline microfibril bundling upon exit of the nascent cellulose strains from the cell reproduced under the CC
BY 4.0 license (https:/creativecommons.org/licenses/by/4.0/legalcode) B. Cryo-electron tomography
visualization of the cellulose ribbon and the underlying cortical belt proposed to organize the linear assembly of
Bcs terminal complexes for crystalline cellulose secretion in the Komagataeibacter lineage. Data from [37] CB,
cortical belt; IM, inner membrane; PG, peptidoglycan; OM, outer membrane; CR, crystalline cellulose ribbon. C.
Schematic representation of the G. xylinus / G. hansenii type I cellulose secretion system.

2.7 Applications of bacterial cellulose

Since its discovery, bacterial cellulose is increasingly stealing the spotlight from plant cellulose,
especially the crystalline product secreted by bacteria from the Komagataeibacter lineage.
Although both plant and bacterial celluloses share similarities in their overall structure, the
bacterial nanocellulose is much purer due to the lack of co-produced hemicelluloses and lignin.
Purity is only one of the many outstanding properties of bacterial cellulose, such as its excellent
water retention capacity, high crystallinity, transparency, biodegradability and low antigenicity.
Moreover, nanocellulose exhibits tremendous thermal and chemical stability allowing efficient
non-denaturing sterilization, as well as valuable mechanical properties, such as tensile strength
and elasticity. The almost endless list of desirable properties from a materials science
perspective, makes bacterial cellulose an iconic biopolymer in the center of many applications
in diverse fields such as the food, cosmetics and medical industry (See table 2 for examples of
applications). To date, the major limiting factor for use of bacterial cellulose at the industrial
scale, is perceptibly its cost. To tackle this economic problem, we need to decode and optimize
the molecular mechanisms governing cellulose biogenesis by the Bcs nanomachineries in

nature.

48



Table 2. Examples of bacterial cellulose applications

Field
Food

Application
Food thickening [91]

Emulsification [92]
Water-binding [92]
Immobilization of probiotics [93]

Active food packaging [94]

Paper

Higher quality papers [95]

Flame retardation material [96]

Electronics

Flexible displays [97]
Electronic paper displays [98]
Organic light emitting diodes [99]

Cosmetics

Texturing agent [100]
Emulsion stabilizer [101]

Carrier of skin active substances [101]

Medicine

Suture biomaterials [102]
Wound dressing [103], [104]
Drug delivery [105]

Tissue engineering [106]
Artificial cornea [107]

Retinal pigment epithelium [108]
Blood vessels [109]
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3 Objectives of the thesis
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This PhD aims to provide mechanistic insights into the cellulose secretion machinery involved
in bacterial biofilm formation. We know now that bacterial cellulose can be produced by three
major types of secretion systems sharing as a common feature the catalytic core BcsAB [8].
This conserved assembly formed by the accessory BcsB co-polymerase and the glycosyl
transferase, c-di-GMP-sensing PilZ and inner membrane export module of BcsA has been
studied in great details [2-4]. Added to the catalytic subunits BcsAB, additional Bcs
components as well as the chemical properties of the secreted exopolysaccharide delineate the
separate types of cellulose secretion [8], [13]. Several works spot the light on some of these
additional subunits, such as the structural characterization of the OM membrane porin domain
of BesC and its role in the delivery of the polysaccharide to the extracellular compartment [34];
the structural characterization of the BcsG subunit and its role in the modification of the
polysaccharide by the addition of pEtN groups [30], [58]; or the ever-increasing evidence of
the crucial roles of c-di-GMP in the regulation of cellulose secretion and biofilm formation
[22], [54], [77]. What is missing in the big picture, are the structures and functions of the
multiple additional Bes subunits, some of which are indispensable for cellulose secretion, as

well as the mechanism of assembly and signaling within the system in its integrity.

The E. coli-like cellulose secretion system is encoded by at least two operons, one of which
encodes a second c-di-GMP sensing protein, BesE, which is important for maximal cellulose
secretion, yet little more was known about this regulator subunit [8]. In addition, this operon
encodes two more proteins whose disruption drastically affects cellulose production [9] the
BesG subunit, whose role as a pEtN transferases was only recently uncovered, as well as a short
transmembrane peptide of unknown mechanism of function, BesF. On the other side, the second
operon starts with genes encoding the essential for cellulose secretion BesR and BesQ, followed

by those for the core components BcsABZC.

A study by Krasteva and colleagues has demonstrated recently that in E. coli most of the inner
membrane and cytosolic Bes subunits assemble to form a stable, megadalton-sized secretory
nanomachine with unique asymmetric architecture (BcsRQABEF or Bes macrocomplex here-
in) [9]. Additionally, the latter study unveiled the functions of many of the accessory subunits,
and in particular the in vivo contributions of each Bcs component to cellulose secretion, as well
as protein partners that partake in binary protein-protein interactions [9]. Yet, the structural
reconstruction of the Bes macrocomplex, based on low resolution electron microscopy data on

a sample embedded in negative-stain, did not allow for further mechanistic insights. In this
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context, the goal of the thesis was to study the structure of key components and multiprotein
subcomplexes of the E. coli Bes secretion system in higher resolution. To this aim, we resorted
to cryo-EM to study the structure of the assembled Bcs macrocomplex, studies performed
primarily by my colleague Samira Zouhir. Personally, I focused on studies started by a short-
term intern in the group, Meryem Caleechurn, aimed at deciphering the structure and function
of the BcsRQ and BesERQ regulatory complexes by X-ray crystallography. My work involved
significant protein engineering efforts, screening and optimization of expression construct,
purification protocols and crystallization conditions, and, following successful crystallization
and structure solving, the design and execution of multidisciplinary functional studies in
validating structure-derived hypotheses on the subunits’ function. On the other hand, I also
provided key evidence on the self-polymerization mechanisms driving Bcs macrocomplex
assembly in the inner membrane by solving the cryo-EM structure of isolated BcsB multimers,
consistent with the assymetric Bcs macrocomplex assembly and non-canonical BesA:BesB

stoichiometry.
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4 Results
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4.1 Article 1

4.1.1 Introduction to article 1

In many gram-negative bacteria, biofilm formation goes in hand with cellulose secretion. As
discussed above, the latter usually requires the co-expression of a c-di-GMP-activatable inner
membrane BesAB tandem, an outer membrane porin BesC and multiple accessory subunits
which allow for the classification of Bces systems [8], [47]. The Type II E. coli-like cellulose
secretion system is distinguished by two separate operons, namely besEFG and besROABZC,
where bcsEFG operon is the hallmark of this type of secretion system [8]. Previous studies
demonstrated that BcsR and BcesQ are essential for cellulose secretion, while BesE is required
for maximal cellulose production and has been shown to also bind cyclic-di-GMP [14].
Interestingly, the latter cytosolic subunits, together with the additional partner BesF were
suggested to interact in different combinations as evidenced by cell-based bacterial two-hybrid
complementation assays [9]. The aim of the study described in the article 1 was to further
explore the interactions between the different cytosolic subunits, identify stable protein-protein
interactions, design stable protein expression constructs, overexpress and purify the target
proteins and multisubunit assemblies and study the structural and functional determinants of

these subunits both in vitro and in cellulo.

To this end, we performed multiple recombinant (co-)expression/(co-)purification experiments
on the BesR, BesQ and BesE components, alone and in different combitions. We established
point mutants and truncated variants that were instrumental for the stabilization of the protein
complexes or subunits and their subsequent crystallization and structure determination. We
reported the structure of the c-di-GMP-binding module of BesE and showed that the previously
postulated GIL domain is in fact a tandem of degenerate receiver (REC*) and diguanylate
cyclase (GDDEF*) domains that are incompetent for phosphotransfer or c-di-GMP biogenesis,
respectively. We further showed that BesE senses both BesQ and c-di-GMP through non-
overlapping interfaces on the degenerate GGDEF* module and that the remaining N-terminal
domain is likely a degenerated P-loop ATPase module, which is responsible for membrane
targeting of the BcsERQ regulatory complex via interactions with inner-membrane BcsF.
Furthermore, the expression and purification of BcsE and this N-terminal module, led to the
identification of a new high-affinity binding partner, which was identified with the help of
mass-spectrometry analysis on as the S10 or NusE protein, a key component of the conserved

cellular transcription antitermination complex (TAC) [110]. We validated the latter discovery
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by in cellulo two-hybrid functional complementation assays and protein co-purification
experiments and revealed that B¢sE competes with a second TAC component, NusB, for S10
complexation. Although the exact role of these interactions with the TAC machinery remain to
be further investigated, the in silico detection of putative intrinsic terminators in the bcsR and
besQ loci leading the second Bes operon, led us to speculate that BesE might not only contribute
to c-di-GMP complexation and recruitment of the essential BcsRQ complex to the inner
membrane but also be potentially targeted to the site of BcsRQ expression via the TAC

machinery for efficient co-translational BcsERQ complex assembly.
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ABSTRACT Most bacteria respond to surfaces by biogenesis of intracellular c-di-
GMP, which inhibits motility and induces secretion of biofilm-promoting adherence
factors. Bacterial cellulose is a widespread biofilm component whose secretion in
Gram-negative species requires an inner membrane, c-di-GMP-dependent synthase
tandem (BcsAB), an outer membrane porin (BcsC), and various accessory subunits
that regulate synthase assembly and function as well as the exopolysaccharide’s
chemical composition and mechanical properties. We recently showed that in Esche-
richia coli, most Bcs proteins form a megadalton-sized secretory nanomachine, but
the role and structure of individual regulatory components remained enigmatic.
Here, we demonstrate that essential-for-secretion BcsR and BcsQ regulate each oth-
er's folding and stability and are recruited to the inner membrane via c-di-GMP-
sensing BcsE and its intraoperon partner BcsF. Crystallographic and solution-based
data show that BcsE's predicted GIL domain is a degenerate receiver-GGDEF domain
tandem (BcsEREC*GGDEF*) where the divergent diguanylate cyclase module binds
both dimeric c-di-GMP and BcsQ through mutually independent interfaces. In addi-
tion, we reveal that a third N-terminal domain (BcsEN™) determines the protein’s
homooligomerization and targeting of BcsERQ to the membrane as well as previ-
ously unreported interactions with transcription antitermination complex compo-
nents. Together, the data suggest that BcsE acts on multiple levels to fine-tune bac-
terial cellulose secretion, from the early stages of secretion system assembly to the
maintenance of a membrane-proximal pool of dimeric c-di-GMP for processive syn-
thase activation.

IMPORTANCE Bacterial cellulose is a widespread biofilm component that can modu-
late microbial fitness and virulence both in the environment and infected hosts.
Whereas its secretion generally involves an inner membrane c-di-GMP-dependent
synthase tandem (BcsAB) across the bacterial domain of life, enterobacteria feature
sophisticated Escherichia coli-like Bcs secretion systems, where multiple additional
subunits are either required for secretion or contribute to the maximal production of
the polysaccharide in vivo. Here, we demonstrate that essential-for-secretion BcsR
and BcsQ regulate each other’s folding and stability and are recruited to the inner
membrane via c-di-GMP-sensing BcsE and its intraoperon partner, BcsF. Crystallo-
graphic and functional data reveal that BcsE features unexpected domain architec-
ture and likely acts on multiple levels to fine-tune bacterial cellulose production,
from the early stages of secretion system assembly to the maintenence of a
membrane-proximal pool of dimeric c-di-GMP for processive synthase activation.

KEYWORDS biofilm formation, c-di-GMP signaling, cellulose secretion, structural
biology
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Bacterial biofilm formation is a ubiquitous adaptational strategy that provides fitness
and resistance advantages to both free-living and clinically important species (1). In
most motile bacteria, the switch from planktonic to biofilm life styles is orchestrated by
an intracellular second messenger, c-di-GMP, that acts at the transcriptional, transla-
tional and posttranslational levels to inhibit flagellar motility and induce the secretion
of extracellular matrix components (2, 3). Bacterial cellulose is a widespread biofilm
exopolysaccharide that typically requires an inner membrane, c-di-GMP-dependent
synthase tandem for glucose polymerization and inner membrane transport (BcsAB),
and in Gram-negative species, an outer membrane porin with peptidoglycan-binding
scaffolding motifs (BcsC) (4). Depending on the type of core and accessory subunits,
four major types of cellulose secretion systems are generally recognized among bac-
teria (5). Many Betaproteobacteria and Gammaproteobacteria feature sophisticated
Escherichia coli-like systems for cellulose biogenesis, where multiple additional subunits
are either essential for secretion or contribute to the maximal production of the
polysaccharide in vivo (5, 6).

In particular, the E. coli bcsEFG and bcsRQABZC operons encode a total of nine
subunits that span from the cytosol to the surface of the cell (5, 6) (Fig. 1). The
processive glucose polymerization reaction is carried out by a glycosyl transferase
domain on BcsA (BcsAST), whose active site is made accessible by the recurrent binding
of dimeric intercalated c-di-GMP to an adjacent PilZ B-barrel domain on the protein
(BcsAP12) and the displacement of a so-called gating loop capping the substrate-
binding pocket (7, 8). Transport is coupled to polymerization, and the nascent poly-
saccharide chain is extruded, one molecule at a time, through the inner membrane
transport domain of BcsA completed by the C-terminal tail-anchor of the cocatalytic
subunit BcsB (BcsB™) (4, 7). We showed earlier that in E. coli, most of the inner
membrane and cytosolic Bcs components interact stably to form a megadalton-sized
Bcs macrocomplex with a seashell-like, layered, and asymmetric architecture (Fig. 1) (6).
In it, multiple copies of BcsB arrange in a fan-like assembly, or “crown,” in the periplasm,
which is proposed to lead the outcoming cellulose toward the outer membrane
secretory component BcsC (6). En route, the synthesized cellulose can undergo enzy-
matic modifications through the addition of phosphoethanolamine residues by BcsG or
limited hydrolysis by BcsZ (4, 5, 9).

Interestingly, E. coli-like cellulose secretion in vivo is absolutely dependent on the
expression of two small cytosolic proteins, BcsR and BesQ (6), whose genes precede
those for the membrane-embedded secretory components in their respective bcs
operon. We showed earlier that deletion of the BcsB periplasmic modules (BcsBPer) did
not abolish Bcs macrocomplex assembly (6), indicating that membrane targeting of the
cytosolic components likely precedes the multimerization of BcsB protomers in the
crown. BesR is a short 7-kDa polypeptide with unknown structure and function,
whereas BcsQ is predicted to belong to the ancient SIMIBI (signal recognition particle,
MinD and BioD) superfamily of NTPases (10, 11). Members of the latter are key to a large
variety of cellular processes, including bacterial flagellar secretion (FIhG and FIhF) and
membrane protein sorting in both prokaryotes and higher organisms (SRP54-SR and
Get3) (10, 11). This, together with our earlier observations that BcsQ affects detection
of the downstream BcsA synthase in the membrane (6), suggests that BcsQ might play
a role in the early stages of cellulose secretion system assembly. A third cytosolic
protein, BcsE, has been shown to significantly boost cellulose secretion in vivo and to
present a second c-di-GMP binding module in addition to the BcsAP'? domain (6, 12).
Previous work has defined BcsE as a GGDEF-I-site-like (GIL) domain-containing protein
due to c-di-GMP recognition by a conserved RXXD sequence, which, when found on
diguanylate cyclases, can serve as a product-sensing regulatory motif called “I-site” (12).
Finally, the Bcs secretion system is completed by a short membrane-embedded poly-
peptide, BcsF, that is also necessary for maximal cellulose production in vivo through an
as-yet-unknown mechanism (6).

We showed earlier that both BcsF and the cytosolic BcsERQ components assemble
stably with the inner membrane BcsAB biosynthetic platform to form the seashell-like
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Structure and Function of the Cellulose Regulator BcsE

post-synthetic

modifications <

cytosolic modules

Bcs macrocomplex
3 c-di-GMP

M c-di-GMP sensor (BcsA™'Z; BesE) [ IM transporter (BcsA™P)

glycosyl transferase (BcsA®T) [ periplasmic hydrolase (BcsZ)

B co-catalytic TA/ CBD (BcsB) [J OM porin (BcsCC™P)

W SIMIBI/ deviant Walker A (BcsQ) B TPR-rich periplasmic scaffold (BcsCNTP)
[l unknown function (BcsR, BesF) [ pEtN transferase (BesG)

FIG 1 E. coli-like cellulose secretion systems. (Left) Thumbnail representation and proposed topology of
the nine Bcs proteins. (Right) Electron microscopy-based three-dimensional reconstruction of the Bcs
macrocomplex, encompassing most of the inner membrane and cytosolic subunits. Known and pro-
posed roles for the different subunits and/or protein domains are color coded and annotated at the
bottom. GT, glycosy! transferase domain; TA, tail-anchor; CBD, carbohydrate-binding domains; SIMIBI,
signal recognition particle, MinD and BioD superfamily; TMD, transmembrane domain(s); IM, inner
membrane; OM, outer membrane; NTD, N-terminal domain; CTD, C-terminal domain; TPR, tetratricopep-
tide repeats; pEtN, phosphoethanolamine.

Bcs macrocomplex visualized by single-particle electron microscopy (Fig. 1) (6). The low
resolution of these structural data, however, precluded us from gaining specific insights
into individual regulatory components or the interdependence of Bcs subunit interac-
tions. Here, we determine that essential-for-secretion BcsR and BcsQ determine each
other’s folding and stability and that their membrane targeting is facilitated by high-
affinity interactions with the c-di-GMP sensor BcsE. To unravel the latter’s structure and
function, we solved the crystal structure of a stable, N-terminally truncated BcsE variant
(BcsE217-523) and reveal that the previously postulated GIL domain is in fact a degen-
erate receiver-GGDEF domain tandem (REC*-GGDEF*). We further show that the cata-
lytically incompetent diguanylate cyclase module senses through separate interfaces
both BcsQ and ¢c-di-GMP and that the dinucleotide likely adopts a dimeric conformation
in solution, such as the one necessary for processive BcsA gating loop displacement
and glucose polymerization (8). We also present evidence that although BcsQ is
recruited by the C-terminal BcsESSPEF* domain, efficient BcsERQ membrane targeting
requires the remaining N-terminal module (BcsENT) and that membrane partitioning is
largely triggered by inner membrane BcsF. Finally, we determine that BcsE further uses
its N-terminal domain to both homooligomerize and interact with transcription anti-
termination complex (TAC) components and discuss a putative physiological role for
these unexpected interactions. Together, the data presented here suggest that Bcsk
and BcsF proteins might have evolved in E. coli-like cellulose secretion systems to boost
exopolysaccharide production through actions at multiple levels: from high-affinity
sequestration and membrane targeting of essential-for-secretion components to the
maintenance of a membrane-proximal pool of dimeric ¢-di-GMP for processive syn-
thase activation.

RESULTS AND DISCUSSION
BcsR and BesQ interdependence and heterocomplex formation. In cellulose-
producing enterobacteria, bcs genes are typically arranged in two separate operons,
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FIG 2 BcsR and BcsQ interdependence and complex formation. (A) IMAC elution fractions upon expression of BcsHR (pProExHTB-BcsH:R), BcsHisQ
(pProExHTB-BcsH5Q), Bcsi*RQ (pProExHTB-BcsHisRQ), BcsQHis (pET21b-BcsQH), and BcsRQMs (pET21b-BcsRQHE). (B) Size exclusion chromatography (SEC) profiles
of the purified proteins from panel A (2 to 5) using a Superdex 200 Increase 10/30 GL column. (C) SEC-coupled multiangle light scattering (SEC-MALS) of purified
tag-free BcsRQ complex. Normalized experimental traces for the light scattering (LS), differential refractive index (dRI), UV absorbance at 280 nm (A,,) and
calculated molecular weight (M,,) are annotated at the top, theoretical molecular weights for the BcsRQ complex at 1:1 and 2:2 stoichiometries are shown as
dashed lines. (D) Electron micrographs in negative stain of the purified Bcs"=Q (top) and BcsH*RQ complex (bottom). (E) Purification of folded noncomplexed
BcsR upon coexpression with the BcsQe39A041AHis mutant following IMAC and SEC. The BcsR peak is colored in pink. A dashed line shows the SEC profile of
the mutant BcsRQE39AP41AHIs complex upon reinjection. (F) SDS-PAGE analysis of fractions corresponding to the two peaks in panel E. (G) SEC-MALS of the

purified BcsR protein with experimental and theoretical traces as described above.

with hallmark bcsRQ and besk genes featuring promoter-proximal positions in each (5,
6). Different efforts to purify BcsR and BcsQ constructs on their own were not successful,
with the proteins failing to express stably (BcsH*R) or aggregating upon purification
(BcsM*Q and BcsQ) (Fig. 2; see also Table S1 in the supplemental material). Coex-
pression of the two subunits, however, led to the stable expression and purification of
a homogeneous heterotetrameric BcsRQ complex with apparent 2:2 stoichiometry in
solution, where BcsR-dependent BcsQ stabilization appeared independent of the pres-
ence or position of epitope tags on the subunits (BcsH*RQ, BcsRQMs, and BcsRQ)
(Fig. 2A to D). Interestingly, while individual expression of BcsR did not yield detectable
levels of purified protein, we identified empirically BcsQ variants that, when coexpressed
under the same promoter with BcsR (BcsRQE39AP41AHIs gnd BcsRQE39AP41AL43D-Hs) yiielded
an excess of purified BcsR protein, which remained relatively stable in monomeric form
in solution (Fig. 2E to G). These data indicate that the two proteins likely exhibit
chaperone-like functions toward each other, where BcsR stabilizes BcsQ to form mono-
disperse heterotetramers in solution, while BcsQ itself might play a role in the folding
and subsequent stability of BcsR.

Although bacterial operons have now been described for more than half a century
(13), only recently have mechanistic insights into the role of operon organization begun
to emerge. In particular, not only are proteins that function together through the
assembly of heteromeric complexes likely to be encoded by genes in the same or
adjacent operons, but operon gene order has also been reported as generally opti-
mized for the order of protein complex assembly itself (14). This appears to be
especially true for low-copy systems, as are typically the energetically costly secretion
systems, where expression-coupled protein-protein interactions would minimize the
stochasticity of heterocomplex formation (14). Nevertheless, protein folding in the
context of multiprotein assemblies, as well as intraoperon partners remains enigmatic.
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Structure and Function of the Cellulose Regulator BcsE

Studies on native and engineered proteins have shown that charged or intrinsically
disordered N-terminal domains and protein tails can act as so-called “entropic bristles”
with protein folding helper effects that stabilize fused downstream modules by mini-
mizing their intrinsic aggregation propensity (15-17). We propose here that BcsRQ
complex formation represents a paradigm of similar folding helper effects at the
intraoperon level where upstream expression of an initially disordered BcsR minimizes
the aggregation of its intraoperon partner BcsQ. The sequential expression of the two
proteins could therefore not only limit the stochasticity of complex assembly within a
low-copy cellulose secretion system but also couple the inhibition of intermolecular
BcsQ aggregation with the intramolecular folding of BcsR to secure a stable stoichio-
metric assembly. Moreover, maintenance of separate polypeptides versus the evolution
of genetically fused modules could present further advantages of operon organization,
such as additional regulatory inputs or possible stoichiometry and symmetry variations
upon secretion system assembly and function. In support for this model, recent work
from our group has revealed that even in the context of the stable BcsR,Q, hetero-
complex, BcsR features a highly flexible and partly disordered N-terminal region that
can partake in nonsymmetric protein-protein interactions, whereas the C-terminal
domain adopts an a-helical fold at the interface of two BcsQ protomers (W. Abidi, S.
Zouhir, M. Caleechurn, S. Roche, and P. V. Krasteva, unpublished).

BcsERQ complex formation and membrane targeting. We previously showed
that although predicted as hydrophilic cytosolic proteins, BcsRQ associate stably with
pelleted membranes in cell fractionation experiments and subsequently copurify with
the detergent-extracted Bcs macrocomplex (6). Based on sequence conservation and
putative fold recognition, BcsQ belongs to the ancient family of SIMIBI NTPases, many
of which are involved in membrane-mediated processes such as division septum
inhibition (MinD), flagellar assembly (FIhG and FIhF), protein secretion, and membrane
protein sorting (Srp54-SR and Get3), among others (10, 11). While some of these
proteins are targeted to the membrane via specific protein-protein interactions, others,
such as MinD and FIhG homologs, have intrinsic membrane-targeting sequences (MTS)
that are proposed to adopt an amphipathic a-helical fold upon contact with membrane
lipids (Fig. 3A) (18-20). Comparative sequence analysis shows that a conserved basic
residue midway in the MTSs of MinD and FIhG homologs is replaced by a proline in the
corresponding 10-residue-long C-terminal tail of BcsQ (BcsQ<'©) (Fig. 3A). Although
proline is generally a potent breaker of both a-helical and pB-strand secondary struc-
tures in aqueous environments, it is often found in putative transmembrane protein
helices and has been shown to protect a-helical conformations in hydrophobic milieus
(21). To determine the potential role of BcsQ<'? in membrane targeting, we performed
cell-based phenotypic and in vitro lipid-binding assays. Interestingly, deletion of the
BcsQC'° region had no significant effect on cellulose secretion in a functional comple-
mentation assay in vivo (Fig. 3A), and purified BcsRQ failed to partition with the
lipid-enriched fractions in liposome flotation experiments in vitro (Fig. 3B). As these data
favor protein-based membrane targeting of the essential-for-secretion BcsRQ complex,
we proceeded to determine the nature and sequence of downstream BcsRQ interac-
tions. We started by probing putative interactions with the third cytosolic component,
BcsE, and after testing different strategies for BcsERQ recombinant coexpression (see
Materials and Methods), we were able to purify a stable BcsERQ heterocomplex with
equimolar 2:2:2 stoichiometry in solution (Fig. 3C to E).

BcsE occupies a leader position in its respective bcsEFG operon, which is consistent
with a role in the early stages of Bcs macrocomplex assembly (14). Residues 164 to 474
of the protein were previously defined as a conserved GGDEF |-site-like (GIL) domain
based on the identification of a c-di-GMP binding RXXD motif, similar to the I-site
regulatory sequence often found on diguanylate cyclases (12) (Fig. 3F). Interestingly,
fold recognition programs predict that the N-terminal BcsE region, which features
significantly lower overall sequence conservation (see Fig. S1A), adopts a RecA-like
ATPase fold whose boundaries significantly overlap those of the postulated C-terminal
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GIL domain of the protein (Fig. 3F) (22, 23). To identify stable BcsE modules and
examine their role in secretion system assembly, we used both sequence conservation
criteria and predicted three-dimensional fold models to create a series of N- and
C-terminally truncated BcsE variants for recombinant coexpression. From these, we
identified a construct, BcsE2'7 523, that copurifies with BcsRQ similarly as full-length
BcsE (Fig. 3G). When individually expressed, the truncated variant featured higher
purity, stability, and protein yields than BcsEFt, which allowed us to obtain a thermo-
dynamic profile of the BcsRQ — BcsE interaction and reveal a dissociation constant in
the low nanomolar range (K, = 16 nM) (Fig. 3H). Considering that the binding affinity
is likely even higher in the crowded high-viscosity environment of the bacterial cytosol
and that the typical volume of an E. coli cell is in the low femtoliter range (24), these
data indicate that as soon as the first copies of folded BcsRQ heterocomplex are formed,
they will be bound and sequestered by their BcsE partners in vivo.

