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Abstract

The end of the 20th century saw the birth of single-molecule techniques allowing for
the first time to study one molecule at a time. The beginning of the 21st century has
witnessed the implementation and establishment of such techniques, especially to
study proteins and DNA with single-molecule resolution. In the past two decades, a
myriad of works has been published demonstrating the capabilities of single-
molecule techniques to study physical, chemical, and biological phenomena.

There are fundamentally two types of single-molecule techniques, those that use
optical phenomena to observe single molecules, such as Fluorescence Resonance
Energy Transfer (FRET), and those using physical phenomena to study single
molecules, such as Optical and Magnetic Tweezers (OT and MT) and Atomic Force
Spectroscopy. The later ones permit the direct manipulation of molecules such as
proteins and DNA, which adds a physical component to the study of these
biomolecules.

These protein nanomechanics studies are today a fundamental branch in
Biophysics. OT and MT use an optical trap and a magnetic field, respectively, to
apply mechanical forces to biomolecules, whereas AFS uses a cantilever tip to do
so. Although the amount of information reported using the single-molecules
technique is enormous, the overwhelming majority of experiments explore proteins
and DNA from a physical perspective leaving the biological significance apart.

Another problem of single-molecule techniques is that scientists have mainly
focused on fundamental problems with little or no applicability. In this thesis, | have
explored the limits of AFS techniques by studying proteins in a broad range of
mechanical stability, from a few picoNewtons to the nanoNewtons scale. This has
allowed me to understand how proteins that fold without an energy barrier, the so-



called fast-folding proteins, behave under the effect of force, but also to provide
answers to a complex biological phenomenon such as the initial steps of microbial
infections.

| have used all this knowledge to design the first protocol based on similar high-
throughput methods used by the pharmaceutical industry to search for small
molecules in chemical libraries that act as mechano-regulators, altering the
mechanical stability and folding pattern of proteins; and the first assay that connects
in a quantitative manner protein and cell mechanics using a combination of MT and
protein biochemistry to generate magnetic-sensing bacteria to study the very initial
steps of bacterial infection.

| have studied a total of four proteins that go from the very labile engrailed
homeodomain transcription factor to the much more mechanically resistant Caf-1
from Yersinia pestis. This agent causes black death and FnBPA from
Staphylococcus aureus, a bacterium behind many infections such as endocarditis. |
have also studied the mechanics of CD4. This cell surface protein plays a role in the
immune system but also serves as an anchoring point of the HIV-1 receptor, which
has been the target used to find small molecules that change the mechanics of CD4
with potential applications as viral entry inhibitors.

Thus, | consider my work in this thesis a tour de force that covers fundamental
aspects of protein nanomechanics and connects them to biological questions such
as how microbial infections start or how we can alter the mechanical stability of
proteins.



Resumen

A finales del siglo XX, se presencié el nacimiento de las técnicas de Singlemolecule,
lo que permiti6 que por primera vez se estudiaran moléculas de forma
individualizada. A continuacién, durante el siglo XXIl, dichas técnicas se
consolidaron y establecieron, especialmente para el estudio de ADN y proteinas. De
hecho, en las dos ultimas décadas, se han publicado innumerables articulos
empleando técnicas de single-molecule, estudiando fenémenos tanto fisicos,
quimicos y biolégicos, lo que pone de manifiesto las capacidades de dichas
técnicas.

Las técnicas de single-molecule se pueden diferenciar en dos grupos
fundamentales: aquellas técnicas que emplean fenbmenos 6pticos para observar
moléculas individuales, aquellas que hacen uso de transferencia de energia de
resonancia Fdster (FRET) (del inglés Foster resonance energy transfer) para
estudiar las moléculas y, finalmente, aquellas que se sirven de fendmenos fisicos,
como son el caso de las pinzas magnéticas y dpticas (MT, OT) (del inglés magnetic
tweezers y optical tweezers), asi como la espectroscopia de fuerza atdmica (AFS)
(del inglés atomic force spectroscopy). Estas ultimas permiten la manipulacién
directa de proteinas y ADN estudiando sus propiedades fisicas.

El estudio de la nanomecanica de proteinas es una de las ramas fundamentales de
la Biofisica. Técnicas como OT y MT hacen uso de una trampa éptica 0 un campo
magnético respectivamente para aplicar y monitorear fuerzas mecanicas a
biomoléculas, como es el caso de las proteinas, mientras que la técnica de AFS
emplea una punta de cantiléver ultra afilada, la cual llega al rango de los nm de
grosor, para estudiar la nanomecanica de biomoléculas. A pesar que la cantidad de
estudios de single-molecule es enorme, la inmensa mayoria de trabajos exploran
las propiedades fisicas de ADN y proteinas dejando completamente a un lado su



contexto e importancia bioldgica, centrandose en problemas basicos con poca o
ninguna aplicabilidad.

En la presente tesis hemos explorado los limites de la técnica de AFS estudiando
proteinas en un amplio rango de estabilidades mecéanicas, desde los pocos
piconewtons hasta el rango de los nanonewtons. Esto nos ha permitido comprender
desde el comportamiento bajo estrés mecanico de proteinas que se pliegan sin
barreras energéticas aparentes, como son las fast-folder (del inglés de plegamiento
rapido), hasta complejos procesos biolégicos, como son las fases iniciales de las
infecciones microbianas.

Hemos usado todo lo aprendido durante la realizacién de la presente tesis para
desarrollar el primer protocolo en la busqueda de pequenas moléculas con potencial
mecano regulador, es decir, que puedan modular la estabilidad mecanica y el
proceso de plegamiento-desplegamiento de proteinas ya expresadas y funcionales.
Para ello, nos hemos basado en metodologias ya existentes y usadas habitualmente
en la industria farmacéutica, como son los protocolos de high throughput methods y
molecular docking (del inglés métodos de alto rendimiento y acoplamiento molecular
respectivamente).

También hemos desarrollado las bases de una metodologia que estudia
cuantitativamente y conecta por primera vez la mecanica de proteinas y la adhesién
celular. Para ello, hemos empleado una combinacion de MT con ingenieria y
bioguimica de proteinas para generar bacterias magneto sensibles. Dicha
tecnologia la hemos usado para estudiar la adhesion bacteriana de la cual
dependen las primeras fases de la infeccidbn microbiana.

En esta tesis se han estudiado un total de cuatro proteinas, las cuales van desde la
labil engrailed homeodomain (EnHD), un factor de transcripcion presente en el
organismo Drosophila melanogaster, poniendo el foco en su resistencia mecéanica 'y
mas en especial en su dinamica de plegamiento-desplegamiento. La proteina EnHD



es considerada una ultrafast folder (del inglés de plegado ultrarrapido) esto es
debido a que se pliega en el rango de los pocos micro segundos. Esta velocidad de
plegamiento es debida a varios motivos, uno a su pequefio tamafo, EnHD esta
compuesta por 54 aminoacidos, los cuales se pliegan en un nucleo compacto
formado por 3 alfa hélices. Otro de los motivos es la practicamente ausencia de
barreras energéticas en su proceso de plegamiento. Por todo ello EnHD es una
proteina muy labil, presentando una estabilidad mecanica de entorno a 8 pN, una
caracteristica que comparten el resto de proteinas fast folder (del inglés plegado
rapido).

En la presente tesis, también hemos explorado y estudiado proteinas mucho mas
resistentes mecanicamente, como es el caso de la Caf1 de Yersinia pestis. Dicho
organismo es el responsable de la peste negra, epidemia que devastdé Europa
causando entre 80 y 200 millones de muertes entre Europa, Asia y Africa del norte.

Entre todos los genes de virulencia que convierten a esta bacteria en una tan letal,
nos hemos centrado en la Caf1, una proteina con capacidad auto asociativa, debido
principalmente a una lamina beta expuesta que puede introducirse en un bolsillo
hidrofobico, presente en otra subunidad de Caf1 préxima. Esta capacidad le permite
generar largos polimeros, los cuales presentan una estabilidad mecéanica
sorprendente y, una vez mas, es debido a su estructura tridimensional. La proteina
Caf1 posee una estructura tipo inmunoglobulina compuesta principalmente por
laminas betas.

La proteina Caf1 presenta una estabilidad mecanica de entorno a 400 pN, lo que le
confiere al polimero, el cual conforma una estabilidad mecéanica determinante para
su funcion. El polimero compuesto por subunidades de proteinas Caf1 forma una
especie de escudo o caparazon, el cual envuelve a toda la bacteria. Este polimero
presenta una cualidad critica, ademas de su alta estabilidad mecéanica y esta es una
elevada anti adherencia. Ambas cualidades unidas le confieren a la bacteria una
coraza, la cual el sistema inmune innato no es capaz de sobrepasar, impidiendo a



los macréfagos fagocitar a la bacteria Y. pestis. Los afios han moldeado dicho
mecanismo para sobrepasar las fuerzas ejercidas por la interaccion con los
macréfagos de forma marginal, ya que modificando y disminuyendo la estabilidad
mecanica de Cafl solo en un 20% dicho organismo pierde por completo su
capacidad de evasiéon del sistema inmune, en cuanto a lo que el mecanismo de
virulencia de Caf1 se refiere. Este hecho pone de manifiesto el alto interés que
puede presentar la nanomecanica de proteinas, como herramienta a la hora de
desarrollar farmacos y terapias efectivas contra las infecciones microbianas.

Continuando con los procesos de infeccion bacterianos en esta tesis, también
hemos estudiado el mecanismo de adhesion de la bacteria Staphylococcus aureus,
la cual se sirve de numerosas proteinas de adhesion para anclarse en diversos tipos
de tejidos y matrices extracelulares, pasando incluso por biomateriales y protesis.

En esta tesis nos hemos centrado en una de estas proteinas de adhesion, la
fibronectin binding protein A (FNBPA) (del inglés proteina A de unién a fibronectina).
Dicha proteina puede adherirse a la proteina humana fibronectina, concretamente
a las subunidades tipo 1 presentes en la fibronectina, formando una uniéon de
laminas beta de forma antiparalela con los Fibronectin binding repeats 1 (FBR1) (del
inglés repeticiones tipo 1 de union a fibronectina) presentes en la proteina FnBPA.
Las regiones de FBR presentes en la FnBPA son regiones intrinsecamente
desestructuradas de la proteina, las cuales se ven estabilizadas y adoptan una
forma estructurada cuando se unen a la fibronectina humana.

Dicha adhesion la hemos estudiado desde el punto de vista de molécula unica pero
también de célula unica. Hemos comenzado el desarrollo de una tecnologia, la cual
permitird medir la adhesién de una bacteria a su tejido diana de forma cuantitativa,
que conseguird avances importantes en la industria biomédica, ya que permitira la
busqueda de farmacos que modulen o inhabiliten la adhesion bacteria, inhabilitando
por tanto el proceso de infeccion.



Finalmente, también hemos estudiado la proteina humana CD4. Esta proteina de
superficie celular tiene un papel crucial en el sistema inmune, interaccionando con
el complejo mayor de histocompatibilidad Il (CMHII), pero, ademas sirve como punto
de anclaje para el virus de la inmunodeficiencia humana tipo 1 (VIH-1). En el
proceso de anclaje y de infeccion, el virus debe de desplegar parcialmente la
proteina CD4 para poder realizar todos los anclajes necesarios con el resto de
proteinas presentes en la superficie celular que le permiten la invaginacion y entrada
a la célula.

Por lo tanto, hemos estudiado la estabilidad mecéanica de dicha proteina y hemos
desarrollado una metodologia de busqueda de compuestos o moléculas pequefas
que nos ha permitido regular mecanicamente la estabilidad de la proteina CD4
aumentandola y asi potencialmente inhibir la entrada del virus.

Por todo lo expuesto, consideramos el trabajo realizado en la presente tesis un “tour
de forcé”, el cual cubre todos los aspectos basicos de la nanomecanica de proteinas
y que ademas los conecta con preguntas de relevancia bioldégica como son los
inicios de las infecciones microbianas o como alterar la estabilidad mecanica de
proteinas ya expresadas y funcionales.
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Introduction to proteins

Proteins are one of the most abundant biological macromolecules in every organism,
from the simplest virus to the most complex multicellular creature. (Dill and
MacCallum 2012) Proteins are a very important part of the cell’s dry mass, and this
is because proteins are molecular instruments. Almost every function in living cells
is mediated or performed by proteins, acting as enzymes, antibodies, transporters,
hormones, feathers, muscle fibers, eye lenses, antibiotics, mushroom poisons, and
a myriad of other biological functions. (Alberts, A, and Lewis J 2002)

The uncountable number of functions that proteins show is due to their structure
complexity and versatility. Protein versatility is a result of evolution. As in many other
biomolecules, proteins have been shaped by evolutionary processes across billions
of years, modeling this wide range of protein roles from the smallest peptide to the
largest polymer. (Dill and MacCallum 2012)

How can proteins, being the same type of biomolecule, perform an endless number
of different functions? This is a result of their structural nature. Proteins are
composed of relatively simple monomeric subunits called amino acids. Amino acids
are like the alphabet in which the language of proteins is written, allowing to write
small words like peptides or enormous paragraphs like the most complex polymers.
Twenty different amino acids compose proteins, also called a-amino acids, because
of their structure.

Every amino acid comprises a central o carbon bonded to carboxyl and amino
groups. This feature is common for every amino acid. They differ in their side chain
or R groups which is characteristic of each amino acid and provides distinctive
qualities. (see Fig. I.1.) Due to their nature, the amino acids can be grouped into
nonpolar, polar, aromatic, positively charged, and negatively charged. (Anfinsen
1973)

Nonpolar amino acids like glycine, alanine, or proline are hydrophobic and tend to
bury together in the core of the protein, stabilizing it. In this group can be found



glycine, the simplest amino acid. The glycine side chain is a hydrogen atom. For this
reason, glycine is the only amino acid, not enantiomer. (Nelson and Cox 2017) Polar
amino acids like serine, threonine, or cysteine have greater hydrophilicity and better
solubility in water because they contain functional groups that can form hydrogen
bonds with water. In this group can be found cysteine, which is readily oxidized to
form a covalent bond with another cysteine performing a disulfide bond and playing
a crucial role in the structure of many proteins. (Nelson and Cox 2017)

a Nonpolar Amino Acids (& Aromatic Amino Acids
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Fig. I.1. The 20 common amino acids of proteins. a. nonpolar amino acids b. polar amino acids c.

aromatic amino acids d. negatively charged amino acids at pH 7.0 e. positively charged amino acids
atpH 7.0.

Aromatic amino acids like phenylalanine, tyrosine, or tryptophan are relatively
nonpolar or hydrophobic, and all of them can participate in hydrophobic interactions.

24



Tyrosine and tryptophan are significantly more polar than phenylalanine. The three
of them can absorb ultraviolet light at 280 nm. (Nelson and Cox 2017) Positively
charged amino acids like lysine arginine or histidine and negatively charged ones
are the most hydrophilic amino acids. Aspartate and glutamate are the only two
amino acids to have negatively charged groups. (Krupyanko 2000)

The 20 different amino acids can form polymers of various sizes, from two or three
to thousands of linked amino acids, through a special covalent bond called peptide
bond. This bond is formed by dehydration from the carboxyl group (COOH) of the
first amino acid and the amino group (NH2) of the following amino acid. Within the
polypeptide chain, each amino acid is also called “residue”, Indicating the loss of
water during peptide bond formation. The structure formed by all the consecutive
peptide bonds in a polypeptide chain is called the backbone or main chain and
always begins with an amino (N) terminus and ends with a carboxyl (C) terminus.
(see Fig. I.2.) (Nelson and Cox 2017)

a R? H R?
o | [
H3N—CH—ﬁ— + H—N—CH—CO0O0
(o)
b R? H R2
o | |
HsN—CH—ﬁ—N—CH—COO
o

C R H R H R H Re H R
@ | [ | | |
HsN— CH—C —N— CH—C—N— CH —C—N— CH—C—N— CH—CO00
I P ‘l’cll) @ '«Pcll) ¢ v

Amino (N) terminus

Iig. 1.2. Peptide bond and backbone polypeptide. a. Two different amino acids with R1 and R2
sidechains, respectively. b. A peptide bond is formed (shaded in blue) when the amino group of
one amino acid (with R2 group) acts as a nucleophile to displace the hydroxyl group of another
amino acid (with R1 group). c. Following multiple repetitions of the same reaction, a pentapeptide is
formed. The amino terminus is shaded in red), and the C-terminus is shaded in green. Phi (¢), and
Psi (y) torsion angles are shaded in yellow.



Protein structure

The sequence of amino acids forms the primary structure and should always be read
from the (N) terminus to the (C) terminus. Every peptide bond present in the
polypeptide has two different dihedral angles, also known as backbone torsion
angles, which apport flexibility to the chain. These angles are formed between (N-
Ca) and (Ca-C), called phi (¢) and psi (y), respectively (see Fig. |.2.) These torsion
angles are crucial in the final three-dimensional structure of a protein, because
consecutive residues typically adopt similar dihedral angle values, resulting in the
formation of a helices and 3 strands. The assembly of two or more 3 strands is called
B sheet. Those motifs are called secondary structures. (Nelson and Cox 2017) (see
Fig. .3.)

B sheets can be either parallel or antiparallel. In addition to the torsion angle, the
secondary structure is stabilized by inter and intra-peptide weak interactions, which
involve hydrogen bonds, electrostatics, van der Waals, and hydrophobic
interactions. Each motif shows distinctive qualities. For example, o helices present
higher flexibility, while B sheets offer higher rigidity and more considerable
mechanical stability. Finally, a third structural motif called loop regions is commonly
less structured and apport high flexibility. Loop regions usually connect several a
helices or two consecutively § strands. (Nelson and Cox 2017)

The different secondary structure motifs interacted spatially to form the so-called
tertiary structure of the protein, the interaction that leads to this tertiary structure is
composed mainly of hydrophobic interactions, salt bridges, and disulfide bonds.
(see Fig. 1.3.)
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& Primary structure
R1 H R H R H R H R

® | ! || (! | .
kHsN—CH—ﬁ—N—CH—ﬁ—N—CH—ﬁ—N—CH—ﬁ—N—CH—COO

b Secondary structure

C

Fig. 1.3. Protein structure, from primary structure to quaternary. a. Primary structure, sequence of
amino acids. b. secondary structure, alpha helix, and antiparallel beta-sheet (red dash line)
represent hydrogen bonds between amino acids at different locations in the polypeptide chain. c.
tertiary structure, formed mainly hydrophobic interactions, salt bridges, and disulfide bonds from
different secondary structure motifs. d. quaternary structure, an assembly of two or more
polypeptides leads by weak interactions.
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Additionally, when two or more polypeptides with their tertiary structures assemble
into a new and more complex system. This new level of architecture is called a
quaternary structure (see Fig. 1.3.) Finally, the tridimensional structure and properties
of a specific protein are determined by the exact location of each amino acid in the
polypeptide sequence. This defined structure, native structure, confers to this protein
its functionality and qualities. (Nelson and Cox 2017)