Interestingly, biochemical and electron microscopy data show that Bcs complexes
purified via a C-terminal FLAG tag on BcsA fail to efficiently incorporate cytosolic Bcs
components upon deletion of either the N-terminal BcsE' 27 or the C-terminal
BcsE?'7 523 regions (Fig. 31 and J). While the latter can be explained by disrupted
BcsERQ complex formation through deletion of the BcsRQ binding module, the effects
of BcsE' 217 deletion indicate that this N-terminal domain remains virtually indispens-
able for BcsERQ membrane targeting and its stable incorporation into the native Bcs
macrocomplex.

We previously showed that deletion of BcsE intraoperon partners BcsF and BcsG
have similar effects of incomplete macrocomplex assembly as the deletion of Bcse' 217
shown here (Fig. 3J) (6). Though both BcsF and BcsG are inner membrane proteins, BcsG
is involved in covalent modifications of the secreted cellulose in the periplasm and does
not purify stably with the assembled Bcs macrocomplex (6, 9). We therefore hypothe-
sized that of the two, BcsF is more likely to act at the early stages of Bcs macrocomplex
assembly as a membrane triggering factor. To test this, we examined BcsE membrane
partitioning in the presence or absence of BcsF (BcsHisEFL versus BcsHisEFLF expression).
Indeed, BcsEF coexpression led to enrichment of BcsE in the pelleted total membrane
fraction (Fig. 3K), and the protein partitioned with membrane-derived proteoliposomes
upon flotation, effectively ruling out potential aggregation in the coexpression context
(Fig. 3L). These data provide further support for coordinated subunit expression and
protein complex assembly, where BcsRQ-bound BcsE is subsequently recruited to the
inner membrane by its immediate downstream operon neighbor, BcsF.

Interestingly, in Pseudomonas putida, the BcsF gene is preceded by two putative
open reading frames (PP_2629 and PP_2630), each of which shares conservation with

FIG 3 Legend (Continued)

cellulose secretion in wild-type (positive control) and mutant (AbcsQ) E. coli 1094 upon complementation with wild-type
or C10-truncated BcsQ. Transformation with an empty pAM238 vector in the AbcsQ background was used as a negative
control. (B) Liposome flotation assay of potential BcsRQ-lipid interactions. (Top) Relative fluorescence of sucrose gradient
fractions after NBD-PE-labeled liposome flotation in the presence of Min"sD (positive control) or BcsRQ. (Bottom)
Representative SDS-PAGE analysis of protein distribution along the gradient fractions. Migrated proteins were stained with
Coomassie. (C) SDS-PAGE analysis of the IMAC elution fraction upon coexpression of a BcsHsR, BcsQ, and BcsEF- complex
(pProExHTB-Bcs"*RQ plus pRSFDuet1*-BcsEFL coexpression strategy). (D) Calculated protein ratio in the purified tag-free
BcsERQF complex based on densitometric analysis of the SDS-PAGE migrated bands. (E) SEC-MALS of the purified BcsERQ™
complex. Experimental and theoretical traces (as described above) are shown for both protein and detergent micelle
(Cymal-6™) peaks. (F) Conserved domain detection using sequence alignment and fold prediction tools. (G) SDS-PAGE
analysis of the IMAC elution fraction of upon coexpression of a BcsH“R, BcsQ, and BesE2'7~523 complex (pProExHTB-Bes'isRQ
plus pRSFDuet1*-BcsE217-523 coexpression strategy). (H) Isothermal titration calorimetry (ITC) profile of the BcsE217-523 —
BcsRQ interaction. (I) Western blot analysis of the BcsHAQ integration into anti-FLAG tag-purified Bcs macrocomplex
(BcsHisRHAQAHAFLAGB.STREPEEG coexpression) in the context of BcsEFL, BecsE'~2'7, and BesE2'7-523, (J) Representative views
(class averages) of Bcs macrocomplex carrying BcsE2'7-523 (top) versus BcsEFt (bottom, control). (K) BcsEFt membrane
targeting in the context of BcsF coexpression (pProExHTB-BcsHEFL versus pProExHTB-BcsHIsEFLF expression strategies).
(Left) SDS-PAGE analysis of the total membrane fractions; (right) Western blot detection of BcsHisEFt in the corresponding
fractions. (L) Liposome flotation experiments using NBD-PE-labeled total membrane proteoliposomes from cells coexpress-
ing BcsHisEFL and BesF (pProExHTB-BcsHisEFLF coexpression). (Top) Relative fluorescence of the gradient fractions indicating
proteoliposome distribution; (bottom) SDS-PAGE analysis of Bcs"sEFt distribution across the corresponding gradient
fractions. (M) Results summary showing proposed membrane targeting and macrocomplex integration of the essential for
secretion subunits BscR and BcsQ via cytosolic BcsE and membrane-embedded BesF.
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the BcsE'~217 or Bes?'7 523 fragments empirically characterized here (see Fig. S2A and
B). This, together with the significant difference in sequence conservation between the
two BcsE fragments, points toward the evolution of multidomain enterobacterial BcsE
from the genetic fusion of smaller protein subunits to secure not only c-di-GMP
recognition as known for the so-called I-site RXXD motif but also efficient BcsRQ
complexation and subsequent delivery to the inner membrane biosynthetic platform
via high-affinity BcsE-BesF interactions (Fig. 3M).

Crystal structure of BcsE2'7 523, To gain further insights into BcsE structure and
function, we pursued crystallization of the stable C-terminal BcsE2'7 523 construct,
which encompasses most of the postulated GIL domain module. Purified untagged
BcsE217 523 crystallized in the presence of ¢-di-GMP, and its structure was determined
to 2.2A using single-wavelength anomalous dispersion (SAD) phasing on crystals
grown from selenomethionine-derivatized protein (Table S2). The protein packed in the
P4,2,2 space group with two BcsE2'7~523 molecules per asymmetric unit adopting
virtually identical conformations with root mean square deviation (RMSD) of 0.835 A
over all atoms. A single c-di-GMP is found splayed in a symmetrical conformation
between the two protomers, and nucleotide recognition involves four residues of each
subunit, namely, R*'5 and D#'8 from the conserved | site-like motif as well as the side
chain of H%5 and the peptide carbonyl of $S%32 (Fig. 4 and 5). Unexpectedly, the
construct adopts a dual-domain fold with an apparent N-proximal module connecting
via an interstitial helix (ag) to a C-terminal domain, in which the last ~40 residues
(C-terminal tail) remain unresolved in the structure (Fig. 4A and B).

A search for three-dimensional (3D) structural homologs using the fold recognition
server DALI (25) revealed that the N-proximal domain adopts a receiver (REC) domain-
like (Ba)s fold (26), where the central five-stranded parallel B-sheet is flanked by 4
a-helices, while the canonical «, is mostly unfolded in an extended conformation by a
stretch of proline and other small uncharged amino acids (Fig. 4C). Canonical REC
domains are typically found in tandem with DNA-binding modules in response regu-
lator proteins, which use phosphoryl transfer from upstream kinases as input signals for
transcription regulation (26). Structural and sequence alignments of BcsEREC* with
phosphorylation-competent receiver domains, however, show significant deviation
from the amino acid consensus of key functional motifs, indicating that the module is
unlikely to function in phosphotransfer-dependent signal transduction (Fig. 4D).

Similar DALI search using the resolved C-proximal domain as an input revealed the
closest structural homolog as the cytosolic C-terminal domain of Pseudomonas aerugi-
nosa PelD. Interestingly, the latter is itself a c-di-GMP-binding protein responsible for
the activation of synthase-dependent exopolysaccharide secretion, the Pel system in
pseudomonads, and has been characterized as a degenerate GGDEF domain-
containing protein where c-di-GMP sensing is carried out by the conserved I-site motif
(27-29). Indeed, both BcsEGSPEF* and PelDSGPEF* show severe degeneration of the
consensus BaafPaf catalytic core shared by diguanylate and adenylate cyclases (30),
with the substrate-coordinating P-loop and «,-helix completely missing and catalytic
residues, including those from the signature GGDEF motif, showing significant diver-
gence (Fig. 4E to H; see also Fig. S3). Nevertheless, I-site-dependent c-di-GMP compl-
exation remains virtually unchanged from that of active diguanylate cyclases, with the
dinucleotide participating in both polar and m-stacking interactions with the side
chains of the conserved arginine (R*'%) and aspartate (D*'8) residues (Fig. 4E to H and
5A; Fig. S3). Taken together, these results classify BcsE as a member of a growing
superfamily of c-di-GMP-sensing proteins, in which canonical signaling (REC, PAS, etc.)
or enzymatic (GGDEF, EAL, etc.) modules have been repurposed to serve c-di-GMP-
dependent signal transduction (2, 3).

C-di-GMP and BcsQ binding by the BcsESSPEF* domain. Although the primary
sequence of the resolved BcsEREC*GGOEF* modules is overall highly conserved, surface
mapping of the amino acid conservation reveals distinct conserved residue clusters on
both the degenerate receiver and diguanylate cyclase modules, which might be
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FIG 5 c¢-di-GMP binding and BcsE-BcsQ interactions. (A) c-di-GMP binding to the conserved I-site. (Top) Stick representation of ¢-di-GMP and the coordinating
residues with only one protein molecule shown. (Inset) Thumbnail representation of the 2:1 protein-to-dinucleotide complexation observed in the crystals.
(Bottom) An (|Fol-|Fc|) partial electron density map calculated from a model prior to inclusion of the dinucleotide and contoured at 2.60 with both coordinating
protomers shown in red/cyan and gray. (B) SEC-MALS of BcsE?'7~523 in the presence of excess c-di-GMP with experimental and theoretical traces as described
above. (C) ITC profile of the c-di-GMP — BcsE2'7-523 interaction and thumbnail representation of the calculated binding stoichiometry (1:2, protein to
dinucleotide). (D) Control ITC titration of c-di-GMP to the I-site-defective BcsE2'7-523-D415TGA mutant. (E) SDS-PAGE analysis of IMAC elution fractions testing
BcsERQ complex formation upon BcsHi*RQ coexpression with various truncated BesE variants (pProExHTB-BcsHsRQ plus pRSFDuet1*-BcsEtnc coexpression). (F)
SEC profiles of the purified BcsERQSSPEF* complex and BcsERQ?'7 523, (G) SEC profile of purified BcsRQ preincubated with excess BcsE217-523-D415TGA compared
to profiles for separate injections of the individual components. (Inset) SDS-PAGE analysis of IMAC elution fractions assaying BcsE2'7~523-D415TGA copurification
upon coexpression with BcsHsR, BcsHisQ, or BcsH*RQ.

indicative of oligomerization or protein-protein interaction interfaces (Fig. S1). To
determine the protein’s homooligomerization propensity in solution, we performed
solution-based light-scattering experiments and determined that the BcsE2'7 523 con-
struct remains monomeric even in the presence of saturating c-di-GMP (Fig. 5B). This is
particularly surprising considering the intrinsic dimerization propensity of REC domains
in general (26), the binding stoichiometry of the BcsE2'7—523RQ complex in solution
(N =~ 0.95, consistent with 2:2:2 binding) (Fig. 3H), and the symmetrical c-di-GMP
conformation in the crystal structure (Fig. 5A, bottom and inset; Fig. S3A and B), where

FIG 4 Legend (Continued)

key motifs are highlighted. Secondary structure elements are numbered without accounting for the missing
N-terminal domain. (B) Summary of the resolved domain architecture for the previously predicted GIL domain.
(C) Overlay of the E. coli BcsEREC* domain and a canonical receiver domain (E. coli KdpRE€) in two different views.
Inset, unfolding of the canonical a1 helix into a P-rich loop. Structural alignment scores are calculated in DALI.
(D) Comparison of key conserved residues in phosphotransfer-competent response regulators with correspond-
ing residues in BcsEREC*, (E) GGDEF domain, I-site-mediated c-di-GMP binding, and substrate homologue
coordination of the catalytically active diguanylate cyclase PleD< vitiroides (F) Conserved BaafBaf catalytic core
shared among adenylate and diguanylate cyclases. Key residues involved in substrate and Mg2* coordination
are shown as sticks. Crystal structures of the corresponding BcsESSPEF* domain (G) and /B core (H).
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the dinucleotide bridges two separate BcsE protomers by identical interactions. Fur-
thermore, thermodynamic characterization of the c-di-GMP — BcsE2'7 523 interaction
reveals a binding stoichiometry consistent with two c-di-GMP molecules binding to a
single BcsE I-site rather than the apparent inverse stoichiometry observed in the crystals
(Fig. 5C versus Fig. 5A; Fig. S3A and B). These results are consistent with both the
propensity of c-di-GMP to adopt diverse conformations, including intercalated dimers
in solution (2, 3), and the capability of GGDEF I-sites to coordinate both monomeric and
dimeric ligands as shown for P. aeruginosa PelD (28, 29) (Fig. S3C and D). Importantly,
the dimeric ¢-di-GMP conformation derived from the solution-based data is also
consistent with the reported c-di-GMP conformation necessary for BcsAP'Z domain
binding and gating loop displacement during each step of UDP-glucose coordination
and cellulose incorporation of the sugar moiety (Fig. S3E and F) (8). We therefore
propose that Bcs macrocomplex-bound BcsE could secure the maintenance of a
secretion system-proximal pool of c-di-GMP in a BcsA-activating conformation, thus
limiting dinucleotide diffusion and boosting processive glucose polymerization.

In line with the monomeric state of BcsEREC*-GGDEF* in solution, equimolar 2:2:2
BcsE?'7~523RQ heterocomplex assembly appears to be driven by the BcsRQ interactions
rather than the BcsE variant itself. To determine how BcsE binds each half of the BcsRQ
complex, we designed a series of shorter BcsE variants for copurification assays and
identified a GGDEF* domain construct, BcsE349~523, covering the interstitial helix «;, the
GGDEF* domain, and the unstructured C-terminal tail that partakes in stable equimolar
interactions with BcsRQ (Fig. 5E and F). We also found that BcsRQ binding is indepen-
dent of c-di-GMP complexation, as BcsERQ complex reconstitution can be carried out
in the absence of dinucleotide and with an I-site mutant incapable of c-di-GMP
complexation (R*'>TGD — D*'5TGA). Finally, we show that BcsESSPEF* interacts with
BcsQ rather than BcsR, as shown in copurification experiments using individual BcsHisR
or BcsH*Q proteins as baits (Fig. 5F and G). Indeed, a stretch of highly conserved
residues distinct from the c-di-GMP binding I-site is found on one side of the BcsSESGPEF*
module that could have evolved for high-affinity BcsQ binding (Fig. S1B). Importantly,
nonoverlapping sites for c-di-GMP and BcsQ complexation would allow both stable
assembly of BcsRQ within the Bcs macrocomplex and the possibility of c-di-GMP to
migrate in and out of the I-site in a model where the dinucleotide processively switches
between the BcsESSPEF* module and BcsA's PilZ domain for cocatalytic synthase

regulation.
BcsENTP-dependent h i

g and binding of conserved Nus anti-
termination complex components. As mentioned above, the N-terminal region of
BcsE (BecsE'2'7) is predicted to adopt a conserved RecA-like ATPase fold (Fig. 6A).
RecA-like motor ATPases are a large family of proteins that use the energy of nucleotide
binding and hydrolysis to oligomerize and perform mechanical work in a variety of
cellular functions, such as the transport or hydrolysis of proteins (e.g., ABC transporters
and proteases) or the binding and remodeling of nucleic acid substrates (e.g., helicases
and recombinases) (31).

Structural and sequence alignments of BcsENT® with catalytically active RecA-like
ATPases show severe divergence of key functional motifs (e.g., the ATP/Mg?*-
coordinating Walker A motif) (Fig. 6A), indicating that BcsE is likely incapable of ATP
binding and hydrolysis. Nevertheless, bacterial two-hybrid assays based on split ade-
nylate cyclase (AC) functional reconstitution (32) suggest that BcsEF: is prone to
oligomerization and, consistent with the monomeric state of the BcsEREC*GGDEF*
tandem described above (Fig. 5B), that these interactions are BcsEN™® dependent
(Fig. 6B). Interestingly, blue colony growth indicative of BcsEF- and BcsENT® homooli-
gomerization was only observed in cases when coexpressed AC fragments were fused
to different BcsE termini, regardless of their specific type (T25 or T18) (32) or location
(N or C terminus) in the fusion constructs. These data suggest that the homotypic BcsE
interactions involve different surface regions among the interacting BcsE protomers
and are thus consistent with head-to-tail oligomerization mechanisms that are fre-
quently observed in biologically active RecA-like ATPases (Fig. 6B). However, whether
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and SDS-PAGE-migrated BcsE'~2'7. (E) Bacterial two-hybrid assay of interactions between BcsE domains and S10/NusE based on plasmid-based adenylate
cyclase functional reconstitution in a cya-defective E. coli strain (BTH101). The positive zip/zip control is based on coexpressed adenylate cyclase fragments each
fused to a homodimerizing leucine zipper region of the yeast protein GCN4. Interactions were evaluated by the growth of blue colonies on X-Gal-supplemented
LB (left) or M63BI (right) agar plates. (F) Bacterial two-hybrid assays of BcsE'~217-NusB interactions. (G) SDS-PAGE analysis of induced cell lysates, IMAC elution
fractions, and S10 copurification upon BcsHsE'~2'7 and S10 coexpression in the absence (left) or presence (right) of NusB. (H) IMAC elution fraction upon Nus"isB,
BcsE' =217, and S10 coexpression. (I) Organization of the two bcs operons and schematic representation of bioinformatically detected potential intrinsic
terminators. (Right) Representation of a putative intrinsic terminator in bcsR. (J) Results summary showing BesE domain architecture and proposed functional
roles for the identified structural modules.

BcsENT® homooligomerization plays a functional role in the above-described targeting
of the BcsERQ complex to the inner membrane (Fig. 3) or is involved in additional
regulatory processes (see below), remains to be further examined.

Attempts to recombinantly purify the BcsE' 217 construct consistently led to the
copurification of a second protein species, even in elevated imidazole and salt con-
centrations in the immobilized-metal affinity chromatography (IMAC) purification buf-
fer (Fig. 6C). Mass spectrometric analyses identified the copurifying species as small
ribosomal protein S$10, also known as NusE or RpsJ (Fig. 6D). Interestingly, apart from
associating with the small ribosomal subunit during protein translation, S10 is also
known to moonlight as a key component of the Nus transcription antitermination
complex. Nus factors NusA, NusB, S10/Nusk, NusG, and SuhB are mostly essential,
highly conserved bacterial proteins that are known to associate with and reprogram the
transcription apparatus in order to overcome elongation complex dissociation at
certain intrinsic and Rho-dependent transcription terminators (33, 34). Although the
best-studied examples include N protein-dependent antitermination at early A phage
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genes and the regulation of bacterial ribosomal (rrn) gene expression (34, 35), a recent
study identified conserved NusB-S10 binding sites upstream of additional genes in
diverse bacterial species (36). Nevertheless, characterized S10 interactions at the
protein-protein level have remained limited to the context of assembled ribosomes or
extensively studied transcription antitermination subcomplexes (e.g., see references 35
and 37).

Intrigued by this, we proceeded to assay the putative BcsE-S10 interaction by
recombinant coexpression/copurification and cell-based bacterial two-hybrid experi-
ments. We observed that BcsENT copurified at an equimolar ratio with overexpressed
S10 (pProExHTB-bcsEN plus pRSFDuet1*-s70 coexpression) and that BesE likely inter-
acts with S10 in cellulo as observed by blue colony growth in the context of both the
truncated BcsE' 217 construct (BcsENT®) and the full-length BcsE protein (BcsEFt)
(Fig. 6C and E). We further assayed putative interactions of BcsENT® with a second Nus
factor, NusB, known to interact directly with S10 in the early steps of TAC assembly onto
the target mRNA. Whereas bacterial two-hybrid experiments were indicative of weak
BcsENTP-NusB interactions in cellulo, recombinant coexpression of BcsHsENTC with
tag-free S10 and NusB led to the purification of excess Bcs™sENT® and only trace
amounts of copurifying Nus factors, even if S10 expression levels appeared virtually
unchanged (Fig. 6F and G). Conversely, recombinant coexpression of NussB with
tag-free S10 and BcsENTP led to the purification of an equimolar amount of NusB-S10
complex and trace amounts of a third species, whose molecular weight corresponds to
that of BcsENTP (Fig. 6H). Together, these data indicate that S10 likely uses similar
surface regions to interact with its BcsE and NusB partners, whereas higher-affinity NusB
complexation could cause competitive remodeling of the equimolar BcsENTP-S10 as-
semblies and subsequent release of free BcsE.

Although the physiological significance of the observed BcsE-Nus factor interactions
remains enigmatic, our findings suggest a possibly broader role for the conserved Nus
antitermination machinery than in the well-studied examples of ribosomal or viral gene
expression. Interestingly, in silico prediction tools (38, 39) detect putative intrinsic
terminators within both the bcsR and besQ coding regions. If these potential regulatory
elements indeed function as predicted, then the protein-protein interactions observed
here could serve to target (via S10 complexation upon exiting the ribosome) and
subsequently release (via downstream recruitment of NusB upon antitermination com-
plex assembly) BcsE at the site of bcsRQ expression, prior to binding the newly
synthesized BcsRQ complex directly and delivering it to the inner membrane for
downstream Bcs macrocomplex assembly. Such a hypothesis, however, remains to be
experimentally tested.

Concluding remarks. Bacteria have evolved complex secretion machineries to
deliver large molecules to the cell envelope, external milieu, or host cell targets.
Although these systems are typically not essential for bacterial physiology per se, they
could often provide significant advantages in interspecies competition or be key to a
pathogen’s infection cycle. Bacterial exopolysaccharide secretion shares many similar-
ities with the various types of protein secretion systems in that it typically involves
intricate signal transduction events to induce the expression and assembly of multiple
subunits in order to provide the biosynthetic activities, physical conduit, and energetics
for biopolymer extrusion through the complex bacterial envelope (40).

Often, secretion systems are viewed as such at the level of assembled macrocom-
plexes and substrate extrusion, whereas the initial steps of subunit expression and
sequential protein-protein interactions remain largely overlooked. Here, we present the
E. coli-like Bcs system as a new candidate paradigm for concerted secretion system
assembly and function. We demonstrate that essential-for-secretion BcsR and BcsQ
regulate each other’s folding and stability, whereas BcsE packs a subtle but diverse
toolkit to fine-tune enterobacterial cellulose production (Fig. 6J). We provide structural
and functional data that reveal the protein’s multidomain evolution, fold conservation,
and complexation of synthase-activating intercalated c-di-GMP on one hand, together

July/August 2020 Volume 11 Issue 4 €01303-20

mbio.asm.org 13

Downloaded from https://journals.asm.org/journal/mbio on 01 November 2021 by 87.231.23.24.

68



Zouhir et al.

with high-affinity BcsRQ recruitment and facilitated membrane targeting through BcsF
interactions on the other. Although more research is needed to uncover physiological
roles for the observed BcsE-Nus factor interactions or how the essential BcsRQ subunits
control assembly and function of the inner membrane biosynthetic platform, this work
lays an important milestone toward more comprehensive models of operon-encoded
synthase-dependent polysaccharide secretion in bacterial biofilms.

MATERIALS AND METHODS

The experiments were not randomized, and the investigators were not blinded during experimental
design, execution, or outcome assessment. However, most experiments were reproduced independently
by different investigators, including crystallographic, biochemical, biophysical, and phenotypic functional
assays.

Bacterial strains. Plasmids for recombinant protein expression (see below) were propagated in and
isolated from E. coli DH5« cells. All recombinant protein expression for structural and in vitro biochemical
studies was carried out in BL21(DE3) Star cells, including the expression of selenomethionine-derivatized
protein. An E. coli 1094 AbcsQ strain was used for the complementation phenotypic assays with BcsQ
variants expressed from a low-copy-number isopropyl-B-o-thiogalactopyranoside (IPTG)-inducible vector
(pAM238; see below). Finally, bacterial two-hybrid experiments were performed using chemically com-
petent BTH101 cells and the IPTG-inducible pKT(N)25 and pUT18(C) expression plasmids with custom-
modified multiple cloning sites (see below). All bacterial strains and plasmids used in this study are
available upon request.

R bi DNA techniq DNA manipulations were carried out using standard protocols for
PCR, molecular cloning, transformation, and DNA analyses. Coding regions for BcsR, BcsQ, BcsRQ, BcesE,
MinDE, S10, and NusB variants were amplified using E. coli 1094 genomic DNA as a template and a
high-fidelity DNA polymerase (Phusion; New England BioLabs) and inserted via digestion/ligation cloning
into IPTG-inducible expression vectors with custom-modified multiple-cloning sites (MCS). Point muta-
tions, insertion of stop codons, MCS modifications, and domain deletions within previously reported and
newly generated expression constructs were performed using inverse PCR-based protocols and
mutation-specific oligonucleotides as primers. All recombinant vectors and introduced mutations were
verified by DNA sequencing and, where applicable, IPTG-inducible protein expression.

Protein expression and purification. All pProExHTB-encoded constructs (Bcs"*R, BcsHisQ, BesHisRQ,
BcsHisENT®, NusHisB, and Min*isDE) were expressed as IPTG-inducible variants carrying N-terminal hexa-
histidine tags cleavable by the human rhinovirus (HRV) 3c protease. BcsQ was also cloned in a standard
pET21b vector yielding a C-terminally hexahistidine-tagged protein. As all BcsR (Bcs™*R) and BcsQ
(Bcs'*Q and BcsQ''s) constructs failed to yield stable proteins, the coding region corresponding to the
BcsRQ tandem was subsequently amplified and cloned into both the pProExHTB and pET21b expression
vectors, adding a cleavable N-terminal or noncleavable C-terminal hexahistidine tag to BcsR (pProExHTB-
HisRQ) or BesQ (pET21b-RQME), respectively. For coexpression studies, the coding region corresponding to
full-length tag-free BcsE was cloned into custom-modified pRSFDuet1* expression vector under the
control of the first T7 promoter (pRSFDuet1*-BcsEft) (see Table S1 in the supplemental material).
Full-length BcsE was also cloned in pProExHTB and pET-HsSUMO (see below) vectors for standalone
expression, but the purified proteins were judged insufficiently stable or pure for structural studies. Based
on sequence conservation (PFAM [41]) and predicted tertiary structure (Phyre2, Robetta [22, 23]), several
N- and C-terminal deletions of the pRSFDuet1*-BcsEFt construct were tested for expression and copu-
rification with BcsRQ. The coding region for the interacting BcsE2'7-523 construct was subsequently
cloned for standalone expression into a modified pET-"*SUMO plasmid, yielding a hexahistidine-tagged
Ulpi-cleavable SUMO moiety fused to the N terminus of the protein of interest (pET-HisSUMO-
BcsE217-523), Based on the resulting crystal structure of the BcsE2'7~522 construct, an additional construct
corresponding to the C-terminal GGDEF* domain was designed (BcsE349-523), and its coding sequence
was cloned into the pRSFDuet1* and pET-HisSUMO expression vectors as described above. The BcsE' 217
construct corresponding to the protein’s N-terminal domain was cloned into both pProExHTB and
pRSFDuet1* (site 1) vectors. For coexpression of BcsE' =217 (in pProExHTB) with S10 and NusB, the coding
sequences for the latter were cloned in the first and second sites, respectively, of custom-modified
pRSFDuet1* vectors (pProExHTB-BcsH*E'~2'7 plus pRSFDuet1*-S106Gite D-NusBGite 2 coexpression; the
pRSFDuet1* vector was further modified at the second promoter to introduce unique Xhol and HindlIl
restriction sites) (Table S1). In addition, a pProExHTB-Nus"isB plus pRSFDuet1*-BcsE!-217(site 1-G1Qsite 2) was
also employed. For control liposome flotation studies, the coding region for the MinDE tandem was
PCR-amplified and cloned into a pProExHTB vector, and MinD was purified as a partner-free protein
(Min"sD) from the clarified cytosolic fraction. Finally, BcsH'sEFt and BcsH'sEFLF cloned into pProExHTB
vectors were used for examining the membrane-targeting role of BcsF. Protein constructs used in the
bacterial two-hybrid studies are described separately.

For protein purification, all expression vectors were (co)transformed into chemically competent E. coli
BL21(DE3) Star cells. For the expression of native proteins, cells were grown at 37°C under aerobic
conditions in terrific broth (TB) medium supplemented with appropriate antibiotics (100 j.g/ml ampicil-
lin, 40 pg/ml kanamycin, or a combination of 70 ug/ml ampicillin plus 30 pg/ml kanamycin for coex-
pressed vectors). At a cell optical density corresponding to an optical density at 600 nm (ODy,,) of 0.8 to
1.0, the cells were moved to 17°C, and overnight protein expression was induced by the addition of IPTG
at a final concentration of 0.7 mM. For the expression of selenomethionine-derivatized proteins, 4 liters
of cells was initially grown at 37°C in LB medium to an ODy,, of 0.5 to 0.6. Cells were then pelleted by
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centrifugation (4,000 X g, 15min, 20°C), gently washed with 200 ml 1X SelenoMet medium base
(Molecular Dimensions), collected again, and resuspended in 1 liter complete SelenoMet medium
(Molecular Dimensions) supplemented with 40 mg/liter L-selenomethionine and the appropriate antibi-
otic. Cells were then grown for an additional 1 h at 37°C, transferred to 17°C, and induced with IPTG as
described above.

After 16 h, cells were harvested by centrifugation, resuspended in lysis buffer, and flash-frozen in
liquid nitrogen. The composition of the lysis buffer was 20 mM HEPES (pH 8.0), 120 mM NaCl, 19 mM
imidazole (pH 8.0,) 2mM B-mercaptoethanol, and 1 tablet/50 ml cOmplete protease inhibitors (Roche)
for the BesHisR, BesHisQ, BcsQMis, BcsHisRQ, MinHisDE, and BcsHisE217 523 constructs. For the BcsHisRQ-BesEFt,
BcsHisRQ-BesE?'7-523, and BesHsRQ-BesE342 523 complexes, the IMAC buffer was also supplemented with
0.5 uM c-di-GMP (Jena Bioscience or Sigma-Aldrich), 2 uM AppCp (Jena Bioscience), 5 mM MgCl,, and
10% glycerol. For the expression of BcsHisE' =27 and the BcsHisE'~217-510, BcsHisE'~217-510-NusB, and
NusHisB-S10-BcsE'~2'7 complexes, the concentration of salt in the lysis buffer was increased to 750 mM
Nacl.

For all cytosolic protein purifications, cells were thawed and lysed using an Emulsiflex-C3 high-
pressure homogenizer (Avestin). Cell debris was removed by centrifugation (1 h at 50,000 X g and 4°C),
and the cleared lysates were loaded onto buffer-washed Talon Superflow resin (GE Healthcare) at
approximately 0.5 to 1 ml of resin per liter of culture. The resin was subsequently washed with more than
20 volumes of IMAC buffer A (protease inhibitor-free lysis buffer as described above), and bound proteins
were eluted in a single step with IMAC buffer A supplemented with 200 mM imidazole (pH 8.0) (IMAC
buffer B).

For purification of tag-free BcsRQ, eluted protein Bcs"'sRQ protein was supplemented with 15 mM
EDTA (pH 8.0) and homemade HRV3c protease at 4°C, concentrated to 2.5 ml using an Amicon Ultra
centrifugal filter (30-kDa cutoff; Millipore), desalted using a disposable PD-10 desalting column (GE
Healthcare), and incubated overnight for tag removal. The cleaved tag and protease were removed by
inverse IMAC, concentrated, and subjected to size exclusion chromatography on a Superdex 200 Increase
10/300 GL column (GE Healthcare) equilibrated in gel filtration buffer (20 mM HEPES [pH 8.0], 120 mM
NaCl, and 2 mM dithiothreitol [DTT]). Collected protein fractions were analyzed for purity by SDS-PAGE,
pooled, concentrated, flash-frozen in liquid nitrogen, and stored at —80°C.

For purification of tag-free BcsE?'7-523, the eluted HsSUMO-fused protein was mixed with homemade
yeast protease Ulp1, concentrated to 2.5 ml, desalted on a disposable PD-10 column, and incubated for
HisSUMO cleavage at 4°C overnight. Cleaved protein was collected in the flowthrough fraction during
reverse IMAC on the following day, concentrated, and subjected to size exclusion chromatography on a
Superdex 200 Increase 10/300 GL column equilibrated with gel filtration buffer (20 mM HEPES [pH 8.0],
100 mM NaCl, and 2 mM DTT). Collected protein fractions were analyzed for purity, concentrated,
aliquoted, and flash frozen for storage at —80°C.

Complexes BcsRQ-BesE?17-523 and BcsRQ-BesE349-523 were purified in a similar 2-step IMAC proce-
dure. Eluted proteins were incubated with the viral HRV3c protease for cleavage of the N-terminal
hexahistidine tag on BcsR. Imidazole concentrations were lowered via desalting on a disposable PD-10
column, and after overnight incubation at 4°C, the proteins were subjected to size exclusion chroma-
tography using a Superdex 200 Increase 10/300 GL column and gel filtration buffer composed of 20 mM
HEPES (pH 8.0), 120 mM NaCl, 5 mM MgCl,, 0.5 uM c-di-GMP, 2 uM AppCp, 2 mM DTT, and 10% glycerol.
Collected protein fractions were analyzed for purity and stoichiometric complex assembly, concentrated,
and flash frozen in liquid nitrogen for storage at —80°C.

To characterize the complex formation and stoichiometry of interaction between BcsRQ and BesEft,
a ternary complex was coexpressed and purified using a similar protocol. However, as the complex
appeared to be stabilized by the presence of detergents, after cell lysis, the cell debris was pelleted by
slower centrifugation (12,000 X g, 15 min, 4°C), and the remaining supernatant was incubated with
0.25% n-dodecyl-B-p-maltopyranoside (3-DDM; Anatrace) for 1 h at 4°C. The lysates were then cleared by
high-speed centrifugation, and the ternary BcsRQ-BesEF complex was purified as the rest of the BcsERQ
complexes while keeping a low concentration of detergent (0.06% Cymal-6; Anatrace) in all buffers. For
size exclusion chromatography, the Superdex 200 Increase 10/300 GL column was replaced by a
Superose 6 Increase 10/300 GL column.

MinD was purified from clarified cytosolic fraction using a single-step metal-affinity purification (IMAC
buffer A with 20 mM HEPES [pH 8.0], 120 mM NaCl, and 19 mM imidazole), followed by size exclusion
chromatography on a Superdex 200 Increase 10/300 GL column equilibrated with gel filtration buffer
(20 mM HEPES [pH 8.0], 100 mM NaCl, and 2 mM DTT). Clean protein fractions were concentrated and
flash-frozen for storage at —80°C.

Cells expressing BcsHisE'~217, BcsHisE'=217-510, Bcs™isE'~217-510-NusB, and Nus"isB-S10-BcsE' 217
were resuspended in high-salt lysis buffer (same as described above but with 750 mM NaCl), and the
proteins were purified by a single-step IMAC. The high-salt conditions (750 mM NaCl) were maintained
in all buffers.

Finally, expression and purification of the Bcs macrocomplex (pCDFDuet1-BcsHisRQAHAFLASB plus
PRSFDuet1*-5tPEFG) with various BcsE (BcsStepEFt, BesStePE' 217, or BesStePE217-523) and BesQ (BesQ or
BcsHAQ) variants were performed as reported previously (6). pRSFDuet1*-BcsStePE' ~217FG was generated
from pRSFDuet1*-BcsStePEFLFG via inverse PCR using two different strategies which yielded consistent
results: (i) an insertion of a 4-letter STOP codon following BcsE residue A2'7 (TAAT in DNA) and (ii) a
deletion of the REC*-GGDEF* tandem while preserving the ribosome-binding site for bcsF to avoid polar
effects). pRSFDuet1*-BcsStePE2'7~523FG was generated by standard restriction/ligase subcloning. Inser-
tion of a hemagglutinin (HA) tag at the N terminus of BcsQ was also conducted by inverse PCR. After
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expression vector cotransformation, culture growth, and overnight expression induction, cells were
pelleted by centrifugation and resuspended in ice-cold lysis buffer containing 20 mM HEPES (pH 8.0),
120 mM Nacl, 10% glycerol, 5mM MgCl,, 10 uM AppCp, 2 uM c-di-GMP, 250 uM cellobiose, 0.5 mg/ml
Aspergillus niger cellulase (Sigma-Aldrich), 100 ug/ml lysozyme, and 1 tablet/50 ml cOmplete EDTA-free
protease inhibitors (Roche). After lysis (Emulsiflex-C3), cell debris was removed by low-speed centrifu-
gation (12,000 X g, 15 min, 4°C), and the membranes were pelleted by ultracentrifugation using an SW
28 Ti Beckman rotor (26,500 rpm, or up to 126,000 X g, for 1 h at 4°C). After removal of the supernatant,
the membrane fraction was resuspended in solubilization buffer containing all lysis buffer components
except lysozyme and cellulase, as well as a mix of detergents at the following final concentrations: 0.4%
(wt/vol) digitonin (Sigma-Aldrich), 0.4% (wt/vol) n-dodecyl-B-b-maltopyranoside (anagrade 3-DDM; Ana-
trace), 0.4% (wt/vol) decyl maltose neopentyl glycol (DM-NPG; Anatrace), and 0.2% lauryl maltose
neopentyl glycol (LM-NPG; Anatrace). After a 60- to 90-min-long incubation at 20°C and under mild
agitation, the solubilized membrane fraction was cleared by a second high-speed centrifugation step as
described above. The supernatant was then incubated with anti-FLAG M2 affinity gel (50 ul packed resin
per liter of induced culture; Sigma-Aldrich) with mild agitation at 4°C for 1 h. After gravity elution of the
nonbound fraction, the resin was washed extensively (>30 column bed volumes) with binding buffer
containing all lysis buffer components except lysozyme and cellulase, as well as 0.008% (wt/vol) LM-NPG.
The bound complexes were then eluted using 4 column bed volumes of elution buffer (affinity buffer
supplemented with 3 FLAG peptide at 100 n.g/ml) and concentrated on a 100-kDa cutoff Amicon Ultra
(MerckMillipore) centrifugal filter.

SDS-PAGE and Western blot analyses. Protein fractions were analyzed by standard denaturing
SDS-PAGE using 4% to 20% gradient mini-gels (Bio-Rad), Expedeon InstantBlue Coomassie stain, and a
Li-Cor Odyssey Fc system for Coomassie visualization (700-nm channel). For Western blot analyses,
SDS-PAGE-migrated proteins were directly transferred using a standard mini-gel transfer protocol,
0.2-um polyvinylidene difluoride (PVDF) membranes, and a Trans-blot Turbo transfer system (Bio-Rad).
Blocking and antibody incubations were in the presence of 5% skim milk in Tris-phosphate-buffered
saline (TPBS); all washes between and after antibody incubations were with 1X TPBS buffer. Rabbit
anti-His, (dilution 1:1,000, ab200537; Abcam) and mouse anti-HA (dilution 1:1,000, number 26183;
Thermo Fisher Scientific) antibodies were used as primary antibodies; Alexa Fluor 680-conjugated goat
ant-rabbit (dilution 1:10,000, ab175773; Abcam) and donkey anti-mouse (dilution 1:10,000, ab175774;
Abcam) were used as secondary antibodies. The Alexa Fluor 680 signal was detected using a Li-Cor
Odyssey Fc system in the 700-nm channel.

Crystallization, data collection, and structure determination. Crystals were obtained by sitting or
hanging-drop vapor diffusion by mixing equal volumes of protein (1.5 to 6 mg/ml) and reservoir solution
followed by incubation at 4°C. BcsE2'7-523 crystals also appeared within 3 to 14 days under multiple
conditions, with diffracting data sets collected on crystals grown in 100 mM morpholineethanesulfonic
acid (MES; pH 6.0), 4% polyethylene glycol 4000 (PEG 4000), 200 mM MgCl,, 5% glycerol, and 50 uM
c-di-GMP. For cryoprotection, crystals were soaked in reservoir solution supplemented with 25% to 30%
glycerol, 1 mM DTT, and 50 uM c-di-GMP. Cryopreserved crystals were flash frozen and stored in liquid
nitrogen. Data were collected on frozen crystals at 100 K using synchrotron radiation at beamlines PX1
and PX2 at the Soleil synchrotron.

Data reduction was carried out with the software package XDS (42). Experimental phases were
obtained by single-wavelength anomalous diffraction (SAD) experiments on crystals grown from
selenomethionine-derivatized protein and with wavelengths corresponding to the experimentally de-
termined selenium K-edge. Initial BcsE?'7-523 models were obtained using the automated model
building tools of PHENIX and Buccaneer (43, 44). Reiterative refinements in PHENIX, COOT, and BUSTER
yielded the final refined model (43, 45, 46). Data collection and refinement statistics are summarized in
Table S2. For illustration purposes, all crystal structures were displayed with the PyMol Molecular
Graphics System (Schrédinger, LLC) or UCSF Chimera (47). The latter was also used for displaying the 3D
reconstructions of the assembled Bcs macrocomplex.

Single-particle electron microscopy. Negative-stain single-particle electron microscopy was used
for visualization of various Bcs proteins and protein complexes. Briefly, 5 ul of eluted samples (concen-
tration, ~0.01 to 0.05mg/ml) were spotted on glow-discharged carbon-coated copper grids (Agar
Scientific). After a 1-min incubation, the extra liquid was blotted off, and the grids were passed
sequentially through three drops of 2% (wt/vol) uranyl acetate solution, with a second incubation in the
last drop before blotting and air drying. Micrographs were taken on a Thermo Fisher Scientific T12 Tecnai
electron microscope operated at 100 kV accelerating voltage and equipped with a LaB6 filament and a K2
Base direct electron detector. For the protein complexes purified from cells expressing BcsHsRQAHAFLAGB plus
BcsStePEFLFG or BcsHisRQAHAFLAGB plus BesStrePE217-523FG, particles were autopicked in EMAN2 (48),
saved as .box coordinates, and converted into a .star particle stack in Relion2 (49). Micrograph contrast
transfer function (CTF) correction and two-dimensional (2D) classification were performed in cryoSPARC
v2 after particle reextraction using the Relion2-generated .star file as metadata input (50). A total of 3,810
particles were classified for the Bcs macrocomplex carrying full-length BcsE (control) and 6,242 particles
for the complex purified from cells expressing the BcsE2'7-523 truncated variant.

Protein identification by mass spectrometry. Coomassie-stained gel bands were excised and
subjected to in-gel enzymatic digestion. Briefly, the bands were extensively washed with acetonitrile and
100 mM NH,HCO,, dried, and treated with 10mM DTT at 56°C for 30 min. After DTT removal, cysteine
carbamidomethylation was performed at room temperature for 30 min by the addition of 55 mM
iodoacetamide. The washing procedure was then repeated, the gel slices were dried, and the proteins
were digested overnight at room temperature by the addition of 20 ul/band of 10 ng/pul Porcine Gold
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trypsin (Promega) diluted in 50 mM NH,HCO.. Peptides were extracted in two steps: first, with 20 ul of
50% acetonitrile-0.1% formic acid solution and, second, with 20 ul of 100% acetonitrile. Peptides were
vacuum dried and resuspended in 5% acetonitrile-0.1% trifluoroacetic acid (TFA) prior to nanoscale liquid
chromatography-tandem mass spectrometry (nanoLC-MS/MS) analyses. The latter were performed with
a TripleTOF 4600 mass spectrometer (Sciex) coupled to an UltiMate 3000 RSLCnano system (Thermo
Fisher Scientific). Peptides were first desalted on an Acclaim Pepmap 100 C,, reverse-phase precolumn
(3 um, 100 A, 75-um inside diameter [i.d], 2-cm length) using a loading buffer containing 2% acetonitrile
and 0.05% TFA in water and a flow rate of 5 ul/min. A second Acclaim Pepmap 100 C,, column (2 um,
100 A, 75-um i.d., 50-cm length) was then used as an analytical column, and bound peptides were eluted
from the reverse phase using a 5% to 35% solvent B gradient for 40 min at a flow rate of 300 nl/min
(solvent A, 0.1% formic acid in water; solvent B, 0.1% formic acid in 100% acetonitrile). nanoLC-MS/MS
experiments were conducted using data-dependent acquisition by selecting the 20 most intense
precursors for collision-induced dissociation (CID) fragmentation with the Q1 quadrupole set to low
resolution for increased sensitivity. Raw data were processed using proprietary MS data converter
software (Sciex), and protein identification was performed using the Mascot search engine (Matrix
Science) against the E. coli taxon in the Swiss-Prot database and with carbamidomethylation of cysteines
set as fixed modification. Oxidation of methionines was set as variable modifications. Peptide and
fragment tolerances were set at 25 ppm and 0.05 Da, respectively. Only peptides with a Mascot score
higher than the identity threshold (30) at less than 1% of false-positive discovery rate were considered.

Size exclusion chromatography coupled with static multiangle light scattering. For size exclu-
sion chromatography coupled with static multiangle light scattering (SEC-MALS), purified proteins or
protein complexes were subjected to gel filtration using a Superose 6 Increase 10/300 GL column (GE
Healthcare) for the BcsRQ-BcsEFt complex or a Superdex 200 Increase 10/300 GL column for all other
samples. The columns were preequilibrated with the respective gel filtration buffers. For the Bcsg2'7-523
construct, the protein was analyzed in its apo form, as well as following incubation with 2-fold excess
c-di-GMP. The high-performance liquid chromatography (HPLC) system (Shimadzu) was coupled to a
3-angle light-scattering detector (miniDAWN TREOS) and a refractive index detector (Optilab rEX) (Wyatt
technology). For each experiment, the system was preequilibrated overnight with gel filtration buffer and
at the desired flow rate. Data were collected every second at a flow rate of 0.5 ml/min and were analyzed
using the ASTRA software to obtain the molar mass and polydispersity of the sample across the protein
elution peaks. For detector normalization and data quality control, purified delipidated bovine serum
albumin (BSA; Sigma) was used prior to each experiment.

Protein complex reconstitution using purified proteins. Purified BcsRQ complex was incubated
with excess BcsE217-523-D415TGA, and after a 15-min incubation on ice, the proteins were subjected to
size exclusion chromatography using a Superdex 200 Increase 10/300 GL column and using c-di-GMP-
free gel filtration buffer (20 mM HEPES [pH 8.0], 100 mM NaCl, and 2 mM DTT). The purified BcsRQ and
BcsE217-523-D41STGA proteins were also injected on their own in separate chromatography runs. BcsRQ-
BcsE217-523-D41STGA complex formation was detected by depletion of the BcsRQ peak and appearance
of a new A,,, peak shifted toward the front of the column.

Isothermal titration calorimetry. Apparent dissociation constants (K,) and stoichiometry of inter-
actions (N) were measured by isothermal titration calorimetry (ITC) using a Microcal VP-ITC calorimeter
from Malvern Panalytical at 20°C. For c-di-GMP binding studies, 0.8 to 1 mM c-di-GMP was used as a
ligand in the syringe, and 50 uM purified protein was added to the cuvette. The proteins and ligand were
purified/diluted in the exact same buffer to minimize nonspecific dilution heat effects. Protein concen-
trations were determined by a combination of methods, including a reducing agent-compatible color-
imetric assay (RC DC; Bio-Rad) and 280-nm absorbance measurements under denaturing conditions (Ao
6 M guanidinium chloride), while accounting for potential scattering contributions (A,,). For BcsRQ-
BcsE217-523 complex formation, tag-free BcsRQ and BesE217-523 were purified in the same buffer (20 mM
HEPES [pH 8.0], 100mM NaCl, and 2mM DTT), and 10-fold more concentrated BcsRQ (180 uM) was
titrated from the syringe into BcsE2'7-523 (18 uM) in the cuvette. All ITC data were analyzed by
integrating the injection heat effects, normalized to the amount of ligand and protein present, and curve
fitting based on a single-site binding model using the Origin software package for Microcal. For all
titrations, titrations of the ligand into buffer were performed to account for heat dilution effects, and the
latter were subtracted during the ligand binding analysis. The apparent dissociation constants (K,) and
stoichiometries of interaction (N) were derived from the data by using standard procedures, and the
graphs were replotted using GraphPad Prism software.

Calcofluor-binding cellul secretion assay. To test for the functional effects of the C-terminal
BcsQ deletion (BcsQA<19), chemically competent cells were prepared from an E. coli 1094 AbcsQ deletion
strain (6). The latter was transformed with a low-copy-number plasmid (pAM-238) carrying wild-type or
mutant bcsQ genes and plated on LB agar plates (Miller) supplemented with the appropriate antibiotics
(60 pg/ml streptomycin and 15 ug/ml chloramphenicol). Single colonies were inoculated in 5ml LB
medium with antibiotics and left to grow overnight at 37°C with agitation. On the following morning,
5 pul of each culture was spotted onto low-salt LB agar plates (1.5 g/liter NaCl) supplemented with the
antibiotics, 0.1 mM IPTG, and 0.02% calcofluor (fluorescent brightener 28; Sigma-Aldrich). The spots were
allowed to air dry, and the plates were incubated at 30°C. After 24 h, the plates were photographed
under brief illumination with long-wave UV light (365 nm).

Bacterial two-hybrid assay. We used the adenylate cyclase two-hybrid complementation assay to
probe protein-protein interactions (32). We first custom modified the standard expression vectors to
introduce BamHI and Kpnl cloning sites in the respective MCS while optimizing the number and type of
exogenous amino acids to be added to the recombinant hybrids by PCR amplification and restriction
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digestion of the products (Table S1). An intrinsic Kpnl site in the BcsEFt coding region was also modified
by introducing a silent mutation in the pRSF-Duet-BcsEFt construct through inverse PCR. Coding regions
for BcsE, S10, and NusB full-length proteins or truncated variants were then PCR amplified with primers
carrying the corresponding restriction sites, digested, and ligated into the modified vectors. All recom-
binant constructs were amplified in DH5« cells and verified by DNA sequencing.

The bacterial two-hybrid assay was performed using standard protocols (32). Briefly, chemically
competent E. coli BTH101 cells were cotransformed with derivatives of the pUT18(C) and pK(N)T25
vectors and plated on LB Miller agar supplemented with 100 ng/ml ampicillin and 40 ng/ml kanamycin.
Individual cotransformant colonies were picked and grown overnight at 37°C in liquid antibiotic-
supplemented LB medium. The next morning, 4 ul of saturated culture was spotted onto LB Miller agar
(supplemented with 100 pg/ml ampicillin, 40 ug/ml kanamycin, 0.1 mM IPTG, and 40 ug/ml 5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside [X-Gal]) or M63BI agar (supplemented with 50 pg/ml ampicillin,
25 pg/ml kanamycin, 0.1 mM IPTG, 40 ug/ml X-Gal, and 0.2% maltose) plates. Protein interactions were
evaluated after approximately 30 h of incubation at 30°C by blue colony color in the case of LB Miller agar
plates and by both colony growth and blue color in the case of M63BI agar plates. pUT18(C) and
pK(N)T25 vectors carrying only the AC fragment coding sequences were used in cotransformations as
negative controls, whereas cotransformants expressing pKT25-zip and pUT18C-zip vectors were used as
positive controls. The latter vectors are derivatives of the pK(N)T25 and pUT18(C) vectors in which the
leucine zipper of Gen4 is genetically fused in frame to the T25 and T18 adenylate cyclase fragments,
respectively. The results are representative of at least 3 independent experiments and 6 biological
replicates.

Lip fl ion experi We used liposome flotation to monitor the correlation between
the distributions of fluorescently labeled liposomes and Coomassie-stained proteins across sucrose
density gradients. For BcsRQ membrane binding studies (Fig. 3B), we used extruded liposomes prepared
from commercially available E. coli total membrane lipids (Avanti Polar Lipids, Inc.) at stock concentration
of 10 mg/ml in buffer containing 120 mM NaCl and 20 mM HEPES (pH 8.0). For lipid detection, 1%
(vol/vol) of egg L-a-phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE; Avanti Polar
Lipids, Inc.) was added to the mix prior to liposome preparation. For this, powdered lipids were hydrated
with buffer and subjected to multiple cycles of flash freezing in liquid nitrogen, thawing at 50°C,
sonication, and 0.1-um filter extrusion. Liposomes and purified protein (BcsRQ or, as a positive control,
MinD) were mixed in 100 pl of the same buffer at final concentration of 1 mg/ml each, and this volume
was then premixed with the heavy fraction of a sucrose density gradient (3 ml of 80% sucrose in buffer)
in 13.2-ml ultracentrifuge tubes. The heavy fraction was then layered with 6 ml 60% sucrose in buffer,
which in turn was layered with 3 ml 10% sucrose in buffer without mixing the gradient layers. The
samples were then subjected to ultracentrifugation in a Beckman Coulter SW 41 Ti rotor for 16 h at
35,000 rpm and 4°C. One-milliliter aliquots were then gently removed from the top, and the NBD
fluorescence for each fraction was measured with excitation at 465 nm and emission detection at 535 nm
using a Perkin Elmer LS-50B luminescence spectrometer. In parallel, protein distribution along the
gradient aliquots was visualized by denaturing SDS-PAGE. Additions of ADP-Mg?*, ATP-Mg2*, AppCp-
Mg2*, and cardiolipin were tested but not found to affect BcsRQ distribution along the density gradients.
Results are representative of at least 3 experiments with 2 technical replicates each.

For BcsHsEFt versus BcsHi*EFLF localization (Fig. 3K), E. coli BI21(DE3) Star cells overexpressing the
respective constructs from pProExHTB expression vectors were lysed using an Emulsiflex-C3 homoge-
nizer in buffer containing 20 mM HEPES (pH 8.0), 120 mM NaCl, 10% glycerol, 1 uM c-di-GMP, and 1
tablet/50 ml cOmplete Protease inhibitor cocktail. Cell debris was removed by centrifugation at
12,000 X g and 4°C for 10 min, and the membrane fraction was then pelleted from the supernatant by
ultracentrifugation at 35,000 rpm for 75 min at 4°C using a Beckman Coulter SW 41 Ti rotor. After
removing the supernatant, the membranes were resuspended with a Potter-Elvehjem homogenizer in
the same buffer, and after a second ultracentrifugation step, the pelleted membranes were weighed and
resuspended at 20 mg/ml final concentration, and 1% (vol/vol) egg NBD-PE was added to trace the lipid
distribution. The total membrane protein content was analyzed by SDS-PAGE and Western blotting,
leading to identification of the BcsHEFt protein band enriched in the membrane fractions of BcsF-
coexpressing cells (pProExHTB-HsEFLF coexpression). These membrane fractions were subjected to
several cycles of low-intensity sonication for liposome generation, and 100 ! of each replicate was mixed
with the heavy fraction of a sucrose density gradient (3 ml 80% sucrose in buffer) and subjected to
gradient ultracentrifugation as described above. Native proteoliposome distribution was visualized via
detection of NBD fluorescence along the gradient aliquots, whereas BcsHisEFL distribution was visualized
by SDS-PAGE and Coomassie staining (Fig. 3L). Results for all flotation experiments are representative of
at least 3 independent experiments with 2 technical replicates each.