Historical introduction to protein folding

Protein folding is the process whereby a polypeptide sequence with a given primary
structure adopts a well-defined 3-dimensional native tertiary. Scientists began to
recognize the significance of proteins in biological systems in the early 20th century,
but the structure of these molecules remained an enigma. In the 1920s and 1930s,
there were great developments in X-ray crystallography and other analytical
techniques, which in the following decades enabled scientists to determine the
structures of basic proteins, such as myoglobin and hemoglobin, for whose
structures John Kendrew and Max Perutz were awarded the Nobel Prize in
Chemistry. Not until the 1950s and 1960s did scientists begin to comprehend the
complexities of protein folding. (Dill and MacCallum 2012; Kendrew JC. 1961)

1959's Anfinsen experiment was a significant early discovery in the field of protein
folding. Christian Anfinsen demonstrated that ribonuclease could be denatured by
disrupting its disulfide bonds with a reducing agent and refolded by removing the
reducing agent. This demonstrated that a protein's amino acid sequence contains all
of the information required for it to fold into its native configuration. (Anfinsen 1973)

In the 1960s and 1970s, scientists developed new methods for investigating protein
folding, such as circular dichroism and nuclear magnetic resonance (NMR)
spectroscopy. These techniques enabled scientists to observe the folding process
in real time, yielding new insights into the folding mechanisms and kinetics of
proteins. (Van Mierlo and Steensma 2000)
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In the 1980s and 1990s, advancements in computer modeling and simulation
techniques allowed scientists to investigate the energy landscape of protein folding
in greater detail. These studies demonstrated that the folding of proteins is a complex
process involving the exploration of a vast energy landscape with numerous potential
pathways and intermediates. (Onuchic, Luthey-Schulten, and Peter G Wolynes
1997; Wooley and Ye 2007)

The study of protein folding continues to be an important area of biochemistry,
molecular biology, and biophysics research today. New techniques and
technologies, such as cryo-electron microscopy and deep learning algorithms, have
opened up new avenues for understanding the complexities of protein folding and
structure prediction. (Noé, De Fabritiis, and Clementi 2020; Jumper et al. 2021)

In addition, in recent years, the field of protein folding and structure prediction has
witnessed a revolutionary breakthrough with the introduction of the AlphaFold 2
program. AlphaFold 2 is an artificial intelligence system developed by DeepMind that
has demonstrated remarkable accuracy in predicting protein structures from their
amino acid sequences. This discovery has revolutionized our understanding of
protein folding (Jumper et al. 2021) AlphaFold 2 utilizes deep learning algorithms
and enormous quantities of protein sequence and structure data to predict the three-
dimensional structures of proteins with outstanding precision. The ability to precisely
predict protein structures has profound implications for numerous fields of biological
research, including drug discovery, enzyme design, and the understanding of the
mechanisms of disease. (Jumper et al. 2021)

Energy landscape and protein folding

A complete description of the protein folding energy landscape involves determining
the energies of all possible configurations or conformations a protein can adopt. The
energy landscape can be visualized as a three-dimensional funnel-shaped surface,
where the vertical dimension represents the energy and the width is the entropy. At
the bottom of the funnel, we find the native state of the protein, which is the lowest
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in energy and also in entropy. As we go up in energy in the landscape, we find
partially folded and ultimately at the very top the unfolded state, which has the
greatest degeneracy. The landscape is rugged, with multiple hills and valleys.
(Bartlett, structural & molecular biology, and undefined 2009 n.d.; Onuchic, Luthey-
Schulten, and Wolynes 1997) (see Fig. 1.4.)

Iig. 1.4. Funnel-shaped energy landscape. The energy landscape is the set of all possible
configurations or conformations a protein can adopt.

During protein folding, the polypeptide chain must navigate this energy landscape in
order to locate its most stable or least energetic conformation. Various factors, such
as the attractive and repulsive forces between amino acid residues, the solvent
environment, and the temperature and pressure of the system, shape the energy
landscape. As the polypeptide chain traverses the environment, it may encounter a
number of energy barriers or traps that impede or prevent folding. (Bartlett et al. n.d.)
Energy landscape theory proposes that there exist multiple routes or pathways down
the funnel (Onuchic, Luthey-Schulten, and Peter G. Wolynes 1997)
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In order to overcome these obstacles, the protein may undergo a conformational
search, in which it tries out various conformations until it discovers a stable
configuration. Chaperone proteins aid in guiding the folding process and preventing
the formation of nonfunctional or misfolded structures. (Stefan Walter and Johannes
Buchner 2002; Schonfelder et al. 2018a)

Once a protein has attained its conformation with the lowest energy, it is said to be
in its native state. This structure is typically compact and ordered, with hydrophobic
amino acids buried in the protein core and hydrophilic amino acids on the surface.
Some proteins require additional factors, such as molecular chaperones or post-
translational modifications, to achieve their native state. (Brockwell and Radford
2007; Bryngelson et al. 1995; Ferreiro et al. 2007)

In conclusion, protein folding is a complex process involving the navigation of a vast
energy landscape in search of the most stable conformation. To unravel the
mysteries of protein folding and its role in biological function, it is essential to
comprehend the energy landscape and the factors that shape it. (Bartlett et al. n.d.)
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Mechanical forces in biology

Mechanical forces play an essential role in protein biology by regulating protein
folding, stability, function, and interaction with other biomolecules. In vivo, proteins
are subjected to diverse mechanical stresses, including stretching, compression,
shear, and bending, which can modify their conformation, activity, and signaling. (Li
and Xu 2007; Traub and Berk 1998; Zou et al. 1998; Yamazaki, Komuro, and Yazaki
1996; Marszalek et al. 1999; Schonfelder et al. 2018b) Tension force in the unfolding
and refolding of proteins is one of the best-known examples of mechanical forces in
protein biology. The non-covalent interactions that maintain the folded state of a
protein can be disrupted by mechanical force, leading to its unfolding. (Marszalek et
al. 1999; Strick et al. 2003; Erickson 1994) (see Fig. |.5.) In contrast, the release of
mechanical force can induce the refolding of a partially unfolded protein, which can
have significant effects on the function and stability of the protein. (Haldar et al. 2017;
Shtilerman, Lorimer, and Englander 1999; Schénfelder, Alonso-Caballero, et al.
2018) The paradigmatic case of unfolding and refolding transitions in biology is the
massive muscle protein titin, which is essential for muscle contraction and relaxation.
(Marszalek et al. 1999; Schénfelder, Alonso-Caballero, et al. 2018)

The attachment process of viruses and bacteria is another example of the
significance of mechanical forces in protein biology; the application of mechanical
forces on proteins is essential for successful infection. The attachment process
involves a series of interactions that can be disrupted by mechanical forces between
the pathogen's proteins and the host cell receptors. (Alonso-Caballero, Echelman,
et al. 2021; Alonso-Caballero et al. 2018; Peters et al. 2022; Perez-Jimenez et al.
2014). The attachment of viruses entails the binding of viral proteins to specific
receptors on the surface of the host cell. Mechanical forces enable viral proteins to
achieve the correct conformation for binding to the host cell receptor, thereby
facilitating the binding process. Once the binding has occurred, additional
mechanical forces are applied to permit the virus to penetrate the host cell via fusion
or endocytosis. (Perez-Jimenez et al. 2014; Hu et al. 2021; Gefen 2010)
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Fig. 1.5. Mechanical force breaks weak chemical interactions. Representation of the disruption of
hydrogen bonds (red dash line) in a beta sheet when it is subjected to a stretching force. The green
arrows mark the direction of the force vector.

The bacterial attachment also requires mechanical forces to be applied to bacterial
proteins. Mechanical forces are essential for stabilizing the interaction between
bacterial proteins and host cell receptors. Once the stable binding has occurred, the
bacteria can invade the host cell and manipulate its replication, and spread
machinery. (Herman-Bausier et al. 2018; Geoghegan and Dufréne 2018; Huang et
al. 2022)

To develop effective treatments for viral and bacterial infections, one promising
possibility is to interfere with the mechanics of the attachment process. Targeting the
proteins involved in the attachment process with medications or other interventions
that inhibit protein binding or modify the mechanical forces associated with this
binding may be useful to prevent pathogen attachment and entry into the host cell.
(Perez-Jimenez et al. 2014)

36



Mechanical unfolding of proteins

Mechanical unfolding is the process by which a protein is stretched by an external
force, such as that applied by an atomic force microscope (AFM) or a laser trap,
among others. (Hoffmann and Dougan 2012; Neuman and Nagy 2008) Mechanical
unfolding offers a unique perspective on the structure and stability of proteins, as it
permits researchers to investigate the strength of individual chemical bonds and the
protein's response to external forces. (Neuman and Nagy 2008)

The mechanical unfolding of proteins is a complex process that depends on many
variables, including the applied force, the unfolding speed, and the stability of the
protein structure. When a protein is pulled apart, the applied forces cause it to
elongate and deform, thereby breaking weak chemical bonds such as hydrogen
bonds and van der Waals forces. As the force increases, stronger bonds, such as
covalent bonds, may also break, resulting in an irreversible unfolding. (Schénfelder,
Alonso-Caballero, et al. 2018)

Important insights into the structure and function of proteins, as well as their
response to mechanical stress, have been discovered from the mechanical unfolding
of proteins. Experiments involving mechanical unfolding have demonstrated, for
instance, that certain proteins, such as titin, are extraordinarily resilient and can
withstand very large forces without unfolding. (Oberhauser et al. 2001; Rief et al.
1997) Other proteins, such as dystrophin, are essential for maintaining the structural
integrity of tissues and their mechanical disruption can lead to disease.(Singh et al.
2014). Studying unfolding mechanics may cast light on an extensive variety of
biological processes, from muscle contraction to cell adhesion, and may eventually
lead to the development of new therapeutic strategies for treating protein-related
diseases. (Schonfelder, Alonso-Caballero, et al. 2018; Neuman and Nagy 2008)
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Single Molecule Force Spectroscopy Experiments

Single-molecule force spectroscopy (SMFS) is a technique used to investigate the
mechanical properties of single molecules, such as proteins and nucleic acids.
(Neuman and Nagy 2008; Schonfelder, De Sancho, and Perez-Jimenez 2016)
Experiments employing SMFS involve imparting mechanical force to a single
molecule while monitoring its response. There are a variety of SMFS techniques,
including, optical tweezers (OT) (Moffitt et al. 2008), magnetic tweezers (MT)
(Alonso-Caballero, Tapia-Rojo, et al. 2021), and atomic force spectroscopy (AFM)
(Garcia-Manyes et al. 2007).