Protein and RNA structure prediction tools. Protein conserved domain detection and tertiary
structure prediction were carried out using the NCBI BLASTP suite (https:/blast.ncbi.nlm.nih.gov/Blast
.cgi), PFAM database (https://pfam.xfam.org), Phyre2 (http://www.sbg.bio.ic.ac.uk), and Robetta servers
(http://new.robetta.org) (22, 23, 41, 51). A search for structural homologues in the Protein Data Bank was
carried out using the DALI server (http://ekhidna2.biocenter.helsinki.fi/dali/) (25). Potential intrinsic
terminators in mRNA were predicted using the ARNold (http://rssf.i2bc.paris-saclay.fr/toolbox/arnold/)
and iTERM-PseKNC (http://lin-group.cn/server/iTerm-PseKNC/) tools (38, 39).

Data availability. Crystallographic structure factors and coordinates have been deposited in the
RCSB Protein Data Bank (https://www.rcsb.org/) with accession code 6TJO.
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1----MNPIFSIGIQSLWOELI RNVIKL - Y EKTQA}

1----MOPIFS1GI QS LWOEL RN LKS - IRIHD

S B e KL~ EKMNK]

1 ----MEPVFSLGISSLWOEL TFKL- OKMNKI

1 MRDTVOPVESLGISS LWOEL IKL- RN | EKMNK]

1 MRDIVGPVES | GI SSLWOEL TAHV 1FaL- OKMNKI

1MRDIVOPVFS|GISS LWOEL TAHV IFaL. | DKMNK

1----MNP1FSVGIQSLWOEL TMGEDPKKI I RL - EK I NKI

Tomnnnnnnnn - NV SLFNQTL TSR

1 -2 -MALVES |GIDSLWO TFVNQTLLABTPE TKVAVI

1----MGPVFSLGIRPLWAELSHIPAGH ! Wi¥I NT LSLLNATLAT TOLEQITL- T1ITSR

N-terminal domain (NTD) REC* domain
"
— e
150 160 170 180 200 210 220 260 270
BesE_Eniecta 132 ATKQSAEH! L TPL-TLN] 270
BosE_E.biingiao 132 SGKK | TLE | I TAGSG I NNL TGFALL TPL-TLN] nvvnnll.am 270
BesE_P.vagans 132 HKRKLTLRI VTSGS T I NL R TLNE - -NQEPL-SLN EQuw N TRsOLY 268
BcsE_Pantoea 132 |EKNMTERLIITSGTS | | NLRNY. Y FR R 1 ~SLN| RAC 270
BesE_S.odorfern 135 RRQGCT| INQL | TLYPAEHGWQGEDENRKPSPSVAHN| QHGMLTLS| 274
BosE_S. proteamaculans 135 RRQGC T L N aLL TSIRS| AQHGMLTLS| 274
BesE_ L LS| 213
BesE_C.mutitudinisentons 135 RQRQCS LV | RVQlS | EHHTHN INQL | TLHR TP QDWQAAEESDAS FPNQI V| L 274
BesE_Y.enterocoltica 135 EAGNCTLEVICHS TG I NK1 INQLV LLEADDQGWS MADE | QQALPQ- SRN| 213
BesE_Y.kistensoni 135 EAQSCT) INQLV LLEADKQGWSMADEVQQALPQ- SRN| TH 273
BesE_K.sacchari 135 KYHKCS| ! aal 272
BsE_E.coacee 135 KYNNCT] [ QaLL AKQEE 212
BesE_Kintormodia 135 KYHNCT) Y | LEHHDGHWQLAKQEE TS 2n2
BesE_Ckosert 117 RFHHCS TLRHKDAHWE LAHKEE TA 254
BsE_C.rodentium 135 REHHCSV) \QKEE TA 272
BesE_S.typhimurium 139 RFHHCS| L LSHQEE TA 276
BesE_S.boydi 139 RLTHCS| EEYR: /QQONG | WTLVQSEE TA B 276
BesE_E.cob1094 139 RLNHCS| EEYRS HF| QQONG | WTLVQSEE TA E: 276
BesE_Enterobacter638 135 RVQNCT] Yo TEMHNNGEWHVARQEE T 2712
BcsE_K pnoumonise 117 QYHRCAFHA INSAQD | DRQL TP BLREYR: 1RYQGDRH | FD | AWGSDKG | S BQQQLMVQHDDAGIR LAGDAE [OEV FNAGRTA( TanTal 254
BesE_C.sakozaki 137 QEHHCT] L YOVAFWFNOKGVSBRQQLPV TF | NORLS LVPRQE D!EFME RQA( 4
BscE_S.blattao 135 NAHHAS LIV LNPGNS L 'SDKG I AGRSQVPV THTENGWEVLTSTD SNALFEAARSAS aveav 272
Interstitial helix GGDEF* domain I-site

350 370
BsE_Eniecta YNRHERADL Y LP LER]
BesE_E biingise YNRHVBAD LD Y LPLEA]
BesE_P.vagans N LE Y LRLDA)
BesE_Pantoea TRHUBADLP A FLPLNA
BesE_S.odorfera YSRHUBAD I DA Y LPPOD|
BesE_S protear ns l.: ) 10,
BcsE_S.marcescens HUBAN 1 DV, Y LRP DD
BesE_C.mutitudinisentons SRH I Y LP LED)
BesE_Y.onterocoltica S RH| YLPPTE
BesE_Y.kistensoni TRH YLPPTE
BesE_K.sacchari NRLI
BesE_E.coacoe. TRL
BesE_K.ntermedia KRLI QTVWNT
BesE_Cokosor SRY|
BsE_C.rodentium SRY|
BCSE_S.typhimurum SRY) QPWOT
_S.boydi SRY)
BesE_E.cob1094 SRY|
BesE_Entorobacter38 N QKWO T
BcsE_K pneumonise Q) '
BcSE_C.sakozaki a
BscE_S.biattae Lapve T)
Unresolved C-terminal tail
—_—
480 490 500 510 520 530
VRQI KGL| P TOWHDV TPESEAGEV | E -KNH - -KMPVS) P I TGNV TREVSRR - - 517
1RQI PGKVKTAWRAAPVQPAADP - KA -STP - - ATEAP| 01 THGKQPPEASE - - - 515
VSN I KKLTPMAIQDLTP - -VSETTRA-AVESRHE TQERSABLP | THLPENESR - - 512
SQLAPVI TLTTVA-APPTAHERVA| 1 TEN1DGAGS - - 515
LV---AKPT ACNBI DGSQEDPTC - - A ¢-di-GMP binding (I-site) 520
KRLAHNAPVP LGAATAAV - - - APRQ- TAAEAASPQE AFTHTTTAGENKHVEP 522
KRMAQG | AAPARQEMP IV - - Al 517
1 KRLAQGN | ELTQSA | KHVKTAAKKTA -VV FEEEQTEE 1PFTHLSREPKE - - - - - 520
MMN TPEAWQS TGDKKT - - - YKQE - VOMPEQAERT| PLTENTGHRQETLS - 519
T---YKQV- PLAENTGHRQENTQ- - 519
VOMRTL: SVTVAGKKI - PLREFSEATERTS 519
PATRQEKKL - - | PHRELSOVTEPSS 519
PLRELNEDRGSAS 519
JRLLSPELWGTP LPLTQGPNPV - - LNAEHDGRV! PLRELODSVERPQ 501
LL PLTQEAKPV - - L P | REL 519
JRLLSPELWGTP LPLAKRADPV - - | NAEHDGR | PLRELODTAERAS - - - 523
QMRLL/ LTQSSKPV - PMRELODAVERSS 523
IRLL PLTQSSKPV - PURELODAVERSS 523
TL LNATHDGHA! PLRELNDAEERASS - - 520
TPLPLSVGKNET - - | NATHDGRH PHRETTREEQA - - 439
ADTPKTVTRRVETPV THLND TAQERAL - - 524
KSSLGQLNGP L ~MN1HYNEQG PV THLTGNPQOP - 518

conserved residue cluster

Supplementary Figure 1



A

Ce

PP 2629

Consensus
PP_2629

Consensus
PP_2630

Consensus
PP_2630

Consensus
PP_2630

1 MTQLCVTHHFCRFFDMSHKASAEDVTHSAFKPFQF TFCRASVLTNGMOQ] S SSQLH T} \T 130
93 AL’ ENYLFI] INITXE YHH( T K QL
B 21T Bl T Sa R B

ADXE 217
237

133 LEKMNKWLRYHHCTLLVINPGNNNDKQRSQLMSEYRSLFGLASL TL XQ TRSXV] P! T 264
o MLCBAQR R 35
265 LTONNQIE] 1) )F 1) 'QPWD! ITLLPEDGKGV 396
36 )RLD: ¢ QI 1§ .VAP] SMWHGVR-NGEIVHQ 166
397 TLCRP: TIGD!  IND] 'TGXIES! DNQISAEX-VQM= == === mm -] RLTXAAKXVAAT! IPE 516
167 RWSRMMGM:ISMMWMIISQ SLATPAFLDSNLPQPPRSDTAAQRPAQANSALABRKVGLAK -~~~ -] RGBA--——mmm 284

Supplementary Figure 2
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Crystal structure : monomeric c-di-GMP In-solution model : intercalated c-di-GMP dimer
(protein : ligand =2 : 1) (protein : ligand = 1 : 2)
e
3
CDG?
(O PelDPaervginosaPAOt GGDEF* domain (pdb code: 4etz) (@ PelDPaeruginosa PA14 GGDEF* domain (pdb code: 4dn0)
BcsAR sphaeroides active site (c-di-GMP free, closed i BesA' active site (c-di-GMP bound, open conformation)

pdb code 4hgé pdb code 4p02

Supplementary Figure 3
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Expression constructs

Primers

1. pProExHTB-bes ™R

2. pProExHTB-bes™*Q

3. pProExHTB-bes *RQ

4. pET21b-besQ™®

5. pET21b-besRQ™S

6. pET21b-bcsRQEPAD4IAHS

7. PET21b-besRQUIADHIALIO Hs

8. pAM238-besQ

9. pAM238-bcsQ*C1?

10. pProExHTB-bes " *E"
1. pPrOEXHTB-bes EFLF
12. pET-HSSUMO-bese™
13. pRSFDuet1*-bese™
14. pRSFDuet1*-bese™2"7

15. pRSFDuet1*-bese?" 752

16. pRSFDuet1*-besE?"92.0457GA

17. pRSFDuet1*-besg27340
18. pRSFDuet1*- s£217-347
19. pRSFDue“'-bcsEa'h’ise
20. pRSFDuet1*-bese*52

21. pRSFDuet1*-besE¥5%

Proteins

Bes'*R: MSYYHHHHHHDYDIPTTLEVLFQ-5--GPMGSM'... ; 10.4 kDa (with tag)
Bes'™*Q: MSYYHHHHHHDYDIPTTLEVLFQ-%--GPMGSM"... ; 31.3kDa (with tag)
Bes'™*R: MSYYHHHHHHDYDIPTTLEVLFQ- 3--GPMGSM' ; 10.4 kDa (with tag)

BcsQ: wild-type, full-length, tag-free protein ; 27.9 kDa
BesQ™S: M' . TPVGSKS??AAALEHHHHHH ; 29.2 kDa (with tag)

BesR: wild-type, full-length protein, tag-free protein ; 7 kDa
BesQ"®: M" .. TPVGSKS™°AAALEHHHHHH ; 29.2 kDa (with tag)
same as BcsRQ™ ;

point mutations C39AD41A in BesQ:
same as BcsRQ™ ;

point mutations C39AD41AL43D in BosQ: ...

. V®DAAPANLLRLSFN

V®*DAAPANDLRLSFN

BesQ: M'..s7; 27.9kDa

Bes*C0Q: M'. 57" ; 27 kDa

Bes*E: MSYYHHHHHHDYDIPTTLEVLFQ---GPMGSM'

Bcs'"*E™: same as in 10.
BcsF: wild-type, full-length, untagged protein ; 7.4 kDa

MGSSHHHHHH-SUMOtag-GG->--SM' .. ; 73 kDa (with tag), 59.5 kDa after cleavage

+62.8 kDa (with tag)

MGSM' ... ; full-length, untagged protein, 59.7 kDa

MGSM'... A%"7 ; untagged BesENT?, 25.1 kDa

MGSA?"... ; untagged BesEREC™GGOEF" 35 kpa
same as 14. ; |-site targeted mutagenesis R*'*TGD->D*'*TGA

MGSA?'... G**; untagged, 14.1 kDa

MGSA?'7... v**7; untagged, 15 kDa
MGSA?'7... V*; untagged, 16.3 kDa

MGSE*°....; untagged BcsESCOEF", 20,1 kDa

MGSQ™...; untagged, 19 kDa

S CATGTAGGATCCATGAATAACAATGAACCAGATACTCTGCCTGATCCC (BamHI)

as: CTAGAT TACTTTTGTTGCGCAAACTCTGCCAG (Notl)

s: CATATGGGATCCATGGCCGTACTGGGATTGCAG (BamHI)

as: CTTGAT( TCATGATTTACTCCCGACTGGCGTTTTCAGC (Notl)

& CATGTAGGATCCATGAATAACAATGAACGAGATACTCTGCCTGATCCC (BamH)
TCATGATTTACTCCCGACTGGCGTTTTCAGC (Notl)

GTATAcmoccencmccArrccwco (Ndel)

as: CTTGATGCG GCC GCTGATTTACTCCCGACTGGCGTTTTCAGC (Notl)

s: GGATCCCATATGAATAACAATGAACCAGATACTCTGCC (Ndel)

as: CTTGATGCG GCC GCTGATTTACTCCCGACTGGCGTTTTCAGC (Notl)

s: GGCCAACTTGTTGCGCCTGTCATTTAACGTTGATTTTAC

as: GGGGCGGBCATCGACCACCAGGACATTTTCTCC (inverse PCR on pET21b-bcsRQ™)

s: CCAACGACTTGCGCCTGTCATTTAACGTTGA 'ACCC

as: CCGGGGCGGCATCGACCACCAGGACATTTTCTCCCAACATTTG (inverse PCR as in 6.)

PAM238 vector amplification:
s: GATTGGTGAAGCTTACTGGCCGTCGTTTTACAACG (Hindill)
as: CCCTATGAATTCGGCGTAATCATGGTCATAGCTG (EcoRl)
bcsQ cloning (with own ribosome-binding si
s: CATATGGAATTCAAGTAGGGGA
as: CTCGAGAAGCTITCATGATTTACTCCCGACTGGCGTTTTCAGC (Hindill)
Slralegy 1.STOP ooaon insertion after $2*° (inverse PCR on 8.):
AAATCATGA
bt CTCAGGMTAGTTCMCAGGCACCAGTTCGCCAG
Strategy 2. STOP codon insertion and besQ®™ deletion (inverse PCR on 8.)
as: GGAATAGTTCAACAGGCACCAGTTCGCC
s: TGAAGCTTACTGGCCGTCGTTTTACAACGTC
s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHI)
as: CTCGAGGCGGCCGCTCATGATGAGCGCTCCACAGCATC (Notl)
s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHi)
as: CTCGAGGCGGCCGCTCATTTTTTGGTTGCCCTGGCTTTTTCCGTG (Notl)
s: CATATGWTGAGGGACAT[GTGGACCCTGTATTC (BamHI)
as: CTCGAGGCGGCCGCTCATGATGAGCGCTCCACAGCATC (Notl)
Vaotor MCS1 redesign (His-tag removal, redesign of BamHI/Not sites)::
s: CTCGAGGCGGCCGCATAATGCTTAAGTCGAACAGA (Notl)
as: cnnemmcnesnn’rcrccrmﬂws (BamHI)
bese™ cloning:
s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHI)
as: CTCGAGGCGGCCGCTCATGATGAGCGCTCCACAGCATC (Notl)
Vector MCS1 redesign: as in 13. besE™2 cloning:
s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHI)
as: CTCGAGGCGGCCGCCTACGCCTCTTCGCTTTGAACTAATGTC (Notl)
Vector MCS1 redesign: as in 13. besE2'752 cloning:
s Accnwscssmncmcmc@cmc (BamHI)
CGAGGCGGCCGCCTACGCCTCTTCGCTTTGAACTAATGTC (Notl)
& GGCGCTATCATGACCATI’GGCGG AATC
as: GGTATCGTTAGGGCGACACAGCGTCAG (inverse PCR)
Vector MCS1 redesign: as in 13. besE2' 7 cloning:
s: ACCATGGGATCCGCGGAGATCCAACCACGCAGC (BamHl)
as: CTCGAGGCGGCCGCCTACCCTTGCACGCTTTCGATCATCGTC (Notl)
Vector MCS1 redesign: as in 13. besE?'7>¥ cloning:
s: ACCATGGGATCCGCGGAGATCCAACCACGCAGC (BamHl)
as: CTCGAGGCGGCCGCCTACACATAGCGACTAAACTTCTGCCCTTGC (Notl)
Vector MCS1 redesign: as in 13. besE2'7%% cloning:
s: ACCATGGGATCCGCGGAGATCCAACCACGCAGC (BamHl)
as: CTCGAGGCGGCCGCCTACTGGGTCATTGACAGCAAGGTAGTGATATC (Notl)
Vector MCS1 redesign: as in 13. besE**523 cloning:
s: ACCATGGGATCCGAAGATATCACTACCTTGCTGTCAATGACCCAG (BamHI)
as: CTCGAGGCGGCCGCTCATGATGAGCGCTCCACAGCATC (Notl)
Vector MCS1 redesign: as in 13. besE%*52 cloning:
s: ACCATGGGATCCCAGCCGCTCAAACTGCGTGGTTTC (BamHI)
as: CTCGAGGCGGCCGCTCATGATGAGCGCTCCACAGCATC (Notl)

ite):
TTGGTGAATGGCCGTACTGGGATTGCAG (EcoRl)

Ref.

This study
This study
This study
This study
This study
This study

This study

This study

This study

This study
This study
This study

This study

This study

This study
This study

This study

This study

This study

This study

This study
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22. pET-HSSUMO-bese?'758
23. pET-"5SUMO-bese?75%.p*151GA

24. pCDFDuet1-bes'"RQAMFA%E

25. pCDFDuet1-bes Rt AFACE

26. pRSFDuet1*-STREPEFL EG

27. pRSFDuet1*-STREPE2!7-523p

28. pRSFDuet1*-STREPE217EG

29. pKT25-2ip
30. pKT18C-zip

31. pKT25-bese™?"7

32. pKNT25-bese™2"7

33. pUT18-bese™2"7

34, pUT18C-bese™2"7

35. pKT25-bosE™

36. pKNT25-besE™

37. pUT18-besE™
38. pUT18C-bese™

39, pKT25-bese? 17523
40. pUT18C-bese? 17522
41, pKT25-510

MGSSHHHHHH-SUMOtag-GG- »--SA?'".... ; 48 kDa (with tag), 34.7 after cleavage
; I-site targeted mutagenesis R*'*TGD»D**TGA

same as 21.

Bes™*R: MGSSHHHHHHHHAAGSNNNE.... ; 8.6 kDa (with tag)
acso wuld-(ype, IuIHe»glh untagged BcsQ ; 27.9 kDa
FAFLAG, | f72GSARSSGRTGLEFEEFYPYDVPDYAADYKDDDDKRS ;
103 9 kDa (wih tags)
BcsB: wild-type, full-length, untagged BcsB ; 86.1 kDa

Bes''*R, BosA™AAC, BesB: asin 24.
Bes™Q: M'YPYDVPDYAGSGAGSGTGAVL. .. ; 29.6 kDa (with tag)
BesSTREPEML: MASWSHPQFEKGSM'.

BesF: wild-type, full-length, untagged protein ; 7.4 kDa

BesG: wild-type, full-length, untagged protein ; 59.6 kDa

BesSTREPE217523, MASWSHPQFEKGSA? EIQPRS. .. ; 36.1 kDa

BesSTREPE!217: MASWSHPQFEKGSM'... A*"7 ; 26.3 kDa

T25-GCN4?® (...IQRMKQLEDKVEELLSKNYHLENEVARLKKLVGER...)
T18-GCN4Z® (...IQRMKQLEDKVEELLSKNYHLENEVARLKKLVGER...)

T25-GSTLEGS-M'... A”'7 ; 49.9 kDa

MGSM'... A?'7-GTSNSMT-T25 ; 50.3 kDa

MGSM'... A7'.GTSNS-T18 ; 44.9 kDa

T18-HCRSTGS-M'.. ; 45.4 kDa

T25-GSTLEGS-M'... ; 84.4 kDa

MGSM'... S"-GTSNSMT-T25 ; 84.8 kDa

MGSM'... S°*-GTSNS-T18 ; 79.4 kDa

T18-HCRSTGS-M' ... ; 80 kDa
T25-GSTLEGS-A""" .. ; 59.7 kDa
T18-HCRSTGS-A”"".. ;652 kDa
T25-GSTLEGS-M'... ; 36.7 kDa

% ACCATGRGATCOGCOCASATCCRACCACGCRCC (BB
CTACGCCTCTTCGCTTTGAACTAATGTC (Notl)

same as in 16.

Vector MCS1 redesign for Pstl/Notl restrictionligation cloning

s: GCGCAACAAAAGTAG! TAATGCTTAAGTCGAACAGA (Notl)

)
as: TCGATCCTIGCAGCGTGATGGTGGTGATGATGGTGATGGCTGCTGCCCATG (Pstl)

Template DNA: E. coli 1094 besA'
'RQAMAFLAS cioning:
s: CATCACGCTGCAGGATCGAATAACAATGAACCAGATACTC (Pstl)
as: CGACTTAAGCATTATGCGGCCGCTTACTCGTTATCCGGGTTAAGACG (Notl)
s GTAGCGGTGCCGGTAGCGGTACAGGTGCCGTACTGGGATTGCAGG
as: CTGCATAATCCGGAACATCATACGGATACATTCACCAATCCCCTACTTTTGTTGC
(inverse PCR on 24.)
besEPLFG dloning in pRSFDuet1* (vector redesign as in 13.)
s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHI)
as: CTCGAGGCGGCCGCCTACTGCATTTGAGTTCTCGGAGAC (Notl)
STREP |l tag insertion (inverse PCR):
$ COGCAGTTCGAARAAGCATCCATGAGGGACATTGTGBACCCTGTATIC
as: GTGGC TCCTTATTAAAG
Insert replacement in 26.
s: ACCATGGGATCCGCGGAGATCCAACCACGCAGC (BamHI)
as: CTCGAGGCGGCCGCCTACTGCATTTGAGTTCTCGGAGAC (Notl)
Strategy 1. 4-letter STOP codon insertion after A2 (inverse PCR on 26.):
s: ATGCGGAGATCCAACCACGCAGCGACG
as: TAAGCCTCTTCGCTTTGAACTAATGTCCAGATACCATTTTGTTGC
Strategy 2. STOP codon insertion and BesE™EC G507 gelgtion (inverse PCR on 26.):
s: ATGAATACCAGAACCCATGCGACTGTTAGATGATGCTG
as: TAAGCCTCTTCGCTTTGAACTAATGTCCAGATACCATTTTGTTGC
Vector control used as commercially available (Euromedex)
Vector control used as commercially available (Euromedex)
Vector MCS redesign:
s ACTATGGGTACCCTAAGAATTCGGCCGTCGTTTTACAACGTCG (Kpnl)
as: cnnwcrcmsaercmcccmca\ccc (BamHl)
besE"?!7 cloni
s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHl)
as: ACTATGGGTACCATTACGCCTCTTCGCTTTGAACTAATGTCCAGATACC (Kpnl)
Vector MCS redesign:
s: ACTATGGGTACCTCGAATTCAATGACCATGCAGCAATCGCATC (Kpnl)
as: CATATGGGATCCCATAGCTGTTTCCTGTGTGAAATTGITATCC (BarmH)

genomic DNA

bese™?"7 cloning:

s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHI)

as: ACTATGGGTACCCGCCTCTTCGCTTTGAACTAATGTCCAGATACC (Kpnl)

Vector MCS redesign:

s ACTATGGGTACCTCGAATTCAGCCGCCAGCGAGG (Kpnl)

as: CATATGGGATCCCATAGCTGTTTCCTGTGTGAAATI’GTTATCC (BamHI)

bese™?"7 cloning: same as 32

Vector MCS redesign:

s: Acrncgqmmemc;xcmTcmncmrcrecrc‘renec (Kpnl)

as: CATATGGGATCCAGTCGACCTGCAGTGGCGTTCC (BamHI)

besE™?"7 cloning: same as 31.

Vector MCS redesign: as in 31. besE™ cloning:

s: CATATGGGATCCATGAGGGACATTGTGGACCCTGTATTC (BamHI)

as: AcTATGmATTATGATGAmTCCACAGCATCATCTAACAsrc (Kpnl)

Vector MCS redesign: as in 32. besE™ cloni

& CATATGGGATCGATCAGGOACATIGTGRACCCTGTATTC (BamHl)

as: ACTATGGGTACCTGATGAGCGCT ACAGTC (Kpnl)

Vector MCS redesign: as in 33. besE™ cloning: same as 36.

Vector MCS redesign: as in 34. cloning: same as 35.

Vector MCS redesign: as in 31. besE5% doning:

s: ACCATGGGATCCGCGGAGATCCAACCACGCAGC (BamHI)

as: ACTATGGGTACCATTATGATGAGCGCTCCACAGCATCATCTAACAGTC (Kpnl)

Vector MCS redesign: as in 34. besE2"52 cloning: same as 39.

Vectr| MCS redesign:as in 31,
ATGGGATCC

\GAACCAAAGAATCCGTATCCGCCTGAAAG (BamHI)
nl ACTATGQQ ACCATTAACCCAGGCTGATCTGCACGTCTAC (Kpnl

This study
This study

This study

This study

This study
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This study
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42 pUT18C-510
43, pKT25-nusB

44. pRSFDuet1*-s10

45. pRSFDuet!*-s10/4"-nusg(**?)