= Optical and magnetic tweezers

Optical Tweezers (OT) and Magnetic Tweezers (MT) are two single-molecule
techniques used for studying molecular-level biological processes.

Optical Tweezers work according to the principle of radiation pressure, in which
electromagnetic radiation exerts pressure on any surface. Ashkin built the first optical
trap in 1986 using an Argon LASER and a high numerical aperture lens. (Ashkin et
al. 2016; Chu et al. 1986) In a fluid chamber, the trap exerts forces of the order of
picoNewtons on dielectric nanoparticles. In a typical experimental configuration, one
face of the target molecule is attached to a micron-sized dielectric bead particle,
which is then captured in an optical trap. The opposite side of the molecule is
immobilized on a fixed surface or another bead particle held by a micropipette or
another optical trap. This apparatus permits a variety of methods for applying a
mechanical force to the molecule of interest. With sub-nanometer precision, optical
tweezers can apply mechanical forces in the low pN range (0.1-100pN). The current
time resolution is in the sub-millisecond range.(Moffitt et al. 2008; Svoboda and
Block 1994; Lang et al. 2002)
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Fig. 1.6. Optical tweezer and magnetic tweezer. a. Schematic illustration of optical, at both extremities,
the studied protein is attached to two polystyrene beads captured in a laser beam. The movement
of the top trap stretches the protein. b. magnetic tweezers, the studied protein is attached to a
magnetic bead and anchored to a glass slide. The particle is attracted to the external magnets that
generate the strongest magnetic field gradient. Reducing the height of the magnets increases the
tension applied force.

Magnetic Tweezers operate on the premise that a magnetic particle with a magnetic
dipole moment experiences a force when positioned inside the magnetic field of a
pair of permanent or electromagnets. In a typical setup, the molecule of interest is
bound specifically to the magnetic bead and the glass surface. Magnetic tweezers
can impart mechanical forces including torque in the range of femtonewtons
(0.0001-100pN). Typically, the obtained length and time resolution is on the order of
several tens of nanometers (displacement) and milliseconds (time). (Alonso-
Caballero, Tapia-Rojo, et al. 2021; Gosse and Croquette 2002) (see Fig. |.6.)
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= AtomicForce spectroscopy

A variation of the atomic force microscope (AFM) is used to manipulate and stretch
single molecules such as DNA and proteins that are adsorbed to a surface. The AFM
technique employs an ultrasharp tip situated on a cantilever (tip radius: tens of
nanometers; material: silicon nitride). The surface on which the protein sample is
adsorbed is moved in the x, y, and z directions by a piezoelectric actuator (PZA) in
the sub-nanometer range. (Rief et al. 1997)

For single-molecule force microscopy measurements, the PZA is moved towards the
cantilever in the z-direction. After contacting the surface and retracting the cantilever,
a mechanical force is applied to the protein, if it was indeed adsorbed to the tip. This
force resistance will cause the cantilever to bend, and the laser beam reflected on
the cantilever's back will vary based on the tip's bending. When a protein is unfolded,
broken, or detached from the tip, the cantilever will release its bending. However,
the cantilever tip may also produce non-specific bending signals when in contact
with the surface. For this reason, a polyprotein construct is typically utilized, which
must be composed of several 6-12 domains of the studied protein, or the presence
of 4-6 or more monomers of a model domain as a fingerprint. Applying a mechanical
force to the polyprotein construct will result in a distinctive repetitive pattern, which
helps in the identification of the investigated protein's signal. (Hinterdorfer and
Dufréne 2006)

AFM measurements usually depend on the non-specific binding of the protein
sample to the substrate. One strategy is to add one or two isolated cysteine residues
to the polyprotein construct. Cysteine residues create a gold-sulfur bond with the
substrate, gold is a frequently employed substrate. On the opposite side, the
polyprotein construct binds non-specifically to the cantilever via a poorly understood
mechanism.
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It has been proposed that the non-specific binding to the cantilever is due to the high
amount of pressure exerted by the sharp tip on a nanometer-sized region. All the
components and operation modes of the AFS are described in greater detail in
Materials and methods section of this thesis. (Popa et al. 2013) (see Fig. |.7.)
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Iig. 1.7. AFM set-up and key parts. a. Main AFM. b. Zoom showing the key parts of AFM set-up, these
parts are PZA, cantilever, laser, mirror, and PD. c. Scheme of the AFM, laser beam is reflexed in the
back part of cantilever and reach the PD through the mirror, in the tip of the cantilever is bonding
our protein construct and being stretched from the gold substrate which is placed in the PZA.

Several scientists, including Carlos Bustamante, Julio Fernandez, Hermann Gaub,
and Daniel Mdller, among many others, have made significant contributions to the
development of Atomic Force Microscopy (AFM) as a technique for investigating
protein mechanics. AFM was first introduced by Binnig, Quate, and Gerber (Binnig
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et al. n.d.; Binnig et al. 1987) in the 1980s. Carlos Bustamante extended the
knowledge of how mechanical forces affect different biomolecules using AFM and
combined it with optical trapping. Measuring the forces involved in protein folding
and unfolding, thereby shedding light on the mechanics of proteins. (Carlos
Bustamante et al. 2000) Julio Fernandez combined AFM with other biophysical
techniques to simultaneously measure protein mechanics and structural changes,
thereby expanding our knowledge of protein function. (Carrion-Vazquez, Andres F
Oberhauser, et al. 2000) Hermann Gaub (Michel Grandbois et al. 1999) and Daniel
Muller (Mller and Dufréne 2008) made significant contributions to single-molecule
manipulation techniques based on AFM. These scientists have advanced the field
of AFM-based protein mechanics, advancing our understanding of the mechanical
behavior of biological molecules and determining the future of research in this field.

The effect of force on the free energy landscape

Understanding the forces and interactions that maintain proteins in their folded state
is the first step in studying protein mechanical unfolding using smFS techniques.

Protein folding is driven by enthalpic and entropic contributions, resulting in a specific
structure held together by many weak enthalpic interactions. Short-range
interactions are responsible for resistance when a protein is mechanically stretched
until at sufficient force the protein yields and transitions from the native to an
extended state. In the simplest case, a two-state model, the energy landscape of a
protein consists of two energy wells separated by a barrier, with the folded state at
an energy minimum and the unfolded state at a shallower, less favorable well. The
height of the energy barrier in the unfolding direction is due to enthalpic interactions
that maintain the protein folded, and when force is applied, both the barrier height
and the energy of the unfolded state are tilted and reduced. (Bustamante et al. 2004;
Tinoco and Bustamante 2002) Bell's model has traditionally been used to examine
the effect of mechanical forces on protein kinetics. (Bell 1978) The bond rupture rate
is exponentially dependent on the applied force. Theoretical advances in smFS
techniques have made it possible the correction of the experimental setup's effect
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on unfolding/folding rates and the accurate acquisition of valuable data.
(Bustamante et al. 2004) (see Fig. 1.8.)
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Fig. I.8. Folding free energy landscape of a two-state protein under mechanical stress. Sketch depicting
how a mechanical force (red) in the direction of x tilts the surface of free energy G (black). The

position of the states folded Xa,unfolded Xs, and transition state Xrs, will be affected by the
mechanical force.
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Protein mechanics spectrum

Understanding the mechanical properties of proteins, such as their mechanical
stability and force-dependent (un)folding kinetics, is crucial for their characterization.
Extensive research has been conducted over the years to unravel the protein
mechanics spectrum, which encompasses a wide range of protein behaviors,
including labile proteins that undergo conformational changes in response to
mechanical perturbation, as is the case of ultra fast folders, that fold or unfold
instantly in response to external forces, and resistant proteins that exhibit two-state
or multi-state behavior in mechanical unfolding. (West et al. 2006; Rief et al. 1999;
Paci and Karplus 2000; Carrion-Vazquez, Andres F. Oberhauser, et al. 2000)

Labile proteins are susceptible to mechanical perturbations, such as stretching and
compression forces. In response to mechanical stress, these proteins undergo
structural modifications, which can result in altered protein function, for example, the
exposure of buried binding sites. (Del Rio et al. 2009) Some labile proteins, such as
intrinsically disordered proteins, suffer disorder-to-order transitions upon mechanical
stretching, enabling them to adopt a particular structure and perform their function.
(Brucale, Schuler, and Samori 2014; Bondos, Dunker, and Uversky 2022) Other
labile proteins, such as mechanosensitive ion channels, undergo conformational
changes in response to mechanical deformation (Wang and Ha 2013), leading to
alterations in ion permeability and cellular signaling. Understanding the mechanical
properties of labile proteins is essential for elucidating their functional mechanisms
and how they respond to mechanical stresses in vivo.

A fascinating class of labile proteins is ultra fast folders, which fold or unfold
immediately in response to mechanical forces. The transition between the folded
and unfolded states of these proteins can occur within microseconds. Low activation
energy barriers and efficient energy dissipation pathways enable ultra fast folders to
rapidly adapt their conformational states in response to mechanical perturbations.
(Mufioz and Cerminara 2016; Ghosh, Ozkan, and Dill 2007) As molecular motors
and molecular switches, these proteins play crucial roles in cellular processes
requiring rapid conformational changes. Investigating the mechanical properties and
folding kinetics of ultra fast folders provides important insights into the physical
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mechanisms underlying the rapid folding and unfolding of proteins. (Mufioz and
Cerminara 2016) (see Fig. |.9a.)

On the opposite extreme of the spectrum are proteins that exhibit a two-state
behavior during unfolding. These proteins are robust and resistant to mechanical
deformation, and they retain their folded conformation even when subjected to
substantial mechanical stress. (Schénfelder, Perez-Jimenez, and Munoz 2016)
Typically, resistant proteins have a high activation energy barrier for unfolding and a
cooperative and reversible unfolding transition. Enzymes (Sacquin-Mora, Laforet,
and Lavery 2007) and structural proteins (Manteca et al. 2017; Alonso-Caballero et
al. 2018) are examples of resistant proteins with well-defined tertiary structures and
globular shapes. Understanding the mechanical properties of resistant proteins is
essential for elucidating the physical principles that govern protein stability and
resistance to mechanical forces. (see Fig. 1.9b.)
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Fig. 1.9. Folding free energy landscape of protein spectrum from ultra-fast folder to two-state protein
folding. Free energy surface for a. an ultra-fast folder and b. a two-state protein folding reaction. The

x-axis is the reaction coordinate describing the progress of the folding reaction and the y-axis shows
the free energy Go.
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Two state protein unfolding

Proteins are dynamic entities that experience conformational changes in response
to environmental stimuli such as temperature, pH, and chemical denaturants. The
behavior of some proteins to undergo a two-state unfolding transition, in which they
transition directly from a folded to an unfolded state without detectable intermediates,
is an intriguing property. This peculiar behavior has generated considerable interest
in the field of protein mechanics, as it challenges our understanding of the
mechanisms underlying protein folding and unfolding. (Schénfelder, Perez-Jimenez,
et al. 2016)

Two-state protein unfolding is characterized by a rapid and cooperative transition
from a folded to an unfolded state with no detectable intermediates. This indicates
that the protein unfolds in a single, determined step, without exhibiting any
detectable intermediate states. Typically, this behavior is observed in proteins with
a stable native state (see Fig. 1.10.) a well-defined folding pathway, and a high
energy barrier between the folded and unfolded states. Typically, the unfolding
transition is reversible, with the protein refolding back into its native state when
denaturing conditions are removed. (Bakk et al. 2000; Mayne and Englander 2000;
Zwanzig 1997)

The presence of a well-defined melting temperature (Tm), which is the temperature
at which 50% of the protein is unfolded, is an essential characteristic of two-state
protein unfolding. The Tm is a measure of the stability of the folded state and is
affected by a number of factors, including protein size, the stability of secondary and
tertiary structures, and the presence of stabilizing or destabilizing mutations.
Typically, proteins with two-state unfolding behavior exhibit a sharp, cooperative
transition at the Tm, indicating that the unfolding transition occurs simultaneously in
every single part of the protein. (Bakk et al. 2000; Nelson and Cox 2017; C.N. 1986)
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FimG complemented with
donor B-strand of FimF

Fig. 1.10. 3D structure of mechanical resistant proteins which follow a two-state folding. a. Titin
subdomain (Marszalek et al. 1999). b. FimG (Alonso-Caballero et al. 2018) self-complemented with
a donor B strand form FimF.

The mechanisms underlying the unfolding of two-state proteins are still the subject
of ongoing research and debate. The "global unfolding" paradigm proposes that the
entire protein unfolds simultaneously without any detectable intermediates or local
unfolding events. This model suggests that all secondary and tertiary structures
collapse simultaneously, resulting in the formation of the unfolded state.
Experimental evidence from numerous biophysical techniques, such as protein
unfolding studies using spectroscopic methods, as well as computer simulations and
theoretical models, support the global unfolding model. (Schoénfelder, Perez-
Jimenez, et al. 2016; Bakk et al. 2000)

The "local unfolding" model proposes that the protein endures local unfolding events
in specific regions previous to the unfolding of the entire protein. This model
proposes that the protein unfolds in stages, with local unfolding events occurring in
specific regions of the protein followed by the unfolding of the entire protein, following
a pre-defined pathway. (Englander and Mayne 2014) Experimental evidence from
techniques such as hydrogen-deuterium exchange mass spectrometry, which can
detect local unfolding events in specific regions of the protein, supports the local
unfolding model. (Bai et al. 1993)
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Additionally, knowledge about mechanical resistant proteins is crucial for
engineering and design. Understanding the principles governing protein mechanical
resistance facilitates the rational design of proteins with the desired stability and
folding properties. For instance, proteins used in biotechnological applications, such
as enzymes, antibodies, and other biotherapeutics, must be stable and retain their
functional conformation under different conditions. Knowledge of the properties and
mechanisms of two-state protein unfolding can aid in the development of more stable
and functional proteins for these applications. (Carrion-Vazquez, Andres F.
Oberhauser, et al. 2000; Hoffmann et al. 2013)

In addition, the study of two-state protein unfolding contributes to the comprehension
of the evolutionary aspects of protein folding and stability. Evolutionarily, the
mutations that increase or compensate the protein's mechanical stability may be
advantageous in terms of protein function, and regulation. On the other hand,
destabilizing mutations may introduce novel protein functions, despite the fact that
they are typically deleterious mutations. At the level of evolution, the global stability
of proteins appears to be compromised by stabilizing and destabilizing mutations;
depending on the protein and its evolutionary process, some mutations will
predominate more than others. (Tokuriki and Tawfik 2009; Bloom and Arnold 2009)

Ultra fast folder proteins

Ultra fast folder proteins are typically small in size and possess particular structural
characteristics. Usually are conformed by helical structure (Reifs et al. 2023;
Schonfelder, De Sancho, et al. 2018) but also can be found ultrafast folder proteins
compose by 3 sheets structures (Schonfelder, De Sancho, et al. 2018; Wu and Shea
2010), (see Fig. I.11.) but the most important characteristics of fast folding proteins
are a negligible (<3kBT) free-energy barriers and (un)folding timescales between
millisecons and microseconds by these reasons fast folding proteins reside in the
other side of the cooperativity spectrum compared to two-state proteins. (Garcia-
Mira et al. 2002)



EnHD gpW FSD-1

Fig. I.11. 3D structure of ultra fast folder proteins. a. EnHD (Reifs et al. 2023) complete a helices
secondary structure. b. gpW (Schonfelder, De Sancho, et al. 2018) mix of a helices and 3 sheets
secondary motifs. c. FSD-1 (Wu and Shea 2010) majority of B sheets secondary motifs.

The Tm represents the temperature at which ultrafast folder proteins experience a
rapid unfolding transition from a folded to an unfolded state. Ultrafast folder proteins
may exhibit more complex folding pathways, with the presence of intermediate states
during the unfolding process. In contrast, two-state proteins suffer a direct and
cooperative unfolding transition without intermediate states. These intermediate
states are experimentally detectable by spectroscopy and contribute to the folding
kinetics as a whole.

It can be difficult to precisely calculate the melting temperature of ultra fast
folder proteins. They lack the conventional two-state unfolding transition with a well-
defined Tm. The (un)folding processes of ultra fast folder proteins are commonly
characterized by a downhill energy landscape with a very broad melting transition.

The folding mechanisms of ultra fast folder proteins continue to be a topic of
investigation and debate. The "zipping and assembly" model proposes that proteins
fold by sequentially assembling secondary structure elements around the folding
nucleus under the influence of hydrophobic interactions and hydrogen bonding. This
model suggests that the folding process involves a series of discrete intermediate
states, with the protein transitioning rapidly from one intermediate state to the next
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until it reaches the folded state. (Mok et al. 2007; Dyer 2007) The zipping and
assembly model is a plausible explanation for the rapid folding kinetics observed in
ultra fast folder proteins, as it permits the rapid assembly of secondary structure
elements around the folding nucleus, resulting in the formation of the native state.
(Voelz and Dill 2007)

The "conformational diffusion" model proposes that during the folding process, the
protein explores a large conformational space and simultaneously examines multiple
conformations. This model proposes that the folding process is not strictly
hierarchical and implies the protein dynamically samples a range of conformations,
the native state being one of the many conformations sampled. The conformational
diffusion model offers an alternative explanation for the rapid folding kinetics
observed in ultra fast folder proteins, as it permits the exploration of a large
conformational space in a brief period of time, resulting in the rapid formation of the
native state. (Ghosh et al. 2007; Sullivan and Kuntz 2002)

These proteins' ultra fast folding kinetics have significant functional implications for
numerous biological processes. In molecular recognition and binding events, the
rapid folding and unfolding behaviors of ultra fast folder proteins enable them to
rapidly adapt to changing environmental conditions and interact with their binding
partners. Many signaling proteins and receptors, for instance, experience rapid
conformational changes upon ligand binding; the ultra fast folding kinetics of these
proteins allow them to rapidly respond to the binding event and transmit the signal
downstream. (Mufioz and Cerminara 2016)

In addition, ultra fast folder proteins play a role in protein folding and quality control
within cells. In order to rapidly interact with unfolded or misfolded proteins and
prevent their aggregation or degradation, molecular chaperones frequently exhibit
extremely rapid folding kinetics. To prevent the accumulation of misfolded proteins,
these chaperones must rapidly recognize and bind to them, and their ultra fast
folding and unfolding behaviors allow them to carry out their functions effectively.
(Hartl 2009; Park and Rapoport 2012)
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Mechano-regulators

During their biological functions, such as enzyme catalysis, molecular recognition,
and signal transduction, proteins are dynamic entities that suffer mechanical forces
and deformations. Understanding and modulating the mechanical stability and
resistance of proteins is of great interest in the field of protein engineering, as it has
major implications for their structural integrity, functional performance, and biological
activity.