46. pProExHTB-nus"*8
47. pRSFDuet1™-bosE " 275011 glst02

48. pProExHTB-min"**DE

T18-HCRSTGS-Q

T25-GSTLEGS-M'... ; 40.6 kDa

$10:M'6SQ”. .. ; 12kDa

$10: as in 4.
NusB: MKLM'....; 16 kDa

Nus'*B: MSYYHHHHHHDYDIPTTLEVLFQ->--GPMGSM'....; 19 kDa (with tag)

Bese"?' :asin 14.
$10: M'KLQ?..; 12kDa

Min"*D; MSYYHHHHHHDYDIPTTLEVLFQ-5--GPMGSM'
MinE: full-length protein; did not co-purify with Min'**D from the cytosolic fraction

same as in 34. (vector) and 41. (insert)
Vector MCS redesign: as in 31.
s: CATGTAGGATCCATGAAACCTGCTGCTCGTCGCC (BamHI)
as: ACT GTA GGT ACC ATCA CTT TTT GTT AGG GCG AAT CAC AGG TGC (Kpnl)
Vector MCS1 redesign: as in 13.s10 cloning in site 1:
s: CATATGGGATCCCAGAACCAAAGAATCCGTATCCGCCTGAAAG (BamHI)
as: CTATAGGCGGCCGCTTAACCCAGGCTGATCTGCACGTCTAC (Notl)
Veckor MCS1 redesig: 23 n 13. 510 cloning n fle 1: 33 n 44,
Voctor MCS2 redesig

& GAATCCCTCOAGTCTGGTAAAGARACCGCTGCTG (Xhol)
as: GGATCCAAGCTTCATATGTATATCTCCTTCTTATAC (Hindill)
nusBclomnﬂ in site 2;

\TCCAAGCTTATGAAACCTGCTGCTCGTCGCC (Hindill)

= smrcommmcrrrnsm\csccwvcmmsmc (Xhol)
s: CATGTAGGATCCATGAAACCTGCTGCTCGTCGCC (BamHl)
as: ACT GTA GGT ACC ATCA CTT TTT GTT AGG GCG AAT CAC AGG TGC (Kpnl)
Vector MCS1 and Mcsz redesign: as in 45. besE™2"7 cloning in site 1: as in 14.
sm cloning in site
GGATocmc:A AACCAAAGAATCCGTATCCGCCTGAAAG (Hindill)
as: GAATCCCTCGAGTTAACCCAGGCTGATCTGCACGTCTAC (Xhol)
s: CATATGGGATCCATGGCACGCATTATTGTTGTTACTTCGGGC (BamHI)
as: CTA( TTATTTCAGCTCTTCTGCTTCCGGTAAGGTCAC. (Notl)

This study
This study

This study

This study

This study

This study

This study
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Crystallographic data collection and refinement statistics

BcsE21 7-523

Crystallized protein
Data Collection
Space group
Cell dimensions
a,b,c(A)
a, B,y (deg)
Wavelength
Resolution (A)

R-merge

R-meas

R-pim

Mean I/5(1)

Completeness (%)

Multiplicity

CCiz
Refinement

Unique reflections

R-work

R-free

Number of non-hydrogen atoms

Proteins

Ligands
B-factors

Proteins

Ligands
R.m.s.d.

Bond lengths (A)

Bond angles (deg)
Ramachandran plot

Favored (%)

Allowed (%)
Molprobity score

Crystallization condition ligand

Ligand in structure **
Protein : c-di-GMP ratio

SeMet

P41212

112.5, 112.5, 106.4
90, 90, 90
0.9791

49.7-2.2(2.28-2.2)

21.1% (257.6%)
21.7% (264%)
5.2% (63.3%)

12,61 (1.1)
99.3% (96.8%)
17.3
99.9 (65.2)

35074
20.5%
23.8%

4091
58

60.48
50.51

0.013
1.67

96.9
29
1.51
c-di-GMP
c-di-GMP
221

* Statistics for the highest-resolution shell are shown in parentheses
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4.2 Article 2
4.2.1 Introduction to article 2

The article 2 is a continuation to article 1 in further deciphering the structure and assembly of
the assembled Bcs macrocomplex. Moreover, we solved multiple crystallographic snapshots of
the regulatory Bes subcomplexes. Combining structural and functional investigations, we
uncover the mechanism of asymmetric Bcs secretion system assembly and periplasmic crown
polymerization and reveal unexpected subunit stoichiometry, multisite c-di-GMP recognition,
and ATP-dependent regulation.

The work was a close collaboration with Dr. Samira Zouhir, who focused on the cryo-EM
studies of the assembled Bcs macrocomplex and the final stages of structural model
refinements, whereas I concentrated on the stabilization and crystallization of the BcsRQ and
BcesE*RQ multicomponent complexes, the characterization of newly discovered c-di-GMP
binding motifs in the BesE regulator, as well as the validation by cryo-EM of the mechanism
of periplasmic crown polymerization via intersubunit structural complementation between
neighboring BesB subunits. Together with Dr. Petya Krasteva, we also conducted all functional
assays of cellulose secretion, ligand complexation, ATP-ase activity, and biochemical detection
of Bcs subunit expression. This work also benefited from contributions and useful discussions

with former colleagues Stéphane Roche and Meryem Caleechurn.
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STRUCTURAL BIOLOGY

Architecture and regulation of an enterobacterial

cellulose secretion system

Wiem Abidi"?3#, Samira Zouhir'?3%, Meryem Caleechurn’,

Stéphane Roche', Petya Violinova Krasteva">>*

Many free-living and pathogenic enterobacteria secrete biofilm-promoting cellulose using a multicomponent,
envelope-embedded Bcs secretion system under the control of intracellular second messenger c-di-GMP. The mo-
lecular understanding of system assembly and cellulose secretion has been largely limited to the crystallographic
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studies of a distantly homologous BcsAB synthase tandem and a low-resolution reconstruction of an assembled
macrocomplex that encompasses most of the inner membrane and cytosolic subunits and features an atypical
layered architecture. Here, we present cryo-EM structures of the assembled Bcs macrocomplex, as well as multiple
crystallographic snapshots of regulatory Bcs subcomplexes. The structural and functional data uncover the mech-
anism of asymmetric secretion system assembly and periplasmic crown polymerization and reveal unexpected
subunit stoichiometry, multisite c-di-GMP recognition, and ATP-dependent regulation.

INTRODUCTION
Bacterial cellulose is a widespread extracellular matrix component
that can modulate microbial fitness and virulence in both environmen-
tal settings and infected hosts (1-3). Whereas its biosynthesis typi-
cally involves direct c-di-GMP (cyclic diguanosine monophosphate
or CDG) control of an inner membrane (IM) BesAB synthase duo across
the bacterial domain of life, in many B- and y-proteobacteria it
is carried out by sophisticated Escherichia coli-like Bcs secretion
systems, where multiple accessory subunits are essential for secre-
tion or contribute to the optimal production of the polysaccharide
in vivo (1, 4).

In particular, the E. coli cellulose secretion machinery comprises
a total of nine subunits (BcsRQABZCEFG) that span from the cyto-
sol to the extracellular space (Fig. 1A) (I). Studies on a BcsAB com-
plex from Rhodobacter sphaeroides have shown that processive
glucose polymerization is likely carried out by a glycosyl transferase
domain of BesA, whose active site is made accessible by recurrent
binding of dimeric c-di-GMP to an adjacent PilZ domain and dis-
placement of a gating loop capping the substrate-binding pocket
(5-7). IM transport is coupled to processive polymerization and is
energized by the high-energy phosphoanhydride bonds of the pre-
activated synthase substrate, uridine diphosphate (UDP)-glucose.
The nascent polysaccharide chain is thus extruded, one molecule at
a time, through the IM transport domain of BcsA, completed by the
C-terminal tail-anchor of partner BesB (8). In the periplasm, the
latter features a donut-shaped architecture and is proposed to lead
the outcoming cellulose toward the outer membrane secretory
component BesC (6). In addition, the periplasmic modules of BesG
and BesZ can introduce post-synthetic, covalent modifications in
the nascent polysaccharide through the addition of phosphoetha-
nolamine residues or limited hydrolysis, respectively (1, 9). Last,
E. coli-like cellulose secretion in vivo is absolutely dependent on
the presence of two small cytosolic proteins, BesR and BesQ, and is
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substantially enhanced by a third cytosolic protein, BcsE, as well as
by a short membrane-embedded polypeptide, BcsF (4).

We recently uncovered complex interdependence among these
regulatory subunits and showed that most of the IM and cytosolic
Bcs components (BcsRQABEF) form a megadalton-sized secretory
macrocomplex with a multimeric, layered, and asymmetric archi-
tecture (Fig. 1A) (4, 10). Nevertheless, the structures, localization,
and functional roles of individual building subunits within the
secretory assembly remained largely unresolved. Here, we provide
near-atomic resolution cryo-electron microscopy (cryo-EM) data
that reveal noncanonical synthase tandem assembly and B-sheet
complementation-driven BesB polymerization in the periplasm that
can explain both the unusual secretion system asymmetry and its
targeting to cell pole in vivo (4, 11). We further present the crystal
structures of several multicomponent regulatory subcomplexes,
which suggest additional regulatory inputs via BcsRQ-dependent
adenosine triphosphate (ATP) complexation, multisite c-di-GMP
recognition, and creation of a synthase-proximal c-di-GMP pool
for processive enzyme activation.

RESULTS

Structure, polymerization, and asymmetry

of the periplasmic crown

To gain further insights into the architecture of the purified Bcs macro-
complex, we resorted to single-particle cryo-EM (Fig. 1, B and C,
and fig. S1). The three-dimensional (3D) electron density recon-
struction was characterized by substantial gradient of estimated local
resolution, with lower values for the transmembrane and cytosolic
regions, likely due to the presence of a detergent micelle, partial
complex dissociation, and conformational variability among single
particles. In contrast, the periplasmic domains were resolved at near-
ly atomic resolution (average resolution of 2.9 A without imposed
symmetry; fig. S1), with most of the particles featuring up to six BcsB
copies in the crown. As the averaged electron density corresponding
to the sixth BcsB protomer presented lower intensity and resolution, a
pentameric BesB assembly was refined against the experimental density
(table S1). The data confirm that the crown is composed exclusively
of multiple BesB copies and reveal that the protein polymerizes in a
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Fig. 1. The E. coli-like cellulose secretion system and architecture of the Bcs macrocomplex. (A) Left: Topology and functional roles of Bcs subunits (NS-EM, negative-
stain electron microscopy; CDG, c-di-GMP; REC, receiver; NTPase, nucleoside triphosphatase; TAC, transcription antitermination complex; NTD, N-terminal domain; SIMIBI,
signal recognition particle, MinD, and BioD; IM, inner membrane; TMD, transmembrane domain; TA, tail-anchor; CBD, carbohydrate-binding domains; pEtN,
phosphoethanolamine; TPR, tetratricopeptide repeats; OM, outer membrane; CTD, C-terminal domain). Right: Structure of an assembled Bcs macrocomplex encompassing
most IM and cytosolic subunits as obtained by single-particle NS-EM (7). (B) Cryo-EM 2D class averages of detergent-extracted and affinity-purified Bcs macrocomplex.
(C) Density assignments within the assembled Bcs macrocomplex. A hexameric BesB crown derived from the locally refined BcsBP" pentamer (see below) was fitted in
the periplasmic densities. A model of a CDG-bound BcsA was generated by homology modeling in Robetta and was then fitted and refined against the densities corre-
sponding to the BcsRQAB subcomplex, themselves improved by local refinement. The crystal structure of a sandwich BcsR,Q, dimer was fitted in the apical densities, with
BcsR adopting an extended four-turn a1 helix, as observed in some of the crystallized states (see below). A Robetta-derived model of dimeric BcsEN™® was fitted in the
membrane-proximal densities opposite BcsA. The BcsEN'™ copies are fitted in head-to-tail orientation consistent with recently reported interaction data (70). Regions
corresponding to BesERe™ GOEF® gid not yield interpretable densities even after local refinement, likely due to conformational heterogeneity (see below). Most BcsB tail-

anchors as well as the BcsE-interacting BesF chains (predicted to fold into a single transmembrane helix each) were not visible in the 3D-reconstructed micelle.

helical fashion to introduce asymmetry to the system rather than
axial symmetry that is typical for multicopy secretion system as-
semblies (fig. S1) (12).

Each BcsB subunit adopts a conserved four-domain fold (D1 to
D4) in the periplasm (BesBP*") composed of two jellyrolls and two
carbohydrate-binding domains, alternating from the N-terminus
toward a C-proximal amphipathic helix and an IM tail-anchor (TA)
(Fig. 2A and fig. S2). The latter is visible and well refined only in the
membrane-proximal BesB protomer interacting with the BesA syn-
thase (see below); however, the lack of biochemically detectable
BcsB cleavage and the presence of a large detergent micelle under-
neath the entire crown indicate that all crown BcsB subunits likely
feature preserved IM tails. Although the sequence identity with the
R. sphaeroides homolog is overall low, the four domains adopt sim-
ilar secondary and tertiary structures with several crucial exceptions
(Fig. 2A and fig. S2, A and B). First, D2 of BesBE M features a
C-proximal B-strand insertion (E. coli residues $383_p*!) that ex-
tends the central B-sheet of the domain, whereas D4 lacks an
amphipathic helix found in the region connecting strands p2 and f3
of the domain’s central B-sheet in the BesB®"4e homolog
(R. sphaeroides residues W57°—R594). In contrast, surrounding D4
residues in the E. coli protein adopt a three-stranded B-sheet fold,
which is complemented by the D2 B-strand insertion of the neigh-
boring subunit to form a continuous nine-stranded shared B-sheet
and provide a secondary structure-dependent mechanism for peri-

Abidi et al,, Sci. Adv. 2021; 7 : eabd8049 27 January 2021

plasmic BesB polymerization that is likely conserved among entero-
bacteria (Fig. 2, A and B, and fig. S2). Second, D3 of BcsB icoll foq
tures an extended B-strand hairpin in one of the B-sheet-connecting
loops in the jellyroll. Within the macrocomplex, D3 hairpins point
toward the center of the BcsB crown, where they are further stabi-
lized by intersubunit B-strand contacts and pack tightly in a helical
staircase-like fashion (figs. S1 and S2). In the R. sphaeroides BcsAB
crystal structures, the newly synthesized cellulose exiting BcsA’s IM
transport domain positions along the membrane-proximal surface
of BesB’s D3 module (Fig. 2A). Structural superposition with the
cryo-EM structure presented here indicates that in E. coli the secreted
cellulose is likely extruded toward the BcsB crown lumen and away
from the peripheral D2 and D4 carbohydrate-binding domains. To-
gether, these data suggest that D2 and D4 play a role in interactions
with the periplasmic peptidoglycan rather than the secreted poly-
saccharide, whereas the stacked D3 luminal loops might provide a
ratchet-like structural support for the secreted homopolymer on its
way toward the outer membrane.

A modeled BcsBP*™ superhelix features about nine protomers per
turn, with the 10th BesB copy showing a 91-A vertical displacement
relative to the first or almost twice the IM thickness (fig. S1D). Given
that BesB is a tail-anchored protein, its helical polymerization would
induce substantial deformation of the IM, which by itself is likely to
act as a polymerization-limiting factor. Non-aggregative cross-linking
analyses (fig. S1, E and F) (13) and the cryo-EM structure of purified,
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Fig. 2. Structure, poly ization, and y of the peripl; ic crown and ical BcsAB synth d bly. (A) Structural comparison of
BesB monomers from E. coli (left) and R. sphaeroides (right) shown in surface (top) and cartoon (bottom) representation in PyMOL. pdb, Protein Data Bank. (B) Top: A
model of a hexameric BcsB crown derived from the refined BcsBP®" pentamer in top and side views. Bottom: A close-up view of the nine-stranded B-sheet formed by
B-sheet complementation between adjacent BcsB subunits. (C) Coomassie-stained SDS-PAGE of purified, detergent-extracted, full-length E. coli BcsB™™, (D) Cryo-EM
2D class averages of full-length BcsB'™. (E) Left: Cryo-EM density reconstruction of purified full-length BcsB with density-fitted BcsBP*" octamers. Right: A composite
atomic model of the BesBf hexadecamer with visualized IM tail-anchors as observed in the BcsRQAB assembly. Color coding is as in (A). (F) Structure of the BcsRQAB
assembly following particle subtraction and local refinement of the cryo-electron density. A single BcsBP*" copy was fitted in the periplasmic region, and the amphipathic
and transmembrane C-terminal helices were built in the refined density. A CDG-bound BcsA homology model was fitted in the transmembrane and membrane-proximal
regions, and the polypeptide backbone was refined against the experimental density. A BcsRoQ; crystal structure was fitted in the apical region as in Fig. 1. Separate
structural modules and ligand molecules are indicated.
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full-length BesBH (Fig. 2, C to E) show that BcsB polymerization is
both self-driven and self-limiting. The 3D reconstruction features
two BesB octamers embedded from opposite sites in a helical belt of
detergent micelles (Fig. 2E). Whereas the BcsBP" regions refined
to ~4.4-A resolution following local refinement, the C-terminal BcsB
anchors remained largely unresolved in the underlying detergent
micelles. Nevertheless, in each of the two BcsB octamers, the peri-
plasmic regions of the first BcsB copy contact the detergent micelle
of the respective eight protomers and thus create a steric hindrance
for further polymerization (Fig. 2E). Although the isolated BesB™™
particles feature different transmembrane region content from the
multicomponent Bcs macrocomplex, the intersubunit BesB contacts
remain virtually unchanged between the two assemblies (fig. S1G)
and thus reinforce a model of superhelical, asymmetric crown po-
lymerization driven by periplasmic B-sheet complementation. It is
important to note that purified Bcs macrocomplex particles typically
feature up to six BcsB copies in the crown, likely due to additional
restrains on local membrane curvature and BcsB oligomerization
potential imposed by interacting IM and cytosolic Bcs partners.

Noncanonical BcsAB synthase tandem assembly

BcsA and BesB are often encoded by neighboring genes of the same
operon and have been shown to engage in 1:1 interactions in both
Gluconacetobacter xylinus and R. sphaeroides (1, 6, 14). Biochemical
data have further shown that the C-terminal BcsB region, composed
of an amphipathic and an IM a-helices, is absolutely necessary for
glucose polymerization by both the E. coli and R. sphaeroides syn-
thases in vitro (8). Last, structural studies on the BesABRPhacroides
tandem have shown that the BesB C-terminal anchor tightly associ-
ates with and completes the IM transport domain of BcsA, further
supporting a structural and functional co-dependency between the
subunits (5-7). On the basis of these data, we proposed earlier a
similar 1:1 association between the co-catalytic partners in the as-
sembled Bcs macrocomplex, but we could not distinguish between
protein and detergent micelle densities in the negative-stain data
(4). Unexpectedly, the cryo-EM structure reveals a single BcsA copy
in the assembled Bcs macrocomplex (Figs. 1C and 2F), which forms
a conserved BcsAB tandem with the membrane-proximal BesB
protomer, as determined by the relative position of the D3 luminal
loops in the periplasm. On the other side of the membrane, BcsA
folds, as expected, into a glycosyl transferase domain and a PilZ
B-barrel module. A homology model could be fitted with minor
adjustments into the electron density map [root mean square devi-
ation (RMSD) of 1.6 A over the Ca atoms between the Robetta (15)
output and the density-refined model] and reveals extra density
consistent with c-di-GMP binding to its canonical binding site onto
the C-terminal PilZ module (Figs. 1C and 2F). Although these data
suggest overall structural and functional conservation between the
E. coli and R. sphaeroides BcsA homologs, the unexpected BesA:BesB
stoichiometry, the proximity of a second c-di-GMP sensing protein
(BcsE), and the direct interactions of BcsA with the essential for secre-
tion BesR and BesQ subunits (see below) suggest that E. coli cellu-
lose secretion is dependent on multiple additional regulatory inputs
rather than a simple model of BcsAB tandem assembly.

Structural and mechanistic insights into the essential

for secretion BcsRQ complex

BesR is a short, 7-kDa polypeptide with unknown structure and
function, whereas BcsQ is a 28-kDa protein predicted to belong to

Abidi et al,, Sci. Adv. 2021; 7 : eabd8049 27 January 2021

the ancient SIMIBI (signal recognition particle, MinD, and BioD)
superfamily of pro- and eukaryotic nucleoside triphosphatases
(NTPases). Members of the latter are key to a large variety of cellular
processes including divisome positioning (MinD), bacterial flagellum
secretion (FIhG and FIhF), and membrane protein sorting in both
prokaryotes and higher organisms (SRP54-SR and Get3) (fig. S3)
(16, 17). We recently showed that BcsR and BesQ exhibit chaperone-
like function toward each other, where BcsR stabilizes BesQ to form
monodisperse BcsR,Q, heterotetramers in solution, while BesQ itself
may play a role in the folding and subsequent stability of BcsR (10).

To increase the resolution of the apical BcsRQ subcomplex, we
proceeded to protein crystallization. The BcsRQ complex crystal-
lized in a variety of conditions and space groups, and several struc-
tures were solved at nearly atomic resolutions (1.6 to 2.1 A; table
§$2), with only the ~10 C-terminal BcsQ amino acids remaining
unresolved in the electron densities. The refined structural models
feature a virtually unchanged conformation for BcsQ (RMSD of 0.19
t0 0.42 A over all atoms), whereas BcsR shows substantial flexibility
in its N-terminal domain and the N-proximal end of helix 1.

BcsQ adopts a classical o-B-a SIMIBI NTPase fold with a central
seven-stranded B-sheet (a 1p7+1B6eTPleTB5¢Tp2¢1P4e|B3 core)
sandwiched between flanking o helices (Fig. 3A and fig. S3A) (18).
Regardless of the purification and crystallization conditions, BcsRQ
crystallized as ATP-bound “sandwich” or “tango” dimers of heterodi-
mers. In the latter, an extensive part of the BcsQ homodimerization
interface is stabilized by a network of hydrogen bonds and salt
bridges among residues from both BcsQ subunits, the “sandwiched”
ATP moieties and multiple water molecules resolved in the electron
density (Fig. 3, B and C). In particular, the adenine base is stabilized
primarily by side-chain interactions with N'7" in cis, whereas the
triphosphate moiety interacts both with residues from the Walker A
motif in cis (e.g., T 6 and T") and with the side chains of N'** and
R"® in trans (Fig. 3, C and D). Site-directed mutational analysis in
cellulo shows that sandwich ATP binding is likely indispensable for
cellulose secretion, as observed by the '\?rogressive reduction in cal-
cofluor bindin%\]between the BesQN'92P, BesQNIF2DRISGE 5hq
BchNlSZ'\'RlSGA' 71A mutants (Fig. 3E). Such ATP dependency is
especially unexpected given the self-energized nature of cellulose
biogenesis, which uses preactivated UDP-glucose as a substrate.

While ATP-dependent tango dimers are an essential part of the
catalytic cycle of SIMIBI family members (fig. S3D), capturing them
crystallographically has typically required either the introduction of
hydrolysis-inactivating mutations or the use of nonhydrolysable
ATP homologs and transition state mimics [reviewed in (16, 17)].
In contrast, the dimer-of-heterodimers conformation appears to be
the default state of purified BcsRQ (10) and the presence of the
nucleotide triphosphate (NTP) in all BcsRQl'lls structures reveals the
absence of nucleotide hydrolysis or exchange even after prolonged
incubation periods or treatment with chelating agents (table S2).
Consistent with this, the Bes™ *RQ™T complex exhibited only weak
adenosine triphosphatase (ATPase) activity in vitro, which was fur-
ther inhibited in the context of a BcsHisRQWT-BcsEz17'523 hetero-
complex (fig. S3).

A closer inspection of the BcsQ protein sequence and nucleotide-
binding pocket reveals that the protein features a deviant P-loop
or Walker A motif as well as an aspartate-to-cysteine (or serine)
substitution at the catalytic water-activating residue at position 39
(Fig. 3D and fig. $4). In canonical SIMIBI NTPases, the P-loop typ-
ically features two lysine residues—K'' and K'® in MinD—which
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Fig. 3. Structural and functional of the for ¢ secretion

it BesQ. (A) Structure of a BcsRQ™® heterodimer showing the conserved SIMIBI

fold (in spectrum-colored cartoon), bound ATP (in black sticks), and Mg** ion (as a purple sphere). (B) Crystal structure of the ATP-bound BcsRQ"™ heterocomplex. Right:

Coomassie-stained SDS-PAGE of the purified heterocomplex. (C) A close-up view of the ATP-binding pocket. BcsQ subunits are shown as cartoon in blue and lime, with
ATP-coordinating residues colored in cyan and tan, respectively. Water molecules and the Mg** ion are shown as gray and purple spheres, respectively. ATP and key
surrounding residues are shown as sticks. (D) Primary sequence comparison of key functional motifs in canonical SIMIBI NTPases and enterobacterial BcsQ. (E) Functional
complementation assay examining the role of key BcsQ residues in vivo. Colony cellulose secretion is evaluated by fluorescent calcofluor binding. Results are representa-

tive of at least six biological replicates. All BcsQ mutants were tested for protein expression and interactions with the BcsR and BesE partners (E).

coordinate the phosphate moieties in trans and in cis, respectively,
and are thought to aid electron density redistribution toward the
phosphoanhydride bond oxygen during hydrolysis (Fig. 3D). In
particular, the role of the K" residue in trans is akin to that of the
arginine finger in small guanosine triphosphatase (GTPase) activating
proteins (GAPs), suggesting a common mechanism for intersub-
unit hydrolysis activation among NTPase superfamilies (19). The
two lysines are typically ke¥ for SIMIBI protem function, as exem-
plified by E. coli MinD*"'* and MinD*'** mutants, which are
ATPase deficient and unable to interact with the downstream effec-
tor MinC (18).

In BesQ, the cis-acting lysine is substituted by a threonine (T"),
which points away from the bound ATP and toward the core B-sheet
(Fig. 3C). Mutation of this residue to the consensus lysine abolishes cel-
lulose secretion in all tested contexts (BchTlSK and Bes QTISK'C”A'D‘“A)
which can be explained with altered geometry within the nucleotide-
binding pocket rather than ATP hydrolysis activation. Although the
purified Bes"*RQ*K complex did not exhibit considerable ATPase
activity in vitro, it showed ATP complexation, stability, and elution

Abidi et al,, Sci. Adv. 2021; 7 : eabd8049 27 January 2021

profiles similar to those of the wild-type BcsRQ complex. These data
indicate that ATP binding and tango dimer formation alone are not
sufficient for cellulose secretion and suggest an additional BcsQ-
dependent step, possibly ATP hydrolysis, downstream of BcsERQ
complex formation.
Further analysis of the nucleotide-binding pocket reveals that
, which corresponds to the consensus trans-acting Walker A ly-
sine, is flipped away from the bound ATP and its conformatlon is
stabilized by a salt bridge with the strictly conserved D'*° from the
same BcsQ subunit. Charge-reversal mutation of R" (BchRlOE) or,
in contrast, a salt bridge-removal mutation of D'® that would re-
lease the Walker A arginine (BchD 1504) Jead both to decrease in
calcofluor binding in vivo, indicating that the two interacting resi-
dues likely play a structural rather than a catalytic role in cellulose
biogenesis. Instead of R', the role of arginine finger in BesQ is tak-
en by the tandem of conserved trans-acting residues N'*? and R'*.
While mutation of both residues leads to loss of cellulose secretion
as mentioned above, a charge-reversal mutation of R3%0 (BchRls(’E)
has actually stimulatory effects on cellulose secretion. It is important

l

50f15

1202 ‘10 J9qUIDAON UO S10°0UI0S MMay//:sdny woiy papeojumo(]

88



SCIENCE ADVANCES | RESEARCH ARTICLE

to note that while the carboxamide nitrogen of N'** forms classical
arginine finger interactions with the a-phosphate and the phospho-
anhydride bond oxygen of the y-phosphate, R'*® coordinates the
distal oxygen of the y-phosphate and also engages into a salt bridge
with the D*! residue in trans, which itself is in immediate proximity
to the canonical catalytic water-activating residue at position 39
(Fig. 3C). The BchRl °F mutation could therefore have a twofold
stimulatory effect with regard to putative downstream ATP hydro-
lysis: (i) A negative charge around the distal oxygens of the y-phosphate
would facilitate electron transfer from the attacking hydroxide nuc-
leophile away from the distal oxygens and onto the phosphoanhy-
dride bond oxygen, and (ii) a charge-reversal mutation of R'®
would release its salt bridge partner D* and increase the negative
charge around active site-bound water molecules, therefore favor-
ing water deprotonation and nucleophilic attack on the bound
nucleotide. Consistent with this, purified Bes™*RQ™**F exhibited
stronger than wild-type ATPase activity in vitro. In addition, the
injected protein sample eluted as several distinct species, consistent
with BesRQ complex disassembly, and coeluted nucleotide species
did not concentrate together with the protein complex, further in-
dicating nucleotide hydrolysis and release from the BcssRQRISSE
complex (fig. S3, F to H). Nevertheless, the apparent ATP hydrolytic
activity of the BcsQR'*®E mutant was inhibited in the context of a
ternary Bes*RQR*°F-BesE?7~°2 complex (fig. S31), indicating that
the BesE regulator further stabilizes the ATP-loaded, precatalytic
sandwich dimer formation.