Genetic modifications are potent instruments for modifying the mechanical
resistance of proteins because they permit precise control over the amino acid
sequence and, by extension, the structural and mechanical properties of the protein.
Several genetic modification strategies can be utilized to modify the mechanical
resistance of proteins:

Site-directed mutagenesis involves introducing specific mutations into the
amino acid sequence of a protein in order to alter its mechanical properties.
By substituting amino acids with different characteristics, such as size,
charge, or hydrophobicity, for instance, the protein's mechanical stability can
be altered. Mutations in critical structural regions, such as alpha helices or
beta sheets, can also have an effect on the mechanical resistance of proteins
by altering their folding/unfolding pathways or stability. (Perez-Jimenez et al.
2006; Li et al. 2000; Peters et al. 2022) (see Fig. 1.12a.)

De novo protein design involves the creation of entirely new proteins from
scratch by designing their amino acid sequences in accordance with their
intended structural and functional properties. This method permits the
production of proteins with customized mechanical properties, such as
increased mechanical stability or resistance. In de novo protein design,
computational methods such as molecular modeling and simulations are
frequently used to predict and optimize the mechanical properties of the
designed proteins. (Floudas et al. 2006; Khoury et al. 2014; Kuhiman and
Bradley 2019) (see Fig. I.12b.)
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Fig. I, 12. Types of genetic modifications. a. Site-directed mutagenesis. b. De novo proteins. c. Fusion
proteins.

= Fusion proteins include the combination of two or more proteins with distinct
mechanical properties to produce hybrid proteins with the desired mechanical
properties. By fusing distinct protein domains or motifs, it is possible to modify
the mechanical resistance of proteins. Fusion of a rigid protein domain with a
flexible protein domain, for example, can produce proteins with intermediate
mechanical properties. (Infante et al. 2019) (see Fig. .12c.)

Molecular interactions, such as ligand binding, small molecule interactions, and post-
translational modifications, can be used to modify the mechanical resistance of
proteins. By inducing conformational changes, altering folding/unfolding pathways,
or stabilizing specific structural motifs, these interactions can affect the mechanical
stability of proteins. Many common strategies for modulating mechanical resistance
via molecule interactions include:

= Ligand binding can affect the mechanical stability of proteins by inducing
conformational changes or stabilizing particular structural motifs. For
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instance, the binding of antibodies (Perez-Jimenez et al. 2014), peptides
(Rivas-Pardo et al. 2018), or small molecules such as metal ions, and
cofactors (Beedle et al. 2015), between others, to particular binding sites in
proteins can modify their mechanical properties. The ability of ligand binding
to induce mechanical unfolding or stretching of proteins has been exploited in
the design of mechanosensitive proteins with tunable mechanical properties.
(see Fig. 1.13a.)

Interactions between small molecules: small molecules, such as chemical
denaturants or stabilizers, can interact with proteins and modulate their
mechanical stability. Urea and guanidine hydrochloride, for instance, are
commonly employed denaturants that can impair the noncovalent interactions
in proteins, resulting in their mechanical unfolding. (Cao and Li 2008) By
stabilizing their folded states, small molecule stabilizers, such as osmolytes
or osmoregulatory solutes, can increase the mechanical resistance of
proteins. (Schneck, Horinek, and Netz 2013) (see Fig. 1.13b.)

Protein mechanical resistance can also be modulated by post-translational
modifications such as phosphorylation, acetylation, and glycosylation. These
modifications may affect the conformation, stability, or interactions of a protein
with other molecules, thereby altering its mechanical properties. For instance,
phosphorylation of specific residues in a protein can modulate its mechanical
stability by introducing electrostatic repulsion or altering the hydrogen
bonding patterns, resulting in modifications to the protein's conformation and
mechanical properties. (Grutzner et al. 2009; Solis and Russell 2021; Bér et
al. 2022) (see Fig. 1.13c.)
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Ligand binding Chemical denaturants Post-translational
modifications

Fig. 1.13. Types of molecular interactions that can be affected by mechano-regulators. a. Ligand binding.
b. chemical denaturants. c. post-translational modifications.

It can be difficult to predict the effects of genetic modifications or molecule
interactions on the mechanical properties of proteins. Computational methods, such
as molecular modeling and simulations, can provide valuable insights, but they may
not always accurately predict the mechanical properties of modified proteins.
Additionally, the reproducibility of the desired mechanical properties may be difficult
to obtain due to the fact that small variations in the amino acid sequence or molecule
interactions can result in totally different mechanical behaviors. To guarantee the
predictability and reproducibility of the mechanical properties of engineered proteins,
rigorous experimental characterization and validation are required.
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High-throughput methods and molecular docking

In recent years, molecular docking and high-throughput methods have arisen as
powerful tools for identifying small molecules with the potential to modulate the
mechanical stability of proteins. These methods provide a systematic and effective
means for screening a large number of small molecules and predicting their binding
affinities to particular target proteins. (Lavecchia and Giovanni 2013; Ke et al. 2014)
By targeting specific regions of the protein associated with its mechanical stability
(Perez-Jimenez et al. 2014; Rivas-Pardo et al. 2018), these small molecules may be
able to influence the protein's mechanical properties, such as its resistance to
mechanical stress or unfolding.

Molecular docking is a computational technique for predicting the binding mode and
affinity of a small molecule to a particular target protein. It involves calculating the
energetics of the protein-ligand interaction and predicting the binding conformation
with the highest affinity. Molecular docking methods employ algorithms to search for
and evaluate the potential binding positions of small molecules within the target
protein's binding site. These methods rely on a variety of scoring functions that
estimate the binding free energy and evaluate the complementarity between the
protein and ligand in terms of shape, electrostatics, and other molecular properties.
(Guedes, de Magalhaes, and Dardenne 2014; Fan, Fu, and Zhang 2019) (see Fig.
1.14.)

Molecular docking can be used to identify small molecules that interact with
particular regions of a protein that contribute to its mechanical stability. For instance,
if it is known that a particular region of the protein is crucial for its mechanical stability
(Rivas-Pardo et al. 2018; Perez-Jimenez et al. 2014), molecular docking can be used
to scan a large database of small molecules to identify those that have favorable
interactions with this region. The identified small molecules can then be
experimentally evaluated to determine their effects on the mechanical stability of the
protein. (Guedes et al. 2014)
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Large chemical libraries can be screened with HTS techniques for small molecules
that modulate the mechanical stability of proteins. Using optical tweezers, atomic
force microscopy (AFM), or mechanical spectroscopy. Once the molecular docking
and HTS have been done, those results can be measured experimentally using
SMFS techniques to measure the effect of small molecules on the mechanical
stability of a protein. By applying mechanical stress to the protein in the presence of
small molecules, HTS methods can identify molecules that, depending on the
desired outcome, either increase or decrease the protein's mechanical stability.

The benefits of molecular docking and HTS techniques are several, including a rapid
and effective screening, allowing the screening of a large number of small molecules
in a relatively short amount of time, making them highly effective for identifying
potential modulators of protein mechanical stability. The prediction of binding
affinities can provide estimates of the binding affinities between small molecules and
target proteins, which helps in the prioritization and selection of the most promising
candidates for further experimental validation. Finally, a target-specific screening
permits to focus on specific regions of the protein associated with its mechanical
stability, enabling the screening of small molecules that interact with these regions.
(Guedes et al. 2014; Fan et al. 2019)

Despite their benefits, molecular docking and high-throughput methods present a
constraint despite being able to efficiently identify potential mechano-modulators of
protein mechanical stability, experimental validation is still necessary to confirm the
effects of these small molecules on protein stability. Biophysical techniques such as
SMFS assays are required to validate the predicted effects of small molecules on
the mechanical stability of proteins.
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Fig. 1.14. Molecular docking and high throughput screening workflow. Sketch of the systematic and
efficient method for screening a large number of small molecules and predicting their binding
affinities to specific target proteins.
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Engrailed Homeodomain (EnHD)

Engrailed Homeodomain (EnHD) from Drosophila melanogaster is a highly
conserved protein that plays a crucial role in embryonic cell development,
specifically in the differentiation of posterior half of the fly. (Ray, Acharyya, and
Chatterjee 2001) EnHD is expressed in a segmental pattern along the anterior-
posterior axis of the embryo, with increased levels of expression in the posterior
segments. (Ray et al. 2001) This protein is a member of the homeodomain family of
transcription factors, which regulate gene expression by binding to specific DNA
sequences.(Ray et al. 2001; Religa et al. 2007)

EnHD is a small protein with only 54 amino acids, and its three-dimensional structure
is composed of three alpha helice. Its compact structure is critical for binding to DNA
and regulating gene expression. (Stollar et al. 2003; Religa et al. 2007)

Engrailed family is highly conserved across evolution, in vertebrated species has
been implicated in many other biological processes, in addition to its role in
embryonic development. (Kornberg 1993; Simon, Thuret, and Alberi 2004) Two
transcription factors called Engrailed-1 (en1) and Engrailed-2 (En2) It has been
shown to play a role in neuronal differentiation and the development of the nervous
system, for instance. (Simon et al. 2004) In addition, it has been shown to be involved
in the regulation of cell proliferation and apoptosis and to play a key role in the
development of certain types of cancer. (Simon et al. 2004)

EnHD structure

EnHD is composed of three helices organized in a "helix-turn-helix" motif, (Religa et
al. 2007; Stollar et al. 2003) a structural feature shared by many DNA-binding
proteins. (see Fig. [.15.) EnHD contains a number of highly conserved amino acid
residues that are essential to its function. (Kornberg 1993) These residues are
located on the protein's surface and are responsible for DNA binding and protein-
protein interactions. The residue with the highest degree of conservation is
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asparagine 51 (Asn 51) in the third helix (the "recognition" helix). Asn 51 forms a
series of hydrogen bonds with adenine in the binding site, and together with the
series of backbone contacts made by other concatenated residues, it is believed that
Asn 51 positions conform the recognition helix on the DNA. (Kornberg 1993) Other
key residues, such as glutamine 50 (GIn50) and arginine 53 (Arg53), also located in
the third helix, are important to EnHD's ability to interact with DNA. (Kornberg 1993)

EnHD is highly dynamic, its fold stabilities are typically inferior to those of other
proteins of comparable size. (Stollar et al. 2003) In solution, the termini of EnHD are
disordered, and the structures of the free and DNA-bound forms reveal that DNA
binding is accompanied by a structural condensation of the termini. Upon DNA
binding, the EnHD core may also suffer subtle structural changes. Thus, it would
appear that the EnHD adapts to the surface of specific DNA through induced fit.
(Stollar et al. 2003) Despite the abundance of current stereochemical and functional
data for EnHD, the reason for their relatively low stability and its relationship, if any,
to their induced fit have yet to be determined.

EnHD

Fig. 1.15. Engrailed homeodomain 3D structure. EnHD consists of an extraordinarily compact
structure of alpha helices. The helices are structured in a "helix-turn-helix" motif.
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EnHD folding

EnHD is an exceptional example of ultra fast folder. Folding times are on the order
of microseconds, making it one of the fastest-folding proteins known to date. The
highly compact structure of EnHD, (Stollar et al. 2003) which is stabilized by a
network of hydrogen bonds and hydrophobic interactions, (Stollar et al. 2003) is
believed to be responsible for this ultra rapid folding behavior.

Studies on the kinetics of EnHD folding have revealed that the folding process
presents low cooperativity and negligible folding energy barrier. (Religa et al. 2007;
Mayor et al. 2003) Extensive experimental and computational research has been
conducted on the folding transition state, which corresponds to the point of maximal
free energy along the folding pathway. These investigations have provided crucial
insights into the structural characteristics and dynamics of EnHD, which are essential
for its rapid folding. (Religa et al. 2007; Mayor et al. 2003; Mayor et al. 2000)

In relation to this system, we have included Chapter Ill: compliant mechanical
response of the ultrafast folding protein EnHD under force which has been published
in Communications physics.

Cafl from Yersinia pestis

Yersinia pestis is a gram-negative bacterium responsible for one of the deadliest
pandemics in human history, the bubonic plague also known as Black Death. It is
estimated that between 75 and 200 million people died by the Black Death, which
devastated Europe in the 14th century. Worldwide outbreaks of Yersinia pestis
remain a significant hazard to public health in the present day, (Perry and Fetherston
1997) although fortunately today it can be treated with antibiotics.

Yersinia pestis is a highly virulent bacterium that has evolved a variety of

sophisticated mechanisms to evade the immune system of its host and establish
infection. The ability of Yersinia pestis to resist phagocytosis, the process by which
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immune cells engulf and destroy invading pathogens, is one of its main virulence
factors. (Li and Yang 2008)

Yersinia pestis present this resistance producing a variety of virulence factors that
interfere with different aspects of the phagocytosis process. Using a type Il secretion
system, the bacterium produces a range of virulence factors, such as the Yop
proteins. that are injected into host cells. These proteins have a variety of effects on
the immune cells of the host, including inhibition of phagocytosis, induction of
apoptosis, modulation of cytokine signaling, inhibition of the production of reactive
oxygen species and other immune defenses by interfering with host cell signaling
pathways. (Perry and Fetherston 1997; Li and Yang 2008)

The capsule of Yersinia pestis, which is composed of a polymer of the Caf1 protein,
is a crucial virulence factor. Caf1 polymer is essential for preventing Yersinia pestis
from being recognized and attacked by the host immune system. The polymer is
extremely stable and resistant to degradation, enabling it to persist in the host for
extended time periods. (Perry and Fetherston 1997; Li and Yang 2008) (see Fig.
[.16.) Due to its capacity to elude the host immune system and cause disease,
Yersinia pestis poses a significant threat to public health. (Perry and Fetherston
1997; Li and Yang 2008)

Caf1 polymer

Caf1 is the key element of the capsule that covers Yersinia pestis. The protein
consists of a repeating unit that forms B-helix structure, the ability of the Caf1 protein
to undergo auto-self association, which results in the formation of high-molecular-
weight polymers, is one of its remarkable properties. This self-assembly
phenomenon is known as beta strand complementation. (Alonso-Caballero et al.
2018; Zavialov et al. 2001) (see Fig. 1.17.) This process entails the antiparallel pairing
of individual Caflt monomers so that the B strands of one monomer are
complemented by those of its neighbor. It is believed that the resulting structure, a
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highly stable, extended 3 sheet, is essential for the formation of the Yersinia pestis
capsule. (Alonso-Caballero et al. 2018; Du, Rosqvist, and Forsberg 2002)

Iig. 1.16. YersiniapestisCafl cloak. A crucial virulence factor is the Caf1 capsule, which is made up
of a polymer of the Caf1 protein. Caf1 polymer is essential for preventing the host immune system
from recognizing and attacking Yersinia pestis. The presence of the chaperone CafiM directs the
folding of Caf1 monomers. Caf1M chaperone aids in periplasmic folding and prevents aggregation
of newly translocated Caf1 subunits, thereby facilitating the correct assembly of the polymer.

The folding of one Caf1 monomer is directed by the presence of a chaperone called
CafitM. CafiM chaperone assists in the periplasmic folding and prevents the
aggregation of newly translocated Caf1 subunits (Zavialov et al. 2001), leading the
correct assembly of the polymer. This mechanism is believed to facilitate the efficient
assembly of the Caf1 polymer, as it aligns each monomer with its neighbor. (Zavialov
et al. 2001; Du et al. 2002)
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It is believed that the mechanism of beta strand complementation contributes to the
remarkable stability of the Cafl polymer. (Du et al. 2002) The extended (3 sheet
structure formed by the complemented 3 strands is highly resistant to proteolytic
degradation because it lacks the vulnerable loops and turns found in globular
proteins. It is believed that this stability is essential for the Caf1 polymer to persist in
the host for protracted periods of time. (Zavialov et al. 2001; Ulusu et al. 2017)

B-strand complementation
Y ~

Caf1t monomer

Caf1t monomer

Fig.1.17. Caf1 polymer and B strand complementation. This process involves the antiparallel pairing of
Caf1 monomers so that the B strands of one monomer complement those of its neighbor.

Caf1 polymer mechanical stability

The mechanical stability of the Caf1 protein polymer is an additional remarkable
characteristic that contributes to Yersinia pestis persistence in the host. It has been
demonstrated that the Caf1 polymer is highly resistant to mechanical disruption,
such as that caused by blood flow or the migration of phagocytic immune cells.
(Ulusu et al. 2017; Zavialov et al. 2003)

Studies have demonstrated that the mechanical stability of the Caf1 polymer is
partially attributable to its extended B sheet structure, which provides a large surface
area for intermolecular interactions and results in a high degree of cooperativity in
the self-assembly process. (Ulusu et al. 2017; Zavialov et al. 2003)
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It is believed that the mechanical stability of the Caf1 polymer is a crucial factor in
Yersinia pestis' ability to elude host immune defenses and establish infection. Caf1
polymer's resistance to mechanical disruption ensures that it remains intact in the
host, providing a protective capsule for the bacteria and preventing immune system
recognition. (Alonso-Caballero et al. 2018; Ulusu et al. 2017; Roque et al. 2014)

Caf1 and its self-assembly process are fascinating examples of the remarkable
properties of proteins and their function in the biology of pathogenic microorganisms.
Extensive research into the structure, self-assembly, and stability of the Caf1 protein
polymer has yielded important insights into the mechanisms that drives Yersinia
pestis infection and opened up new avenues for the development of therapeutics
against this lethal pathogen.

In relation to this system, we have included Chapter IV: evasion of phagocytosis by
the plague bacterium Yersinia pestis requires exceptional protein mechanostability
which has been published in PLOS pathogens.

Adhesion proteins from Stap/ylococcus aureus and Endocarditis

Endocarditis is a life-threatening infection of the heart's membrane and valves
caused by bacteria. Staphylococcus aureus is one of the most common bacterial
agents responsible for this disease. (Lower et al. 2011) Numerous virulence factors
in S. aureus enable the bacteria to adhere to host tissues and avoid host immune
defenses. The ability of S. aureus to form biofilms on the heart valves is one of the
most crucial factors in endocarditis. Biofilms are complex bacterial communities
covered by a protective extracellular matrix. Once S. aureus adheres to the surface
of a heart valve, it can form an antibiotic and immune-resistant biofilm. (Lower et al.
2011; Josse, Laurent, and Diot 2017)

Several virulence factors of S. aureus are crucial to the pathogenesis of endocarditis.