Although the above results favor a hydrolytically active BcsQ
protein, where ATP hydrolysis occurs downstream of the BcsERQ
interactions in the context of cellulose biogenesis, it is less evident
how the attacking nucleophile is initially activated. As mentioned
above, the canonical water-deprotonating aspartate in switch I of
the NTPase fold is substituted by a cysteine (C*) or serine residue
in enterobacterial BesQ (Fig. 3D and fig. S4). Although the thiol side
chains of cysteines can act as nucleophiles in enzymatic reactions,
mutation of both C* and the adjacent D" to alanines (BchC”A'D“A)
does not negatively affect calcofluor binding in vivo (Fig. 3). Never-
theless, a consensus-mimetic mutation (BchC”D) has a stimulatory
effect on cellulose secretion, especially in the early stages of biofilm
formation and even stronger than that of the BchRl °F mutation.
The in vitro stability, ATPase activity, and nucleotide-loading states
of the Bes™*RQ®P complex, however, are similar to that of the
wild-type protein (fig. S3, F to H). Together, these data favor a model
where BesQ-bound ATP is hydrolyzed downstream of BesRQ and
BcsERQ complex formation, with catalytic water activation being
mediated either in trans by a downstream binding partner or in-
volving additional conformational changes within BesQ to deliver
an alternative water-deprotonating residue. In favor of this model,
it is important to note that even canonical SIMIBI proteins are
actually relatively poor ATPases. Rather, SIMIBI-dependent nucle-
otide hydrolysis typically requires membrane and/or effector bind-
ing and can involve either intrinsic to the NTPase amino acids or
catalytic activation in trans by active site residues provided from
downstream binding partners [e.g., lipid and MinE-dependent acti-
vation of MinD (20, 21), Spo0J-dependent activation of Soj (22), and
FlhG-dependent activation of FIhF (23)].

The crystal structures of the BcsRQ complex also reveal a possi-
ble mechanism for BcsR-dependent BesQ stabilization. As reported
recently, neither BcsR nor BesQ can be purified as stable proteins
when expressed separately, whereas BcsRQ coexpression leads to

Abidi et al,, Sci. Adv. 2021; 7 : eabd8049 27 January 2021

the purification of stable monodisperse BcsR,Q, heterocomplexes.
The crystal structures show that each BesR polypeptide interacts stably
with both BesQ subunits (free energy gains of —21.4 and —9.4 kcal/mol)
burying 1900 A” of combined surface area (Fig. 4A and fig. S3, B
and C). In particular, BesR features a C-terminal V-shaped a-helical
domain, BesR™, which effectively stitches the interface of the BcsQ
homodimer by both polar and hydrophobic interactions, is required
for cellulose secretion in vivo, and is sufficient for purification of a
stable Bes*™ "™PRQ heterocomplex (Fig. 4, A to D, and fig. $3, B and
C). The interface occupied by BesRE™P corresponds to the same in-
terface occupied by MinE and Getl in the MinDE and Get3-Getl
assemblies essential for divisome positioning and tail-anchored
membrane protein sorting, respectively, indicating a common reg-
ulatory mechanism for cofactor association among SIMIBI family
members (Fig. 4A) (20, 24).

The remaining BcsR N-terminus (Bcs ) features an extended
conformation with an apical B-hairpin and adopts variable, partially
disordered conformations among the six different crystal structures
presented in this study (Fig. 4B). As we discussed recently, such
conformational variability could have further stabilizing effects on
BcsRQ complex assembly by minimizing the intrinsic aggregation
propensity of BesQ (10). Unexpectedly, while it is not requisite for
BcsRQ complex formation (Fig. 4C), BcsRNTP appears to be crucial
for cellulose secretion and BesA biochemical detection in cells (Fig. 4,
D and E). Fitting of the BcsRQ complex in the cryo-EM structures
reveals that the two essential regulators occupy the agjga] density of
the Bes macrocomplex (Figs. 1C and 2F), with BcsA iz buttressing
primarily one of the BcsQ subunits, whereas the o1 helix of the
BcsA-proximal BesR copy appears to extend at its N-proximal end
to position BcsRNTP onto the catalytic glucosyl transferase domain,
BesACT (Fig. 2F). Together, these data suggest additional regulatory
roles for BesR and BesQ in synthase stabilization and activity regu-
lation and can further explain the essential regulatory role of the
protein heterocomplex in cellulose biogenesis in vivo.

Together, the cytosolic modules of the BcsARQE subunits en-
close a large membrane-proximal vestibule within the Bcs macro-
complex, in which the regulatory BesA™™ module occupies a central
position (Fig. 1C). Surface conservation analyses of the resolved
BcsRQ and BesRQ-BesE assemblies (see below) indicate clustering
of most conserved residues at the vestibule-facing side of the hetero-
complexes (figs. S4 and S5), consistent not only with observed protein-
protein interactions but also with the evolution of a specific local
environment around the c-di-GMP sensing BcsA” 12 module and
the gated catalytic BcsAST domain. Conserved residues include a
series of arginine (R"* and R**") and glutamate (E*) residues that
adopt alternative conformations to form an electron-dense region
at the bottom of the vestibule, which likely preclude nucleotide re-
lease and stabilize the tango dimer conformation, as well as com-
posite c-di-GMP sensing sites on the partner BcsE protein, which
likely contribute to activating dinucleotide retention for processive
glucose polymerization (below).

RNTD

Structural analyses of the BcsRQ-BcsE interactions

and multisite c-di-GMP complexation

We recently showed that BcsE features a tripartite architecture, namely,
an N-terminal RecA ATPase-like module (BcsENTD), followed by a
phosphotransfer incompetent receiver (BesEREC") domain and a cata-
Iytically inactive GGDEF module (BcsEGGDEF*) (10). We further
showed that while the N-terminal domain oligomerizes in head-to-tail
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it BesR. (A) Comparison of the BcsRQ complex with two-component complex-

es of SIMIBI superfamily members. (B) Overlay of BcsR subunits found in the asymmetric units of all structures resolved in this study. (C) Size exclusion chromatography
and SDS-PAGE analysis of purified BcsRQ and Bes“N™°RQ. Molecular weights for the tag-free BcsR and Bes* ™R are 7.4 and 3 kDa, respectively. (D) Functional complemen-
tation assay of the role of BcsR domains in cellulose secretion in vivo. Results are representative of at least six biological replicates. (E) Western blot detection of cellular
BcsA upon Bcs macrocomplex expression in the context of BcsRN™® deletion [GAPDH, glyceraldehyde-3-phosphate dehydrogenase (loading control)]. The results are

representative of at least three replicates.

manner and participates in BcsF-driven recruitment of BesE to the
membrane, the C-terminal BesESGPHF™ moiety is responsible for
binding of both dimeric ¢-di-GMP and BcsQ (10). On the basis of
these data, we can unambiguously assign the membrane-proximal
electron-dense region that lies across from BcsA and underneath
the membrane-distal crown repeats to a BesEN™P dimer (Fig. 2B),
but overall, the cryo-EM reconstruction fails to provide further
structural insights into the BcsERQ regulatory complex assembly.
To overcome this, we proceeded to purify and crystallize stable
BcsRQE* complexes. We obtained crystals for two multicomponent
assemblies, BcsRQEm'523 and BcsRQRlSGEEm'S“, which diffracted
to nearly atomic resolution and yielded structural models refined to
2.5and 2.9 A, respectively (table S3). Within the two structures,
crystallized in the presence of c-di-GMP and AppCp/Mg?*, the
BcsQ dimers are largely unchanged from the those observed in
the isolated BcsRQ complexes (RMSD over all atoms < 0.41 A). The
most substantial conformational chan%e from the latter is observed
in one of the BcsR copies in the BcsRQ 156ER217-523 structure, where
the a1 helix features an additional turn at its N-proximal end and
the remaining N-terminal region is flipped away from the complex
to wrap along a BcsQ protomer from a symmetry-related assembly.
This is reminiscent of the apparent conformation of the BcsA-proximal
BesR copy in the cryo-EM reconstruction, where the protein’s
N-terminal region is flipped away from BcsQ and appears to extend
onto the synthase’s glycosyl transferase module (Figs. 1C and 2F).
The two crystal structures reveal that BcsE binds BesQ through a
composite interface (1490 A?, free energy gain of —9.1 kcal/mol),
including a nonlinear binding surface on the GGDEF* module dis-
tal from both the c-di-GMP-bound I-site and the N-proximal REC*

Abidi et al,, Sci. Adv. 2021; 7 : eabd8049 27 January 2021

domain, as well as an extended interface of 1055 A* formed by
the ~40 C-terminal residues of BesE (BesECT) (Fig. 5A and fig. S6, A
to D). The latter are unresolved in the crystallized BesE*'7~>** con-
struct alone (10), suggesting BcsQ-mediated tertiary structure sta-
bilization. The interface is stabilized by both polar and hydrophobic
interactions and particularly by conserved Pro and Leu residues
(P°" in the enterobacterial consensus/P>® in BcsEE“" and L in
the consensus/L>'* in BesEE“!) plugging into two hydrophobic
pockets onto the BesQ surface (fig. S6C). Although deletion of the
C-terminal tail or the globular GGDEF* module alone abolishes
stable BcsERQ complex purification (fig. S6F), the bipartite inter-
face may allow substantial flexibility in the relative orientations of
the BesQ and BesEC“PEFY modules in the context of a secretory
assembly stabilized by additional protein-protein interactions.

In addition to revealing the structural determinants for BcsQ
recruitment, the two BcsRQE structures provide unexpected in-
sights into activating c-di-GMP complexation. Consistent with
solution biophysical data (10), c-di-GMP is found bound as an in-
tercalated dimer to each GGDEF* domain, partaking in canonical
interactions with the conserved R*'*xxD I-site motif. However, in the
BcsRQRIFER217-523 complex, the interstitial o; helix and the BesERECT
module of BesE undergo drastic conformational change [144° rotation
and 45 A displacement relative to the recently reported BesE*'7*2-
c-di-GMP structure (10)] to contribute a second conserved RxxD
motif (R**®ATD), which forms virtually identical I-site-like interac-
tions with the second c-di-GMP molecule (Fig. 5, C and D). We
further show that although this second I-site is insufficient for sta-
ble c-di-GMP recruitment alone (10), it drastically stabilizes the
binding of dimeric c-di-GMP in solution as demonstrated by the
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Fig. 5. Multisite c-di-GMP recognition and structure of the BcsRQR!5%. BsERECT-GODEF* complex. (A) Crystal structure of untagged BcsRQR!SE.g217-523 assembly in
complex with ATP/ACP (B,y-methyleneadenosine triphosphate or AppCp) and ¢-di-GMP. (B) Full-length BcsE domain architecture and functionally validated c-di-GMP-
binding motifs (RxxD I-sites | and Il) as identified in this study. (C) Captured conformational changes in the BcsERE™"55%F tandem between the BesE2'7-52 [“Splayed” (10)]
and BcsRQ™'S5FE217-52 (“Closed”) crystal structures. (D) Close-up views of c-di-GMP complexation in the three-component complex. Left: An |Fo|-|F| partial electron density
map calculated from a model before inclusion of the dinucleotide and contoured at 2.5 o. Right: A cartoon-and-stick representation of c-di-GMP coordination. Canonical
I-site | residues are colored in cyan; secondary I-site Il residues are colored in teal. (E) Functional validation of the secondary I-site on the BesERE" module (R*°°ATD) by
isothermal titration calorimetry. K4 values were calculated using a two-site binding model.

altered thermodynamic profiles of c-di-GMP binding to truncated ~ dimeric c-di-GMP binding to the protein’s PilZ module, synthase-
(BesE**5%) or point-mutant (BesE27 B A3 ATA) variants (Fig. 5E).  proximal enrichment of the dinucleotide in already intercalated con-
As the processive transfer of glucose moieties onto the nascent cel- ~ formation by the BesERPCOCPEF (3 dem can have direct functional
lulose chain requires recurrent opening of BcsA’s active site by  implications in the context of an assembled secretion macrocomplex.
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Furthermore, although c-di-GMP binding to receiver domains has
been reported earlier, the dinucleotide binding mode in BesEREC i
markedly different. For example, we first reported c-di-GMP recog-
nition by Vibrio cholerae VpsT, where the degenerate receiver do-
main features a C-terminal a-helical extension (a6) through which
it dimerizes to form an intersubunit c-di-GMP binding pocket (25).
Similarly, some CheY-like response regulators have been reported
to bind ¢-di-GMP through an arginine-rich C-terminal extension
of the canonical REC domains, the corresponding peptide alone
being sufficient for ligand complexation (26). However, to our
knowledge, BcsE is the first example where a REC domain fold con-
tributes an intrinsic, I-site-like motif for c-di-GMP coordination.

In addition to the second I-site, the BcsRQE**~>? structure re-
veals a third crystallographic, c-di-GMP-binding motif (fig. S6, F to
I). In particular, the dinucleotide dimer bound to the BcsEGCDEF*
I-site of a symmetry-related BesE molecule (BesES'™) is further co-
ordinated by multiple n-stacking and polar interactions with resi-
dues from cognate BcsE (R*H™), BesR (R*'W??), and BesQ (R)
protomers (fig. S6G). Although it is not evident that this third bind-
ing site has biological relevance in cellulose secretion, its proximity
to the BesA™'” module raises the possibility of it contributing addi-
tional weak interactions for synthase-proximal dinucleotide reten-
tion in vivo.

Last, the BcsRQM**EE?!7-2 structure also provides a structural
basis for the poor resolution and likely conformational heterogene-
ity of the BcsE-corresponding regions in the cryo-EM density re-
construction. Namely, BcsE*'7 % features substantial changes in the
relative orientation of the REC* domain relative to the GGDEF*
module when compared not only between the BcsE*'7 % and
BesRQRIPEE217-523 structures (144° rotation, 45-A displacement)
but also between BesE*'7 2 subunits in the asymmetric unit of the
three-component crystal structure alone (20.4° rotation, 6.25-A dis-
placement). As even local refinement of the cryo-EM data failed to
yield electron densities into which we can reliably fit the crystallo-
graphic structures, we have refrained fromgrogosing a specific
model for the 3D organization of the BesEREC™SSPEF o dules in
the context of the assembled Bcs macrocomplex.

DISCUSSION

Apart from some cyanobacteria, all cellulose-producing bacteria
feature a BcsAB tandem as the catalytic core of their cellulose bio-
synthetic machineries (1). The latter can be classified in three major types,
as found in G. xylinus (type I), E. coli (type II), and Agrobacterium
tumefaciens (type III) (I). Most of the structural information on the
catalytic subunits has come from studies of the BcsAB homologs
from R. sphaeroides, an organism that features a type I cellulose se-
cretion apparatus (I, 6, 7). As R. sphaeroides secretes amorphous
cellulose and no evidence for BcsAB polymerization has been found
in vitro or upon analysis of crystallographic interfaces (4), it is like-
ly that the R. sphaeroides biosynthetic modules consist of separate
BcsAB heterodimers in cellulo. In contrast, we showed previously
that E. coli BesB likely features polymeric organization in the mem-
brane as seen in detergent-extracted and not reconstituted Bcs macro-
complexes studied by single-particle electron microscopy in negative
stain (Fig. 1A) (4). Here, we provide nearly atomic resolution data
showing that BcsB polymerizes via a B-sheet complementation
mechanism among subunits and propose that polymerization would
be limited by both the membrane surface tension and the transmem-
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brane domains (TMDs) of interacting Bcs subunits, such as the
BcsB membrane anchors, BesA’s transport domain on one side,
and, likely, BcsE-interacting BesF copies on the other side of the
crown. Whereas BcsB features a high degree of overall sequence and
surface conservation, the D2:D4 B strands and the stacked luminal
loops that mediate intersubunit B-strand addition feature relatively
low sequence conservation, consistent with the fact that the ob-
served B-strand interactions are backbone-mediated and mostly
side-chain independent (figs. S2, B to E, and S5).

Both the D2:D4 intersubunit interactions and the D3 luminal
loops appear conserved at the secondary structure level among
enterobacteria but are absent in the R. sphaeroides BcsB homolog,
where D4 features a long amphipathic a-helix insertion in lieu of
the interfacial B strand (Fig. 2A and fig. S2) (6). This can explain the
monomeric conformation of R. sphaeroides BcsB and compels the
question of whether the absence of a D4 amphipathic helix inser-
tion and an E. coli-like predicted secondary structure can be used
as a molecular marker for BcsB oligomerization. For example, in
G. xylinus, which features a type I cellulose secretion machinery and
where c-di-GMP and its effect on cellulose biosynthesis were first found
(27), immunolabeling on freeze-fractured cells has shown that the
Bcs complexes arrange in a linear row along the cell surface (28).
Primary and secondary structure alignments show that BcsB%*/
is more akin to the E. coli rather than the R. sphaeroides BcsB homolog
(i.e., presence of putative interfacial B-strand motifs and lack of am-
phipathic helix insertion), which raises the possibility that the pecu-
liar supramolecular organization of cellulose synthesis in G. xylinus
could be, at least partly, driven by intermolecular BcsB interactions.

In addition to a conserved BcsB polymerization mechanism, the
cryo-EM Bcs macrocomplex reconstruction also revealed a non-
canonical BesA:BesB stoichiometry that differs substantially from
a generally accepted model of equimolar synthase tandem assembly
(Fig. 1C). The altered BcsA:BcsB ratio is also particularly interest-
ing, as it demonstrates a biosynthetically expensive stoichiometry
for a complex that features a single catalytic subunit. Possible roles
for the BesB polymeric crown might include local perturbations of
the IM for facilitated BcsA membrane sorting or function, a ratchet-
like organization of the BesB crown lumen for more efficient cellulose
extrusion, a supramolecular assembly for recruitment of regulatory
enzymes [e.g., the hydrolase BcsZ, the pEtN transferase BesG, or
BesB-interacting c-di-GMP metabolizing enzymes PdeK and DgcC
(1, 9, 29)], periplasmic peptidoglycan rearrangements for facilitated
guidance toward the outer membrane export channel, or introduc-
tion of overall secretion system asymmetry related to the role of the
essential SIMIBI subunit BesQ (see below). Furthermore, the link
between BcsB oligomerization and membrane deformation could
also explain preferential secretion system assembly at the cell pole
(11), where the native membrane curvature is inherently highest.

As mentioned above, cellulose secretion in E. coli is absolutely
dependent on the small cytosolic subunits BesR and BesQ [Figs. 3
and 4 and (4)]. The structural and functional analyses of the BcsRQ
heterocomplex presented here reveal multiple parallels with the
structure and mechanism of canonical SIMIBI proteins, which are
important multistate regulators in a variety of cellular functions
(fig. S3D). An important feature of SIMIBI proteins is the uncou-
pling of NTP-dependent dimerization and hydrolysis, which pro-
vides an additional spatiotemporal control of the proteins’ function.
The data presented here support a similar model of delayed,
dimerization-uncoupled, BcsQ-dependent ATP hydrolysis within the
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Bcs secretion system, which occurs downstream of the BcsRQE
regulatory complex assembly. Given the substantial effects of BcsQ
and BesR on the detectable levels of IM BesA [(4) and Fig. 4E] and
that the BcsERQ complex is recruited to the membrane upon ex-
pression of IM BesF (10), it is possible that the BcsRQ tandem plays
a direct role in the membrane sorting and/or stability of the BcsA
synthase similar to the function of other protein-sorting SIMIBI
NTPases [e.g., the SRP54-SR tandem for general membrane protein
sorting, Get3 for TA-protein insertion, and FlhF for flagellum as-
sembly initiation (16, 17, 23)]. As the BcsRQ complex is secretion
system specific and involves interactions with a single BcsA copy, it
would require no nucleotide or protein recycling mechanisms but
rather partake in an energetically economical “one-shot” Bcs macro-
complex assembly.

Although the precatalytic ATP-bound tango dimers of SIMIBI
proteins are typically pseudosymmetric, they often participate in
asymmetric protein-protein interactions along their catalytic cycles
(16, 17). For example, studies on the MinD-MinE complex have
shown that the MinE dimer cannot simultaneously affect both cat-
alytic sites of the MinD homodimer and that asymmetric binding of
MinE is sufficient to trigger ATP hydrolysis and membrane release
of MinD (20, 21). Similarly, in tail-anchored protein sorting homo-
dimeric, guanosine triphosphate (GTP)-loaded Get3 forms an
asymmetric complex with the Get4-Get5 partners to secure efficient
cargo loading before its delivery to the membrane through GTP
hydrolysis, interactions with the Get2-Get1 insertase complex, nu-
cleotide release, and Get3 recycling (16, 17). Similar functional
asymmetry is also observed in the assembled Bcs macrocomplex. In
particular, the apical BcsRQ subcomplex buttresses a siAn§le BesA
copy, where most of the contacts are between the BesAP” domain
and a single BcsQ subunit, whereas the N-terminal domain of the
proximal BesR chain appears to extend past the PilZ module and
onto the catalytic glycosyl transferase domain. Overall secretion sys-
tem asymmetry is also secured by the superhelical polymerization
of BesB discussed above, as well as by the substantial conformational
flexibility of partner BcsE.

Regarding the role of the third cytosolic regulator BcsE, we
recently showed that the protein features an unexpected tripartite
architecture composed of degenerate (*) NTPase, REC, and GGDEF
domains and that it participates in both secretion system assembly
through high-affinity interactions with BcsF and BesQ and activat-
ing cofactor complexation through binding of ¢-di-GMP to the con-
served GGDEF* domain I-site (R*'*TGD). Here, we demonstrate
the contribution of a second I-site (R*®ATD), intrinsic to the REC*
domain, that stabilizes binding of the dinucleotide in its synthase-
activating intercalated dimer form at the REC*-GGDEF* interface
(Fig. 5). Both the cryo-EM data and crystallographic structures
attest to substantial structural variability between the two modules
that could reflect conformation-dependent c-di-GMP binding af-
finities. In a functional mechanism where dimeric c-di-GMP mi-
grates in and out of the BesA™Z domain to allow substrate entry at
each cycle of processive glucose polymerization (5), BcsE could thus
contribute to the retention of a synthase-proximal pool of activating
dinucleotide that is made available through minor conformational
changes. Last, the tandem BesERECH-GODEF® | gites (Fig. 5), the ob-
servation of a third crystallographic site for c-di-GMP recognition
at the interface of BesR, BesQ, and BesE protomers (fig. S6, F to 1),
the conspicuous conservation of the vestibule-lining protein surfaces
(fig. S5), and the discovery of colocalizing, secretion system-specific,
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c-di-GMP-metabolizing enzymes (29) all point toward E. coli-like
cellulose secretion evolution toward intersubunit cooperativity and
limited dinucleotide diffusion.

MATERIALS AND METHODS

The experiments were not randomized and the investigators were
not blinded during experimental design, execution, or outcome
assessment. However, most experiments were reproduced independent-
ly by different investigators, including crystallographic, biochemi-
cal, biophysical, and phenotypic functional assays.

Bacterial strains

Plasmids for recombinant protein expression (see below) were
propagated in and isolated from E. coli DH5a cells. All recombinant
protein expression for structural and in vitro biochemical studies
was carried out in BL21(DE3) Star cells, including the expression of
selenomethionine-derivatized proteins. E. coli 1094 AbcsQ or AbcsR
strains were used in complementation phenotypic assays with bcsQ or
besR variants, respectively, expressed from a low-copy isopropyl-
B-p-thiogalactopyranoside (IPTG)-inducible vector (pAM238,
below). All bacterial strains and plasmids used in this study are
available upon request.

Recombinant DNA techniques

DNA manipulations were carried out using standard protocols for
polymerase chain reaction (PCR), molecular cloning, transforma-
tion, and DNA analysis. Coding regions for BcsR, BesQ, BesRQ,
BcsRQAB, BesE, and BesEFG variants were amplified using E. coli
1094 genomic DNA as a template and a high-fidelity DNA poly-
merase (Phusion, New England Biolabs) and inserted via digestion/
ligation cloning into IPTG-inducible expression vectors with custom-
modified multiple cloning sites (MCSs). Point mutations, insertion
of stop codons, MCS modifications, and domain deletions were
performed using inverse PCR-based protocols and mutation-
specific oligonucleotides as primers. All recombinant vectors and
introduced mutations were verified by DNA-sequencing and, where
applicable, IPTG-inducible protein expression. All BcsQ mutants
tested in phenotypic functional assays were verified for expres-
sion and copurification with the rest of the BcsE*'7*RQ complex
components.

Protein expression and purification

As BesR and BesQ fail to express or purify stably when cloned sep-
arately, all variants of the BcsRQ complex were purified following
protein coexpression and not complex reconstitution. In particular,
the coding region corresponding to the BcsRQ tandem (as found in
operon) was amplified and cloned into both the pProExHTB and
pET21b expression vectors, adding a cleavable N-terminal or non-
cleavable C-terminal hexahistidine tag to BcsR (pProExHTB—H“RQ)
or BesQ (pET-RQH‘S), respectively (10). For coexgression purposes,
the coding regions corresponding to BesE?'7** and BesE™* 5%
were cloned into custom-modified pRSFDuet1* expression vector
under control of the first T7 promoter, as reported recently (10).
Overexpression of the Bcs macrocomplexes was performed as pre-
viously (4) by coexpression of the pCDFDuet1-Bcs *RQAHA-FLAGE
and pRSFDuet1*-"PEFG constructs after introduction of targeted
modifications. Last, for BesB™- expression, the corresponding cod-
ing region was cloned using Nde I/Not I-based restriction/ligation
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protocol into a pET21b vector to yield a C-terminally hexahistidine-
tagged protein upon recombinant overexpression.

For protein purification, all expression vectors were (co-)trans-
formed into chemically competent E. coli BL21(DE3) Star cells. For
the expression of native proteins, cells were grown at 37°C under
aerobic conditions in terrific broth medium supplemented with ap-
propriate antibiotics [ampicillin (100 pg/ml), kanamycin (40 pg/ml),
or a combination of ampicillin (70 pg/ml) + kanamycin (30 ug/ml)
for coexpressed vectors]. At a cell optical density corresponding to
an absorbance of 0.8 to 1.0 at 600 nm (ODgy), the cells were moved
to 17°C and overnight protein expression was induced by the addi-
tion of IPTG at a final concentration of 0.7 mM. For the expression
of selenomethionine-derivatized proteins, 4 liters of cells was ini-
tially grown at 37°C in LB medium to an ODgq of 0.5 to 0.6. Cells
were then pelleted by centrifugation (4000g, 15 min, 20°C), gently
washed with 200 ml of 1x SelenoMet Medium Base (Molecular Di-
mensions), collected again, and resuspended in 1 liter of complete
SelenoMet Medium (Molecular Dimensions) supplemented with
L-selenomethionine (40 mg/liter) and the appropriate antibiotic.
Cells were then grown for an additional hour at 37°C, transferred to
17°C, and induced with IPTG as above.

After 16 hours, cells were harvested by centrifugation, resuspended
in lysis buffer, and flash-frozen in liquid nitrogen. For BcsRQ purifi-
cation, the composition of the lysis buffer was 20 mM Hepes (pH 8.0),
120 mM NaCl, 19 mM imidazole (pH 8.0), 2 mM B-mercaptoethanol,
and cOmplete protease inhibitors (1 tablet/50 ml) (Roche). For
the BcsRQRlSE'E-BcsEZ”’523 and BcsRQ-BesE* % complexes, the
immobilized metal affinity chromatography (IMAC) buffer was also
supplemented with 0.5 pM c-di-GMP (Jena Bioscience or Sigma-
Aldrich), 2 uM AppCp (Jena Bioscience), 5 mM MgCl,, and
10% glycerol.

For protein purification, cells were thawed and lysed using an
EmulsiFlex-C3 high-pressure homogenizer (Avestin). Cell debris
were removed by centrifugation (1 hour at 50,000 and 4°C), and
the cleared lysates were loaded onto buffer-washed Talon Super-
flow resin (GE Healthcare) at approximately 0.5 to 1 ml of resin/liter
of culture. The resin was subsequently washed with more than
20 volumes of IMAC buffer A (protease inhibitor-free lysis buffer
as above), and bound proteins were eluted in a single step with
IMAC buffer A supplemented with 200 mM imidazole (pH 8.0)
(IMAC buffer B). _

For purification of BcsRQ'™, eluted protein was supplemented
with 15 mM EDTA (pH 8.0), concentrated to 2.5 ml using an Ami-
con Ultra centrifugal filter (30-kDa cutoff; Millipore), and desalted
using a disposable PD-10 desalting column (GE Healthcare) and
IMAC buffer A. The protein fraction was then incubated with 5 mM
MgCl; and excess AppCp (1 mM), adenosine diphosphate (ADP;
1 mM), or no nucleotide and subjected to size exclusion chroma-
tography on a Superdex 200 Increase 10/300 GL column (GE
Healthcare) equilibrated in gel filtration buffer [20 mM Hepes (pH 8.0),
120 mM NaCl, and 2 mM dithiothreitol (DTT)]. Collected pro-
tein fractions were analyzed for purity by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), pooled, concentrated, flash-frozen in
liquid nitrogen, and stored at —80°C. For purification of untagged
Bes“NPRQ complex, the coding region covering residues 40 to
62 of BesR and full-length BesQ were cloned into a pProExHTB
vector and IMAC-purified in parallel to the full-length BcsRQ com-
plex as above. The eluted complexes were desalted for imidazole
removal and incubated overnight with His-tagged viral HRV-3C
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protease for cleavage of the N-terminal hexahistidine tag on BcsR.
Following reverse IMAC for protease and tag removal, the flow-
through fraction was concentrated and subjected to size exclusion
chromatography (SEC). The eluted fractions were analyzed by SDS-
PAGE, concentrated, flash-frozen, and stored at —~80°C. Molecular
weights for the full-length BesR and Bes™ PR following tag cleavage
are 7.5 and 3 kDa, resgectively.

Complexes BcsRQ 156E_BesE217-52% and BesRQ-BesE*? % were
purified in a similar two-step IMAC procedure. After tag removal,
the proteins were subjected to SEC using a Superdex 200 Increase
10/300 GL column and gel filtration buffer with composition 20 mM
Hepes (pH 8.0), 120 mM NaCl, 5 mM MgCl,, 0.5 uM c-di-GMP,
2 uM AppCp, 2 mM DTT, and 10% glycerol. Collected protein frac-
tions were analyzed for purity and stoichiometric complex assem-
bly, concentrated, and flash-frozen in liquid nitrogen for storage
at —80°C.

Expression of the Bes macrocomplex (pCDFDuet1-Bes “RQA™ 4GB +
PRSFDuet1*-S"PEFG) was performed as reported previously (4). Briefly,
after cotransformation, culture growth, induction and overnight expres-
sion, cells were pelleted by centrifugation and resuspended in ice-
cold lysis buffer containing 20 mM Hepes (pH 8.0), 120 mM NaCl,
10% glycerol, 5 mM MgCl,, 2 uM AppCp, 2 uM c-di-GMP, 250 uM
cellobiose, lysozyme (100 pg/ml), and cOmplete EDTA-free prote-
ase inhibitors (1 tablet/50 ml) (Roche). After lysis (EmulsiFlex-C3),
cell debris were removed by low-speed centrifugation (12,000g,
15 min, 4°C) and the membranes were pelleted by ultracentrifugation
using an SW 28 Ti Beckman rotor (26,500 rpm or up to 126,000g for
1 hour at 4°C). After removal of the supernatant, the membrane
fraction was resuspended in solubilization buffer containing all
lysis buffer components but lysozyme and cellobiose, as well as a
mix of detergents at the following final concentrations: 0.4%
(w/v) digitonin (Sigma-Aldrich), 0.4% (w/v) n-dodecyl-p-p-
maltopyranoside (anagrade B-DDM, Anatrace), 0.4% (w/v) decyl
maltose neopentyl glycol (DM-NPG; Anatrace), and 0.2% lauryl
maltose NPG (LM-NPG; Anatrace). After a 60-min incubation at
17°C and under mild agitation, the solubilized membrane fraction
was cleared by a second high-speed centrifugation step as above.
The supernatant was then incubated with anti-FLAG M2 affinity
gel (50 pl of packed resin per liter of induced culture; Sigma-Aldrich)
under mild agitation at 4°C for 1 hour. After gravity elution of the
nonbound fraction, the resin was washed extensively (>30 column
bed volumes) with binding buffer containing all lysis buffer compo-
nents but lysozyme and cellulase, as well as 0.008% (w/v) LM-NPG.
The bound complexes were then eluted using four column bed vol-
umes of elution buffer (affinity buffer supplemented with 3x FLAG
peptide at 100 pg/ml) and concentrated on a 100-kDa cutoff Amicon
Ultra (Merck Millipore) centrifugal filter. For cryo-EM grid prepa-
ration, the Bcs macrocomplex was eluted in a glycerol-free buffer,
concentrated to ~0.8 mg/ml, spotted on glow-discharged gold Quan-
tifoil grids, blotted, and plunge-frozen in liquid ethane using a
Vitrobot Mark IV device (Thermo Fisher Scientific) at 4°C and
100% humidity.

For BesA detection in the context of N-terminally truncated
BesR (Bes*™'PR), expression of the corresponding Bes macrocom-
plexes was performed as above. To avoid overnight saturation effects,
expression was IPTG-induced at 37°C and BesA"AFHAS detection
was analyzed 120 min after induction. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) detection was used as loading control for
the experiments.

110f15

1202 ‘10 J9qUIDAON UO S10°0UI0S MMay//:sdny woiy papeojumo(]

94



SCIENCE ADVANCES | RESEARCH ARTICLE

Last, BcsBH‘—overexpressing BL21(DE3)* cells were pelleted and
resuspended in buffer containing 20 mM Hepes (pH 8.0), 500 mM
NaCl, 19 mM imidazole (pH 8.0), and 10% glycerol and lysed by
sonication. Nonlysed cells were removed by a 15-min centrifuga-
tion at 12,000g, and the supernatant was collected. The sample was
then mixed with detergents at final concentrations of 0.4% p-DDM,
0.4% digitonin, 0.4% DM-NPG, 0.2% GDN101, and 0.2% LM-NPG
(Anatrace) and incubated at 17°C for 1 hour. The extract was subse-
quently clarified by a high-speed centrifugation (60,000g for 1 hour),
and the supernatant was subjected to a single-step IMAC purifica-
tion. The BesB™-bound resin was washed extensively with IMAC
buffer A [20 mM Hepes (pH 8.0), 500 mM NaCl, 19 mM imidazole,
and 0.008% LM-NPG] and eluted with buffer B containing 20 mM Hepes
(pH 8.0), 500 mM NaCl, 0.008% LM-NPG, and 200 mM imidazole
(pH 8.0). The quality of the eluted sample was verified by SDS-PAGE
and used for cryo-EM grid preparation as described above.

SEC-coupled on-column cross-linking

To detect BesBF oligomerization in solution biochemically, we
used SEC-coupled, on-column cross-linking (13). First, 200 ul of 0.25%
glutaraldehyde was injected to a Superose 6 Increase 10/300 GL col-
umn (Cytiva), preequilibrated in buffer containing 20 mM Hepes
(pH 8.0), 500 mM NaCl, 0.006% LM-NPG, and 0.006% GDN101.
The run was stopped after 5 ml of elution volume, and the sample
loop was flush-cleaned with the same buffer. Concentrated IMAC-
purified full-length BesB'™ was subsequently injected onto the column,
and the run was continued. As the higher hydrodynamic radius of
the protein sample incurs faster mobility through the chromatogra-
phy column, protein assemblies passing through the glutaraldehyde
bolus would be briefly exposed to the cross-linking agent and any
nonspecific aggregates would be simultaneously separated by the
gel filtration medium. The mild cross-linking of BesB'" into higher-
molecular weight species was visualized by running individual frac-
tions across the non-aggregative elution peak on 4 to 20% SDS-PAGE
gradient gels and Coomassie staining.

SDS-PAGE and Western blot analyses

Protein fractions were analyzed by standard denaturing SDS-PAGE
electrophoresis using 4 to 20% gradient mini-gels (Bio-Rad), Expe-
deon InstantBlue Coomassie stain, and a Li-Cor Odyssey Fc system
for Coomassie visualization (700-nm channel). For Western blot
analyses, SDS-PAGE-migrated proteins were directly transferred
using a standard mini-gel transfer protocol, polyvinylidene difluoride
membranes, and a Trans-blot Turbo transfer system (Bio-Rad). Block-
ing and antibody incubations were performed in the presence of
5% skim milk in TPBS (1X phosphate-buffered saline supplemented
with 0.1% Tween™ 20 detergent); all washes between and after anti-
body incubations were performed with 1x TPBS buffer. Mouse an-
ti-HA (hemagglutinin) (Thermo Fisher Scientific, #26183; dilution
1:1000) and anti-GAPDH (Thermo Fisher Scientific, #MA5-15738; di-
lution 1:1000) antibodies were used as primary antibodies; Alexa Fluor
680-conjugated donkey anti-mouse antibody (Abcam, ab175774;
dilution 1:10,000) was used as secondary antibody. The signal was de-
tected using a Li-Cor Odyssey Fc system in the 700-nm channel.

Crystallization, data collection, and structure determination
All crystals were obtained by sitting or hanging-drop vapor diffu-
sion by mixing equal volumes of protein (1.5 to 6 mg/ml) and reservoir
solution followed by incubation at 4°C. Crystallization conditions
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were as follows: Diffracting BcsRQM™ crystals with P 1 21 1 space
group appeared in multiple crystallization conditions with typical
composition of 15 to 22% polyethylene glycol (PEG) 2000, 100 mM
2-(N-morpholino)ethanesulfonic acid (MES), or bis-tris with pH 5.5
t0 6.5 and 0 to 7% glycerol or xylitol; BesRQ™™ crystals with P 21 21
21 space group grew in 100 mM MES (pH 6.5) and 12% PEG 20,000;
BcsRQRl oF_BcsE217-523 crystals apgeared in 100 mM MES (pH 6.0)
and 11% PEG 20,000; BcsRQ-BesE** 2 crystals grew in 100 mM
Tris-HCI (pH 9.0), 22 to 25% PEG 6000, and 500 mM LiCl. For
crystallization of AppCp- or ADP-pretreated BcsRQ™, MgCl, and
either nucleotide were also added to the crystallization condition at
500 and 50 uM final concentrations, respectively. For crystallization
of BesE*'7° and the complexes BcsRQRl”E-BcsEm‘ 3 and Bes-
RQ-BcsE* %, the crystallization conditions were supplemented with
50 uM c-di-GMP. All BcsRQ™™ crystals with P 121 1 space group,
as well as all BcsE-containing crystals, appeared within 3 to 14 days,
whereas BcsRQM™ crystals with P 21 21 21 space group were detect-
ed 6 to 8 months after setting up of the crystallization trials. For
cryo-protection, crystals were soaked in reservoir solution supple-
mented with 25 to 30% glycerol, 1 mM DTT, and, where applicable,
50 uM c-di-GMP. Cryo-preserved crystals were flash-frozen and
stored in liquid nitrogen. Data were collected on frozen crystals at
100 K using synchrotron radiation at the European Synchrotron
Radiation Facility (ESRF, beamline ID29 MX) and Soleil (beam-
lines PX1 and PX2) synchrotrons.

Data reduction was carried out with the software package XDS
(30). Experimental phases were obtained by single-wavelength
anomalous diffraction (SAD) experiments on crystals grown from
selenomethionine-derivatized proteins and with wavelengths cor-
responding to the experimentally determined selenium K-edge. Ini-
tial models for the BcsRQ complex were built manually in the
SAD-derived experimental density using Coot (31), and a BcsQ
monomer was used as a search model in molecular replacement phas-
ing of x-ray diffraction datasets collected on crystallized native com-
plexes (BcsRQ™S, BesRQ-BesE** %, and BesRQM*E-BesE? 72,
tables S2 and $3). Models for the BesESCPEF * and BesRES" domains
were derived from the recently reported crystal structure of BesE?'7 2
(10) and used as additional search models in the molecular re?lace-
ment phasing of the BcsRQ-BesE** % and BcsRQRlSGE-BcsE 17-523
datasets. Reiterative refinements in Phenix and Coot of all struc-
tures yielded the final refined models (31, 32). Data collection and
refinement statistics are summarized in tables S2 and S3. For illus-
tration purposes, all crystal structures were displayed in the PyMOL
Molecular Graphics System (Schrodinger LLC) or UCSF Chimera
(33). The latter was also used for displaying the 3D reconstructions
of the assembled Bcs macrocomplex.

Single-particle cryo-EM

To visualize the self-polymerization propensity of purified His-tagged
BesB'™, we collected a dataset of 3830 movies on the Elsa Talos Arc-
tica transmission electron microscope (Thermo Fisher Scientific) at
the European Institute of Chemistry and Biology (IECB) Bordeaux
operated at 200 kV and equipped with a Gatan K2 Summit direct
electron detector. Movies of 67 frames were recorded using Serial EM
(34) in electron counting mode at a total exposure dose of 49.6 e /A%
and a corrected pixel size of 1.13 A%, The movies were motion- and
contrast transfer function (CTF)-corrected using MotionCor2 (35) and
Getf (36), respectively, within the cryoSPARC v2 interface. Particles
were auto-picked using the latter’s “blob picker” function, and after
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three rounds of 2D classification in cryoSPARC v2 (37), a total of
46,807 particles distributed among 15 classes were retained and used
in ab initio model generation and nonuniform refinement. Each
BesBP"! octamer was further refined locally after subtraction of the
remaining densities, and the resulting reconstructions were com-
bined to yield the locally refined BcsBP*" hexadecamer.

We used the same microscope to record a dataset of 6793 movies
of the Bcs macrocomplex with similar data collection parameters
(64 frames per movie, 48.3 e /A” total exposure dose, corrected pixel
size of 1.13 A%) and analysis workflow, yielding a final set of 286,771
particles distributed among 64 2D classes, the best of which were
kept as templates for particle auto-picking in subsequent analyses
(see below). For initial 3D model generation for the assembled Bcs
macrocomplex, classes with less than five BcsB copies, as well as
classes visually missing densities corresponding to the IM and/or
cytosolic regions, were removed during the 2D classification. A 3D
model was generated ab initio and subjected to nonuniform refine-
ment; however, the overall resolution of the IM and cytosolic mod-
ules was not sufficiently high for reliable density assignment.

To further resolve the 3D architecture of the assembled Bcs mac-
rocomplex, we therefore recorded a total of 9129 movies on the
CMO1 Titan Krios transmission electron microscope (Thermo Fisher
Scientific) at the ESRF Grenoble operated at 300 kV and equipped
with a Gatan K2 Summit direct electron detector and a GIF Quan-
tum LS imaging filter (38). The images were collected in two separate
sessions keeping a constant total electron dose (48 e /A?), defocus
range (-0.75 to —2.75 pm), and pixel size (1.05248 A?). The movies
were motion- and CTF-corrected as above, using MotionCor2 and
Getf within the cryoSPARC v2 interface (35-37). Particles were au-
topicked using the cryoSPARC v2 template picker and 2D classes
generated from the initial Talos Arctica dataset. The resulting parti-
cle stacks from each dataset were then subjected to three rounds of
2D classification for removal of “junk” particles. A total of 576,455
particles containing three to six identifiable BcsB copies were then
used for ab initio model generation using a single class. Nonuniform
refinement of the resultant model yielded a 3D reconstruction corre-
sponding to a BesB pentamer resolved at ~3.1-A average resolution
accompanied by lower-intensity, lower-resolution regions corre-
sponding to the rest of the Bcs macrocomplex. The map was segmented
in UCSF Chimera (33) and separate soft masks for the BcsB pentamer,
and the rest of the assembly were generated in cryoSPARC v2 (37).
The low-resolution regions were then subtracted from the refined
particles, and the BcsB pentamer was locally refined to 2.9-A aver-
age resolution, with extensive regions featuring local resolution at
2.5 A. The nonuniformly refined maps before and after local re-
finement were then autosharpened and combined in Phenix (32).
Initial BesB backbone tracing and atomic model building were per-
formed manually for a single BcsB subunit in Coot (31). The model
was then used for generation of a BesB pentamer, which was thor-
oughly refined against the experimental density map through iterative
model building and refinement cycles in Coot and Phenix, respectively.
Coordinate refinement statistics are summarized in table S1.

To improve the resolution of the BcsRQAB assembly (fig. S7),
we first removed a substantial part of the partially assembled Bcs
complexes by force-splitting the dataset through 3D classification
between two classes: a BcsB crown pentamer and an assembled Bcs
macrocomplex as derived from the model generated from the Talos
Arctica dataset. The latter class was then subjected to nonuniform
refinement in cryoSPARC v2 and two rounds of 3D variability anal-
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ysis and display in clusters (37), where only particles belonging to
clusters with resolved IM and cytosolic densities were retained for
further analysis. A resulting stack of 173,294 particles were then in-
put for ab initio model generation and nonuniform refinement, and
the resulting 3D density reconstruction was segmented in UCSF
Chimera (33). Separate soft masks were generated for the BcsRQAB
assembly (i.e., regions corresponding to the apical BcsR,Q, com-
plex; to BesA’s TMD, GT, and PilZ domains; and to the partner
BesB copy) and the rest of the reconstruction. The latter mask was
used as input for particle subtraction, and the remaining BcsRQAB
assembly was locally refined. A BcsA homology model was generated
in Robetta (15) based on the BcsAR=phacroides crystal structures, and
its separate domains were rigid body-fitted and refined against the
locally refined BcsRQAB-corresponding cryo-EM density.

Isothermal titration calorimetry

Apparent dissociation constants (Kq) and stoichiometry of interac-
tions (N) were measured by isothermal titration calorimetry (ITC)
(39) using a Microcal VP-ITC calorimeter from Malvern Panalyti-
cal at 20°C. For ¢-di-GMP binding studies, 0.8 to 1 mM c-di-GMP
were used as a ligand in the syringe and purified protein was added
to the cuvette at concentrations of 40 to 50 uM. The protein and li-
gand were purified/diluted in the exact same buffer to minimize
nonspecific dilution heat effects. Protein concentrations were
determined by a combination of methods including a reducing
agent-compatible colorimetric assay (RC DC, Bio-Rad) and 280-nm
absorbance measurements under denaturing conditions (Aagp; 6 M
guanidinium chloride) while accounting for potential scattering
contributions (As3). All ITC data were analyzed by integrating the
injection heat effects, normalized to the amount of ligand and pro-
tein present, and curve-fitting based on a single- or two-site binding
models using the Origin software package for Microcal. For all titra-
tions, titrations of the ligand into buffer were performed to account
for heat dilution effects, and the latter were subtracted during the
ligand binding analyses. The apparent K4 and N were derived from
the data by using standard procedures, and the graphs were replot-
ted using the GraphPad Prism software.

Calcofluor-binding cellulose secretion assay

To test for the functional effects of BcsQ and BesR point mutants or
truncated variants, we resorted to a functional complementation
assay as established previously (4). First, chemically competent cells
were prepared from E. coli 1094 AbcsQ or AbesR deletion strains (4).
These were then transformed with low-copy pAM-238 plasmids
carrying wild-type or mutant besQ or besR genes and plated on LB-
agar plates (Miller) supplemented with the appropriate antibiotics
[streptomycin (60 pg/ml) and chloramphenicol (15 pg/ml)]. Single
colonies were inoculated in 5 ml of LB medium with antibiotics and
left to grow overnight at 37°C and agitation. On the following
morning, 5 ul of the cultures was spotted onto low-salt LB-agar
plates [NaCl (1.5 g/liter)] supplemented with the antibiotics, 0.1 mM
IPTG, and 0.02% calcofluor (Fluorescent Brightener 28, Sigma-
Aldrich). The spots were allowed to air-dry, and the plates were
incubated at 30°C. After 24 hours, the plates were photographed
under brief illumination with long-wave ultraviolet light (365 nm).

Nucleotide loading state analysis
We used reversed-phase high-performance liquid chromatography
to separate nucleotides for the determination of nucleotide loading
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states of purified protein complexes. Purified wild-type and mutant
BcsRQ complexes were purified by IMAC and gel filtration as
described above and concentrated to 20 mg/ml using Microcon
Centrifugal Filter units (Merck Millipore) with a 10-kDa cutoff. The
concentrated protein samples were denatured on ice using equal
volume of chilled isopropanol and immediately resuspended with
water to 40 uM final protein concentration. Each sample was subse-
quently filtered through Microcon Centrifugal Filter units (Millipore)
with a 10-kDa cutoff, and nucleotides were separated on a C18 re-
versed-phase column (Poroshell 120 EC-C18 3 x 150 mm, 2.7 um,
flow rate of 0.5 ml/min) using 100 mM potassium phosphate buffer
(buffer A, pH 6.0) as mobile phase (6 min), followed by a methanol-
phosphate gradient for column cleanup and reequilibration [1 min
0 to 100% buffer B (30% methanol/70% buffer A), 4 min 100% buf-
fer B, 1 min 100 to 0% buffer B, 2 min buffer A]. Eluted nucleotides
were identified by comparison to injected ATP and ADP standards.

ATP hydrolysis assay

ATPase activity assays were conducted using the ATPase/GTPase
activity kit (MAK113, Sigma-Aldrich) according to the manufac-
turer’s guidelines. Following IMAC and SEC purification, wild-type
and mutant BcsRQ complexes were diluted to final concentrations
of 5, 2.5, 1.25, and 0.625 uM in gel filtration buffer [20 mM Hepes
(pH 8.0), 120 mM NaCl, and 2 mM DTT]. Ten microliters of each
sample was mixed with 20 pl of the provided assay buffer [40 mM
tris-HCI (pH 7.5), 80 mM NaCl, 8 mM MgAc;,, and 1 mM EDTA]
and 10 pl of 4 mM freshly prepared ATP in a microplate. The reac-
tions were incubated for 25 min at room temperature before stop-
ping them by the addition of the malachite green—containing blocking
reagent. The samples were left to develop for additional 25 min at
room temperature to allow the malachite green to form a stable
dark green product with the free phosphate liberated by the ATPase
reactions. The colorimetric products, proportional to enzyme activ-
ity, were measured in a microplate reader at 620 nm. A previously
characterized active ATPase [FleQ"*F (40)] was used as a positive
control, and negative control wells contained gel filtration buffer in
lieu of protein sample.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabd8049/DC1

View/request a protocol for this paper from Bio-protocol.
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Figure S1. Quaternary structure of BesBZ<, (A) Views of a refined BesBZ <! pentamer against
the experimental cryo-EM density following local refinement within the assembled Bcs
macrocomplex. (B) Surface map coloring according to FSC-based local resolution estimations,
color key in angstroms. (C) FSC plots and average resolution estimations for the locally refined
BcsB pentamer at the gold-standard FSC cutoff of 0.143. Cryo-EM data analysis was carried out
in cryoSPARC v2, atomic model building and refinement in Phenix, map visualization in UCSF
Chimera. (D) A modeled decameric BesBZ </ superhelix based on the experimentally observed
inter-subunit contacts presented in (A). The stacked luminal loops are shown in surface
representation, the rest of each BesB subunit is shown as cartoon. Calculations of the rotational
and translational displacements between the first and last protomer, as well as structure
visualization were carried out in PyMol. (E) Elution profile of purified full-length BcsBHis
subjected to size-exclusion chromatography (SEC) coupled with non-aggregative, on-column
crosslinking. SEC column: Superose® 6 Increase 10/300 GL (Cytiva). (F) SDS-PAGE analysis of
the IMAC elution fraction of purified full-length BesB™ (lane 2) and the SEC-elution fractions of
the same sample following mild on-column crosslinking and gel filtration, as in (E). (G)
Comparison of BesBP*' packing observed in the structure of IMAC-purified full-length BesBHis
(rainbow, one of two experimentally observed octamers presented) vs. BcesBPr packing as
observed in the Bcs macrocomplex crown (grey, an octamer model based on inter-subunit contacts
presented in (A)). The two octamers were aligned onto the first BesB copy, calculations of the
rotational and translational displacements between the last protomers of each assembly were
carried out in PyMol.

Figure S2. Sequence and structure comparison of BesBE< and BesBR-phaeroides, (A) Fold
comparison of the four periplasmic BesB domains with emphasis on key motifs participating in
inter-subunit f-strand-mediated backbone interactions. (B) Sequence and secondary structure
alignment of the two homologs based on a published crystal structure of R. sphaeroides (pdb code:
4p00) and the cryo-EM data presented here. (C) A close-up view of the sequence-independent
inter-subunit [3-sheet complementation. (D) Sequence alignment of the key interface B-strand
regions among enterobacteria. (E) Corresponding consensus logos and secondary structure
predictions. Fold comparison was visualized in PyMol. Sequence alignments were performed in
ClustalQ and visualized in Jalview. Secondary structure prediction was carried out on the full-
length enterobacterial BesB consensus sequence in JPred. Consensus logos were generated in
WebLogo.

Figure S3. Structure-function analyses of the BesRQ complex. (A) Secondary structure
topology of the BesR (grey gradient) and BesQ (rainbow) subunits. (B) Interface analysis of the
BesRQ complex. Surface areas and free energy gains were calculated in PDBePISA. (C) Close-
up views of the BesR:BesQ interface. (D) Pre-catalytic nucleotide-bound ‘tango’ dimers of diverse
SIMIBI proteins and their cellular functions. (E) SDS-PAGE analysis of IMAC elution fractions
of BesHSRQ*-BesE?1 723 complexes with BesQ mutants presented in this study. (F) SEC elution

99



profiles and SDS-PAGE analysis of the elution peaks for BcsRQ* complexes containing a subset
of BesQ variants showing significant phenotypic effects on cellulose secretion. The BesQRIS6E-
NIS2D mutant was unstable following IMAC elution and did not yield stable BesRQ complex upon
gel filtration. (G) ATPase activity of the purified BcsRQ* complexes visualized by a colorimetric
malachite green-based assay (MAK113, Sigma-Aldrich). The active ATPase FleQ"'*F was used
as a positive control. (H) Nucleotide loading states of purified BcsRQ* complexes as detected by
protein complex concentration, protein precipitation and reversed-phase HPLC analysis of the
liberated nucleotides. Elution times of stably bound nucleotides concentrated together with the
protein complexes are compared to those of individually injected ADP and ATP standards. (I)
SEC-clution and ATPase activity profiles of purified Bes"SRQWT-BcesE?! 723 and Bes!SRQR -
BesE2!7523 heterocomplexes. Left: representative gel filtration profiles on a Superdex® 200
Increase 10/300 GL column (Cytiva). SEC buffer: 120 mM NaCl, 20 mM HEPES pH 8.0 and 2
mM DTT. Right: ATPase activity visualized as in (G).

Figure S4. Sequence alignments of enterobacterial cellulose secretion regulators. Alignments
of representative BesQ (A), BesR (B) and BesE (C) homologs with key residues, sequence motifs,
secondary structure elements and domain organization as identified. Blue color intensity/darkness
correlates with sequence conservation. The sequence alignment was generated in ClustalQ and
visualized with Jalview.

Figure S5. Surface conservation mapping of Bcs subunits and assemblies. Left, surface
representation (PyMol) with domain color-coding as in the rest of the manuscript. Right, surface
conservation presented as cyan (0%) — maroon (100%) gradients (UCSF Chimera).

Figure S6. BesE-BesQ interactions and crystal structure of the BesRQ-BesESSPEF complex.
(A) Crystal structure of the BcsRQ-BesE**-523 complex. BesQ is colored in green and blue, BesR
in pink and yellow, the GGDEF* domain in dark red, the I-site in cyan, the interstitial helix in tan,
and C-terminal BesE tail (BesECT) in purple. ATP and ¢-di-GMP are shown as sticks, Mg*™* ions
as spheres. (B) Close-up views of the interface between the BesESSPEF® domain and the C-
proximal BesQ region. (C) A close-up view of the BesEC™: BesQ interface. Interface BesE residues
are indicated on the left, BesQ residues on the right. (D) Structural motifs in the BcsE34%-523
construct and interface analysis of the binary BesE : BesQ interaction as calculated in PDBePISA.
(E) Dependence of BcsE-BesQ complex formation on both the BcesEYOPEF* and BesECT
components. (F) Head-to-head crystallographic packing of the BcsRQ-BesE**-323 complex. (G)
C-di-GMP coordination in the BesRQE?#-523 : ¢-di-GMP crystals. Left, an (|Fo|-|Fc|) partial
electron density map calculated from a model prior to inclusion of the dinucleotide and contoured
at 3o. Right, I-site bound c-di-GMP coordination by BcsE, BesR, and BesQ residues from a
symmetry related complex. (H-I) Summary of c-di-GMP coordinating motifs observed in this
study as mapped onto the BesE domain architecture (H) and a composite BcsRQEREC™-GGDEF*
assembly featuring a ‘splayed’ BesE?'7-23 module (I).
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Figure S7. Cryo-EM data analysis workflow for the BcsRQAB complex. (A) Particle curation
strategy for BcsRQAB focused refinement within the assembled Bces macrocomplex. (B) Surface
coloring of the unsharpened BcsRQAB reconstruction according to FSC-based local resolution
estimations, color key in angstroms. (C) FSC plots and average resolution estimations for the
locally refined BcsRQAB assembly at the gold-standard FSC cutoff of 0.143. (D) A snapshot of
the modeled BesA and BesB transmembrane regions as fitted in the experimental electron density.

Table S1. Cryo-EM data collection and refinement statistics for the BesB pentamer

Table S2. Crystallographic data collection and refinement statistics for the BcsRQ complexes

Table S3. Crystallographic data collection and refinement statistics for the BesRQE*
complexes
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Table S1 | Cryo-EM data collection and refinement statistics for BcsB*

Protein sample
Data collection
Microscope
Voltage (kV)
Camera
Energy filter
Pixel size (A2?)
Collection mode
Total electron dose (e7/A2)
Movies
Frames/movie
Defocus range (um)
Single particles
Average map resolution
Symmetry
Sharpening B-factor
Atomic model refinement
* Refined macromolecular assembly
Number of chains / residues
Number of non-hydrogen atoms
Proteins
B-factors
Proteins (min/max/mean)
R.m.s.d.
Bond lengths (A)
Bond angles (deg)
Ramachandran plot
Favored (%)
Allowed (%)
Rotamer outliers
Cp outliers
Peptide plane (%)
Cis proline/general
Twisted proline/general
CaBLAM outliers (%)
All-atom clashscore
Molprobity score

Bcs macrocomplex (BesMSRQAHAFLAGBSIePEF (G))

Titan Krios (Thermo Fisher Scientific) CM01 (ESRF)

300
Gatan K2 Summit
GIF Quantum LS
1.05258
electron counting
48
9129

40 (dataset ), 50 (dataset II)

-0.75t0-2.75
576 455
29A
none (C1)
84.4

BcsBPer pentamer
5/3132

24 330

38.34/131.30/71.56

0.005
0.602

95.29
4.71
0
0

36/0
0/0
2.38
7.02
1.71
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Table S2 | Crystallographic data collection and refinement statistics for the BcsRQ complex *
BcsRQ's BcsRQ's BcsRQ's BcsRQHis
Crystallized protein SeMet SeMet Native Native
Data Collection
Space group P1211 P1211 P212121 P1211
Cell dimensions
a, b,c(A) 56.1, 78.4, 65.2 57.1,78.8, 66.6 59.1,73.2, 140.5 57,79, 66.8
a, B, y (deg) 90, 97.41, 90 90, 99.28, 90 90, 90, 90 90, 99.26, 90
Wavelength 0.9793 0.9786 0.9800 0.9793
Resolution (A (ro7-19) 16209 (165.159) (165.159)
R-merge 9.5% (116.9%) 9.5% (135%) 9.4% (192.6%) 8.5% (127%)
R-meas 10% (126.6%) 10.15% (146.7%) 9.9% (201.9%) 9.7% (156.7%)
R-pim 3.1% (47.6 %) 3.6% (56.2%) 2.7% (59.3%) 4.7% (90%)
Mean I/s(l) 14.4(1.2) 13.4 (1.35) 17.2 (1.05) 11.4(0.7)
Completeness (%) 94% (69.66%) 98.7% (92.7%) 99% (91%) 95.7% (74.5%)
Multiplicity 10.1(6.7) 7.6 (6.4) 13.2(11.1) 3.8 (2.5)
CCip 99.9 (72.7) 99.8 (68.2) 99.9 (45.9) 99.8 (41.5)
Refinement
Unique reflections 41607 34175 81658 74 521
R-work 17.8% 19.2% 16.0% 18.5%
R-free 21.8% 22.3% 18.4% 20.9%
Number of non-hydrogen atoms
Proteins 4328 4 367 4 592 4 596
Ligands 64 64 64 64
B-factors
Proteins 52.07 67.37 28.93 45.65
Ligands 34.71 48.03 21.88 29.36
R.m.s.d.
Bond lengths (A) 0.006 0.002 0.006 0.006
Bond angles (deg) 0.79 0.51 0.78 0.81
Ramachandran plot
Favored (%) 98.9 98.5 98.5 98.9
Allowed (%) 1.2 1.5 1.5 1.4
Molprobity score 1.01 1.02 0.94 1.08
Crystallization condition ligand AppCp (ACP) ADP ADP none
Ligand in structure ATP / ACP ** ATP ATP ATP
* istics for the highest- shell are shown in parentheses.
** ACP binding cannot be ruled out as the compound was present in the crystallization condition and the electron density is indistinguishable from that of ATP

*** Ligands shown in the |Fo| - |Fc| maps calculated from models prior to inclusion of the ligands and contoured at 26

@ EDTA/ACP + Mg?*

O EDTA/ ADP + Mg?* (P121 1)

@ EDTA/ADP + Mg?* (P21 21 21) @ EDTA

| 4
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Table S3 | Crystallographic data collection and refinement statistics for BcsRQE* heterocomplexes
BcsRQR1SCE.BcsE217-523 BcsRQ-BcsE349-523
Crystallized protein Native Native
Data Collection
Space group P212121 P1211
Cell dimensions
a b, c(A) 61.4, 169.6, 177.6 108, 72.6, 161.3
a, B,y (deg) 90, 90, 90 90, 98.37, 90
Wavelength 0.9801 0.9801
Resolution (A) 48-2.9 (3.004-2.9) 49-2.49 (2.58-2.49)
R-merge 19.18% (307%) 20.15% (156.5%)
R-meas 19.94% (319%) 21.8% (169.6%)
R-pim 5.8% (85.3%) 8.3% (64.61%)
Mean I/s(l) 14 (0.78) 11.45 (1.1)
Completeness (%) 99.7% (99.4%) 99% (91.6%)
Multiplicity 13.6 6.9
CCir 99.9 (52.5) 99.5 (46.9)
Refinement
Unique reflections 41 967 86 089
R-work 19.96% 18.08%
R-free 22.9% 22.5%
Number of non-hydrogen atoms
Proteins 8 851 13 823
Ligands 260 496
B-factors
Proteins 104.58 62.38
Ligands 95.4 53.15
R.m.s.d.
Bond lengths (A) 0.004 0.004
Bond angles (deg) 0.68 0.7
Ramachandran plot
Favored (%) 98.46 98.43
Allowed (%) 1.54 1.57
Molprobity score 1.24 1.09
Crystallization condition ligand ACP, c-di-GMP ACP, c-di-GMP
Ligand in structure ** ATP/ACP, c-di-GMP ATP/ACP, c-di-GMP
Protein : c-di-GMP ratio 182 152
* Statistics for the highest-resolution shell are shown in parentheses
** ACP binding cannot be ruled out as the compound was present in the crystallization condition and the electron density is indistinguishable from that of ATP
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5 General discussion
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Carbohydrates are arguably the most important energy carrier and the most abundant biological
components in all kingdoms of life. Evolutionary speaking, many bacteria dedicate a part of
their metabolism to produce a plethora of carbohydrates, depending on both the disposable
building blocks and the surrounding environment. Gram-negative and Gram-positive bacteria
use their cell factories to secrete various classes of biopolymers and polysaccharides are
oftentimes the main class of secreted extracellular substances [1], [2], [6], [7]. The
polysaccharides either remain linked to the cell surface a capsular coat or are freely secreted
into the extracellular milieu to contribute to the scaffolding of the biofilm matrix. Along the
previous chapters, I spot the light on the cellulose as a main biofilm polysaccharide secreted by
many bacteria, due to its unique characteristics that contribute to maintain the cell-cell and cell-
surface adhesion and establish a highly protective and biocompatible environment for the
multicellular communities. Through the present studies, I focused on the multicomponent
cellulose secretion machinery in Gram-negative bacteria, particularly the E. coli-like Type 11
cellulose secretion system, which comprises a total of nine subunits (BcsRQABZCEFG) that
span from the cytosol to the extracellular space. Along the results chapter, we marked a
milestone in the mechanistic understandings for cellulose secretion system assembly and
nucleotide-dependent regulation. Before our discoveries, several studies had shown that
processive glucose polymerization is performed by the glycosyl transferase domain of BcsA,
whose active site is made accessible by binding of dimeric c-di-GMP to an adjacent PilZ
domain. The transport through the IM is coupled to the polymerization and is energized by the
high-energy phosphoanhydride bonds of the preactivated synthase substrate, UDP-glucose. The
nascent polysaccharide chain is subsequently extruded, one molecule at a time, through the IM
transport domain of BesA assisted by the C-terminal tail-anchor of BesB. The latter partner
adopts a donut-shaped periplasmic architecture and is proposed to guide the polysaccharide on
its way to the outer membrane secretory component BesC. Additional studies revealed that the
cellulose secreted by E. coli-like systems is covalently decorated by pEtN residues in a post
synthetic way by the periplasmic subunit BcsG. Another component is the presumably
periplasmic endonuclease BcsZ, which is suggested to be required for degradation of cellulose
in case it remains accumulated in the periplasm, for cleavage and restructuring of nascent
glucan chains to allow microfibril formation to take place outside the cell, or for release of the
polysaccharide from the cell surface. On the intracellular side of the bacterial membrane, the
regulatory subunits BcsR, BcesQ and BcesE remained enigmatic. When we started our
investigations, we had little information available about these components. We knew that E.

coli-like cellulose secretion in vivo is absolutely dependent on the presence of the two small
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cytosolic proteins BcsR and BesQ, and is boosted the third cytosolic protein BesE, as well as
by the short membrane-embedded polypeptide BesF. A study by Krasteva and colleagues
revealed that most of the IM and cytosolic Bcs components (BcsRQABEF) form a megadalton-
sized secretory macrocomplex with a multimeric, layered, and asymmetric architecture.
However, the structures, localization, and functional roles of the individual subunits remained
largely unresolved. Through our two related studies (article 1 and article 2), we provided
structural and functional insights into the individual subunits, together with the integral
complex assembly. Based on crystallographic and functional data, we showed that BcsE
actually features a tripartite architecture. In it, an N-terminal catalytically incompetent ATPase-
like domain aids BesE dimerization, participates in BesF-mediated membrane recruitment of
the essential BcsR and BcesQ subunits and interacts with conserved TAC (transcription
antitermination complex) components suggesting additional regulatory roles at the gene
expression level. Moreover, we showed that the previously hypothesized GIL domain providing
a second c-di-GMP sensor to the system is in fact a degenerate receiver-GGDEF domain tande,
(BcsERECT-GGDEF®) “ywhere the divergent diguanylate cyclase module binds both ¢c-di-GMP and
BesQ through mutually independent interfaces. Contrasting degrees of sequence conservation
between the N-terminal module and the REC-GGDEF tandem, as well as the identification of
organisms where the corresponding BcsE parts are encoded by separate genes, point toward
multidomain BcesE evolution and function integration via separate gene fusion events. The c-
di-GMP-bound BcsEREC-GGDEF_BcgRQRISCE complex brought up more surprises, as the BesE
variant in the multicomponent complex adopts a strikingly different conformation from the
structure of ¢-di-GMP-bound BcsEREC™-GGDEF* While the canonical I-site RXXD motif on the
catalytically incompetent diguanylate cyclase module coordinates a c-di-GMP moiety, the
degenerate receiver domain and a so-called ‘interstitial helix’, linking it to the GGDEF module,
undergo a 144° rotation and 45A displacement to contribute a distinct conserved RXXD motif
(R*ATD) and coordinate a second intercalated dinucleotide molecule via virtually identical
arginine/aspartate-dependent interactions. We further revealed the importance of the REC
domain I-site bound to the complexed c-di-GMP, using solution-based isothermal titration
calorimetry experiments, where truncated (BesESSPEFY) or point-mutated BesE (BesEREC™
GGDEF*s A306ATA) exhibited drastically altered thermodynamic profiles of the ligand binding
reactions. Finally, the crystal structure of the BcsESSPEF*-BesRQ complex showed an
additional, crystallographic c-di-GMP-binding interface involving multiple m-stacking and
polar interactions with conserved residues from BesE (Arg®His>%), BesR (Arg! Trp*?) and

BcesQ (Arg?!®). Even though the biological relevance of this third dinucleotide binding site
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remains unverified, it is possible that it contributes additional weak interactions within the
assembled cellulose secretion machinery, where the BcsERQ complex forms a swaddle-like
vestibule around the BcsA PilZ domain and through multi-site c-di-GMP complexation can
provide a synthase-proximal pool of circulating dinucleotide for enzyme activation. Regarding
the assembled cellulose secretion machinery, we provided nearly atomic resolution data
showing that BesB polymerizes via a 3-sheet complementation mechanism among neighboring
subunits and propose that polymerization would be simultaneously limited by the
polymerization-induced membrane curvature due to BcsB’s superhelicity and C-terminal
anchors, the intrinsic membrane surface tension and the protein-protein interactions with the
rest of the secretion system components. The integral assembled Bcs secretion macrocomplex
thus contains a periplasmic crown of up to six BcsB copies, a single BesA synthase, a likely
dimer of BesF inner membrane peptides and the BcsR2Q2E> cytosolic regulatory complex,
which supports the synthase through BcsRQ-BesAPZ interactions on one side and is anchored
to the inner membrane through BesENTP-BesF interactions on the other. Placing the cellulose
machinery in a wider picture, the Bcs system belongs to the larger family of synthase-dependent
exopolysaccharide secretion systems. Members of the latter include the alginate, the PNAG
(poly-N-acetylglucosamine) and the Pel exopolysaccharide biosynthesis systems, many of
which are found in both Gram-positive and Gram-negative bacteria. The common trait among
the synthase-dependent family is the processive coupling of the polymerization with the export
of the glycan chain. Opposingly to the Bcs system, the glycosyl-transferase and inner membrane
translocation can be performed by separate components, as for example the PelF and PelG
subunits of the Pel systems. In line with the Bcs system, in which the glycosyl transfer and the
extrusion through the IM are carried out by the single subunit BcsA, alginate and PNAG
systems employ Alg8 and PgaC respectively (Figure 15). Another common feature imposes
itself among the members of the synthase-dependent exopolysaccharide family is the c-di-GMP
dependent activation engaging one or more dinucleotide-sensing protein modules such as
Alg44PiZ Pe]DSSPEF domains and a composite binding site at the PgaC-PgaD interface for the
alginate, Pel and PNAG systems, respectively. Additionally, AlgK, PelE, PelB and PgaA, on
one hand, and AlgL, PelA, PgaB on the other, substitute the TPR-rich BcsC modules and the
hydrolase BesZ, respectively. Within the last years, numerous studies uncovered the structures
of different modules of the latter synthase-dependent exopolysaccharides systems, whereas
genomic studies allowed to establish comparisons-based parallels in a wide range of bacteria.

Nevertheless, the intricate mechanisms for secretion systems assembly and biofilm matrix
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secretion require further investigations, especially considering a rising biotechnological interest

and many already enabled applications of these intriguing biological polymers.
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Figure 15. Examples of bacterial exopolysaccharide secretion systems

Examples of three synthase dependent systems. Left, Pel system; middle PNAG (poly-N-acetylglucosamine)
system; right, Alginate system. Shown are the subunits and their proposed topologies in Gram-negative bacteria

[47].
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6 Final conclusion and perspectives
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My dissertation work is focused on the study of the bacterial cellulose secretion machineries,
with a special attention to the E. coli-like Type II Bcs system for pEtN-cellulose secretion. I
dedicated my work on bacterial cellulose for two major reasons. The first reason is the
contribution of cellulose and exopolysaccharides in general to biofilm formation in many and
diverse bacterial species including clinically important infectious agents. Indeed, bacterial
biofilms are usually linked to pathogen persistence and antibiotics resistance development in
chronic diseases, as in nosocomial infections or in patients with cystic fibrosis, urinary tract
infections or medical implants. Indeed, bacterial cellulose secretion provides an excellent model
for deciphering the roles of c-di-GMP signaling and synthase-dependent polysaccharide
production, which are also the basis for biofilm formation via alternative secretion systems in
many medically and economically important human or plant pathogens. The second reason is
the real economic and ecological need for the use of the bacterial cellulose in a variety of

biomedical, materials science and agricultural biocontrol applications [47].

We know that even though there had been a tremendous amount of work in deciphering
bacterial cellulose biosynthesis spanning multiple decades, relevant pieces were still missing
from big picture of this important biosynthetic process. Through the present work, I
significantly contributed to the understanding of the complex mechanisms governing cellulose
secretion. Following a strategy where I combined structural and functional studies, I solved the
structures of multiple complexes of the so-far enigmatic regulatory subunits BesR, BesQ and
BcesE. These revealed an unexpected role for ATP, via sandwiched complexation the essential
for secretion BcsRQ complex. Viewed from an energetic perspective, use of UDP-complexed
sugars should be sufficient for powering polymerization and nascent cellulose extrusion.
Nevertheless, our work demonstrated that both ATP binding and hydrolysis after recruitment
to the membrane are necessary for secretion likely through effects on BcsA stability or
membrane sorting. Additionally, together with my colleagues I showed that the BcsRQ complex
interacts with the second c-di-GMP sensor BcsE to form a heterohexameric complex. I captured
multiple crystallized states of the BcsERQ regulatory complex that support multi-site
mechanism of ¢-di-GMP sensing. Put in the context of the assembled Bcs secretion system,
where the BcsERQ subunits form a BesA-surrounding cytosolic vestibule, this c-di-GMP
complexation can provide a synthase-proximal pool for processive enzyme activation.
Additionally, I showed that the intriguing stoichiometry of the so-called periplasmic crown of
the Bes system is formed via self-driven BesB polymerization secured by intersubunit 3-sheet

complementation and in contrast to a previously existing dogma for equimolar BcsA:BcsB
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stoichiometries, we demonstrated a non-canonical BesA1BcesBs complexation likely optimized
forBcsA sorting, c-di-GMP vestibule assembly and recruitment of regulatory components such

as the pEtN transferase BcsG and the c-di-GMP-metabolizing DgcC/DgcQ and PdeK.

Nevertheless, multiple functional aspects remain to be further investigated. These include the
likely activation of ATP hydrolysis at the membrane level, as well as its roles in secretion
system stability or assembly; the role of the uncovered by us BesE interactions with the NusB
and NusE factors from the conserved transcription antitermination machinery; the recruitment
of the periplasmic cellulose-modifying enzymes BesZ and BesG or the functional interactions
with c-di-GMP-metabolizing enzymes providing the on/off switch for the system; the
mechanisms of polysaccharide crossing through the peptidoglycan layer and recruitment of the
outer-membrane secretory component BesC, as well as the tethering or release of secreted
cellulose to or from the cell surface. This said, I hope my work will help guide future studies

into this complex and widespread bacterial biosynthetic process.
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Résumé : La cellulose, le composé le plus abondant sur la planéte Terre, est un composant important des parois cellulaires
des plantes. La biogenéese de la cellulose, cependant, n'est pas limitée aux régnes supérieurs, car les bactéries sécrétent
également de la cellulose en tant que composant extracellulaire de leur matrice de biofilm. Alors que la découverte de la
cellulose bactérienne remonte au 19¢me siécle, ce n'est qu'un siccle plus tard qu'une succession de travaux structuraux a
fourni des détails sur la glucosyltransférase BcsA (Bacterial cellulose synthesis A) largement conservée et activée par le
second messager intracellulaire c-di-GMP (di-guanosine monophosphate cyclique). La sous-unité catalytique BcsA avec
son partenaire BesB, permet la polymérisation et le passage du polysaccharide a travers la membrane interne des bactéries.
Néanmoins, d’autres sous-unités accessoires contribuent ou sont essentielles a I'assemblage et a la stabilité¢ du complexe,
ainsi qu'aux modifications post-synthétiques et a la sécrétion de la cellulose naissante a travers l'enveloppe cellulaire
bactérienne complexe. La machinerie de sécrétion de cellulose d'E. coli (Escherichia coli) par exemple, est caractérisée
par neuf sous-unités (BcsRQABZCEFG) qui s'étendent du cytosol a l'espace extracellulaire. Une étude récente a révélé
que la plupart des sous-unités Bcs chez E. coli interagissent pour former une nanomachine sécrétoire. Cependant, sa
reconstruction initiale & basse résolution n'a pas permis de distinguer les sous-unités régulatrices ni leurs mécanismes
fonctionnels exacts. Dans ce contexte, j'ai é¢tudié le systéme Bcs de type E. coli, structurellement et biochimiquement. J'ai
montré que les sous-unités cytoplasmiques BesR, BesQ et BesE interagissent pour former des sous-complexes régulateurs.
J'ai également fourni plusieurs structures cristallographiques de ces sous-complexes régulateurs, qui ont révélé une
steechiométrie inattendue de ces sous unités, une interaction & différents motifs du c-di-GMP et une régulation dépendante
de I'ATP (adénosine triphosphate). Pour obtenir plus de détails mécanistiques du macrocomplexe dans son intégralité, j'ai
eu recours a la cryo-EM (cryo-microscopie électronique) par la technique dite de « particules isolées ». L'étude structurale
du macrocomplexe a révélé un macrocomplexe asymétrique d'environ 1 MDa (Megadalton). Je montre en outre que
I'asymeétrie du macrocomplexe Bcs est due a l'auto-oligomérisation de BesB par complémentation des feuillets 8 dans le
périplasme. Ces découvertes permettent de placer les piéces clés de 1'assemblage et du fonctionnement du systéme de

sécrétion de cellulose dans un plus large contexte de signalisation bactérienne et de formation de biofilm.
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Abstract: Cellulose, the most abundant compound on the planet Earth, is an important component of plants' cell walls.
The cellulose biosynthesis, however, is not limited to higher kingdoms, as bacteria also secrete cellulose as an extracellular
component of their biofilm matrix. While the discovery of bacterial cellulose goes back to the 19th century, it is only a
century later that a succession of structural works provided details of the widely conserved glucosyltransferase BesA
(Bacterial cellulose synthesis A), which is allosterically activated by the intracellular second messenger c-di-GMP (Bis-
(3'-5")-cyclic dimeric guanosine monophosphate). The catalytic subunit BcsA together with its co-synthetic partner BesB,
permits the polymerization and extrusion of the polysaccharide through the inner bacterial membrane. Nevertheless,
various accessory subunits contribute to or are essential for synthase complex assembly and stability, as well as post-
synthetic modifications and secretion of the nascent cellulose through the complex bacterial cell envelope. The E. coli
(Escherichia coli) cellulose secretion machinery for instance, is characterized by nine subunits (BcsRQABZCEFG) that
span from the cytosol to the extracellular space. A recent study provided mechanistic understanding of the cellulose
secretion system assembly in E. coli and revealed that most of the Bcs subunits interact to form a secretory nanomachine.
However, its initial low-resolution reconstruction didn’t allow to distinguish the regulatory subunits or their exact
functional mechanisms, even though the interest in bacterial cellulose in the biotechnological and other fields continues
to spark. To address these inadequacies, I studied the conserved E. coli-like Bcs system, structurally and biochemically.
I showed that the cytosolic subunits BesR, BesQ, and BesE interact to form regulatory subcomplexes. I also provided
multiple crystallographic snapshots of these accessory subcomplexes, which revealed unexpected subunit stoichiometry,
multisite c-di-GMP recognition, and an unexpected ATP (adenosine triphosphate)-dependent regulation. To gain further
mechanistic and structural details on the assembled macrocomplex, I resorted to single particle cryo-EM (cryo-Electron
Microscopy). The structural study of the macrocomplex revealed a roughly 1 MDa (Megadalton)-sized asymmetric
secretory assembly. I further show that the asymmetry of the Bcs macrocomplex is due to self-driven and membrane-
curvature-dependent BcsB homo-oligomerization through B-sheet complementation in the periplasm. These findings
allow to place key pieces of the puzzle of cellulose secretion system assembly and function into the bigger picture of

bacterial signaling and biofilm formation.
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