These include surface proteins that facilitate adhesion, tissue-degrading enzymes,
and toxins that injure host cells and tissues. (Josse et al. 2017; Foster et al. 2014)
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The production of the secreted toxin alpha-toxin is one of the most dangerous
virulence factors in S. aureus endocarditis. This toxin is known to injure host cells
and contribute to the formation of a fibrin clot on the surface of the heart valve, which
promotes bacterial colonization. (Josse et al. 2017)

The complex immune response of the host to S. aureus endocarditis involves innate
and adaptive immune mechanisms. Neutrophils play a crucial role in the control of
S. aureus infections, but the bacteria have evolved mechanisms to evade and even
subvert neutrophils. In addition, S. aureus is capable of activating complement
pathways, resulting in the deposition of complement factors on the surface of the
heart valve, which can promote further bacterial colonization. (Josse et al. 2017;
Foster et al. 2014)

Therapeutic interventions for S. aureus endocarditis are challenging due to the
formation of biofilm and the bacteria's antibiotic resistance. The need for long-term
treatment and the possibility of adverse effects can complicate the use of
combination antibiotic therapy. Novel therapeutic approaches are needed that target
the bacterial biofilm or the virulence factors that contribute to the pathogenesis of
endocarditis. (Lower et al. 2011)

FnBPA and .S. aureus attachment

But the very first step of the infection process is the attachment. S. aureus uses
several virulence factors to attach to host tissues and evade immune responses
called cell-wall anchored proteins (CWA). (Geoghegan and Foster 2017) One of the
most significant mechanisms for attachment is the interaction between bacterial
CWA proteins and host extracellular matrix components. A special class of CWA
involved in endocarditis are MSCRAMM (Microbial Surface Components
Recognizing Adhesive Matrix Molecules) For example two of the most important
MSCRAMM are fibronectin-binding proteins A and B (FNnBPA and FnBPB), which
are known to mediate bacterial attachment to host cells and extracellular matrix
proteins. (Lower et al. 2011; Geoghegan and Foster 2017) (see Fig. |.18a.)
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Of these, FNBPA is the most extensively studied. It is a surface protein that contains
an N-terminal domain, which is responsible for binding to host fibronectin, and a C-
terminal domain, which is responsible for binding to the bacterial cell wall. The
binding of FnBPA to host fibronectin is a key step in the pathogenesis of S. aureus
infections, including endocarditis. (Lower et al. 2011)

a

Staphylococcus & CIfA s S :
aureus ‘ =\

Fibrinogen
FnBR1
-« /FnBPA

Fnl(5) Fnl(4) Fnl(3) Fnl(2)

Fibronectin Fni(1)

Biomaterial surface Extracellular Host cells
matrix

Fig.1.18. Microbial surface components recognizing adhesive matrix molecules (MSCRAMM) attachment.
a. example of two cell wall anchored proteins, clumping factor A (CIfA) and Fibronectin binding
protein A (FNBPA) attached to their target proteins. b. examples of different surfaces and tissues
that S. aureus can colonize.
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The attachment mechanism of FnBPA involves several stages. First, the protein
bonds to the extracellular matrix protein fibronectin, which is present on the host cell
surface. (see Fig. 1.18b.) The binding of FNBPA to fibronectin is mediated by a
specific region of the protein known as the fibronectin binding repeats (FnBRs).
(Lower et al. 2011; Speziale and Pietrocola 2020) This domain contains 11 different
types of tandem repeats or FnBRs which are considered intrinsically disordered
proteins. Each FnBR forms antiparallel stands along a triple  strand of up to six
Fibronectin type | domains connected by a tandem {3 zipper mechanism. (Speziale
and Pietrocola 2020; O’Neill et al. 2008)

In conclusion, the attachment of S. aureus to host tissues is a critical phase in the
pathogenesis of endocarditis. The interaction between bacterial surface proteins and
host extracellular matrix components, such as fibronectin, is a key mechanism by
which S. aureus attaches to host tissues and evades immune responses. The
fibronectin-binding protein A (FNBPA) is a critical virulence factor for attachment and
a potential target for therapeutic inhibitors such as small molecules or antibodies.
Further research is needed to completely understand the attachment mechanisms
of S. aureus and to develop effective treatments for endocarditis and other S. aureus
infections.

In relation to this system, we have included Chapter VI: nanomechanics of microbial
infection, from single molecule to single bacterium in which we are still working

Magnetosome and Magnetic-sensing bacteria

Magnetic-sensing bacteria are a unique category of microorganisms with the ability
to sense magnetic fields and utilize them for navigation. This remarkable ability is
due to the presence of magnetosomes, specialized organelles within these
bacteria.(Balkwill, Maratea, and Blakemore 1980) Magnetosomes are membrane-
bound vesicles containing magnetic nanoparticles of iron oxide or iron sulfide that
help microbes to orient themselves in the Earth's magnetic field. (Balkwill et al. 1980;
Gorby, Beveridge, and Blakemore 1988)
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Magnetosome formation is a complex process that requires the expression of
numerous genes and the coordination of multiple cellular processes. The genes
responsible for magnetosome formation are organized in large clusters known as
magnetosome gene islands, which are found in a variety of magnetic-sensing
bacteria. (Gorby et al. 1988; Komeili et al. 2004)

Magnetospirillum magneticum is one of the most extensively studied magnetosome-
producing bacteria. It is commonly found in aquatic environments. The process of
magnetosome formation and the function of these organelles in magnetic sensing
have been significantly elucidated by research on M. magneticum. (Balkwill et al.
1980) A number of proteins in the magnetosome membrane are involved in the
transport and mineralization of iron, as well as the formation of magnetic
nanoparticles. (Komeili et al. 2004) MamJ, a structural protein that works interacting
with its parnet MamK, both creates the scaffold and assembly of magnetosomes
chains, both are indispensable for the proper formation of magnetosome
membranes and the production of functional magnetosomes, in experiments where
these genes were knockout the magnetosomes resultant suffered a collapse by
magnetic attraction. (Uebe and Schiler 2016) (see Fig. 1.19.)

Magnetospirillum magneticum

Fig. 1.19. Magnetospirillum magneticum. The magnetosome is composed of vesicles which contain
magnetite nanoparticles arranged in a line parallel to the longitudinal axis of the bacterium. MamK
and MamJ are represented in green and yellow respectively.
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Magnetosomes have several potential biotechnological applications in addition to
their function in magnetic sensing. The magnetic nanoparticles generated by
magnetosomes have been utilized in a number of biomedical and environmental
applications, such as drug delivery and magnetic hyperthermia (Jabalera et al. 2020;
Jabalera et al. 2019), antibacterial-directed chemotherapy, (Jabalera et al. 2021)
biosensors, and removal from wastewater. (Peigneux et al. 2020)

This system has served as an inspiration for the development of the methodology
described in chapter Chapter VI: nanomechanics of microbial infection, from single
molecule to single bacterium in which we are still working

Gp120 and CD4 interaction, HIV-1 infection mechanism

HIV-1 is the virus responsible for acquired immunodeficiency syndrome (AIDS), a
disease that has affected millions of individuals worldwide. (Greene 2007) The virus
targets CD4+ T cells, macrophages, and other immune cells, resulting in a
progressive deterioration of the immune system and increased vulnerability to
opportunistic infections and cancers. (Greene 2007; Schipbach et al. 1984)

HIV-1 infection begins with the binding of gp120 to CD4 receptors on the surface of
target cells. (Westby and Dalgleish 1998; Wilen, Tilton, and Doms 2012) This
interaction induces a conformational change in gp120, allowing it to bind to a CCR5
or CXCR4 co-receptor on the surface of the target cell. The exposure of the viral
transmembrane protein gp41, which mediates the fusion of the viral and target cell
membranes, is caused by the binding of gp120 to the co-receptor. (Wilen et al. 2012;
Checkley, Luttge, and Freed 2011)

The viral capsid is released into the cytoplasm of the target cell as a result of the
fusion of the viral and target cell membranes. (Wilen et al. 2012) The capsid contains
the viral RNA genome, reverse transcriptase, integrase, and other replication-
essential viral proteins. Once inside the target cell, the viral reverse transcriptase
enzyme converts the viral RNA genome into DNA, and the viral integrase enzyme
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integrates the resultant DNA into the host cell genome. (Westby and Dalgleish 1998;
Wilen et al. 2012)

The proviral DNA functions as a template for the transcription of viral RNA and
production of viral proteins. The viral proteins are assembled into new viral particles,
which emerge from the infected cell's surface and infect new cells. HIV-1's replication
cycle is intricate and comprises multiple stages, making it a difficult target for antiviral
therapy. (Wilen et al. 2012; Checkley et al. 2011)

The high mutation rate of the HIV-1 virus is one of the major obstacles to the
development of effective treatments for HIV-1 infection. The error-prone nature of
the viral reverse transcriptase enzyme results in the production of antiviral-resistant
viral variants. (Westby and Dalgleish 1998) In addition, the virus's high replication
rate and the presence of viral reservoirs, such as latently infected cells, make it
difficult to eradicate the virus completely from the body. (Westby and Dalgleish 1998)

CD4 relevance in the HIV-1 infection

As was mentioned before, the binding of the viral envelope glycoprotein gp120 to
CD4 receptors on the surface of target cells is a key step of HIV-1 entry, since it is
the first step to complete in order to achieve a successful infection. (Wilen et al.
2012)

CD4 is a transmembrane protein that aids T cells in recognizing and responding to
antigens, thereby playing an essential role in the immune response. It is expressed
on the surface of T helper cells, macrophages, and dendritic cells, all of which are
potential targets for HIV-1 infection. (HARRIS et al. 1990)

The interaction between gp120 and CD4 is required for HIV-1 entry into target cells,
as it initiates a series of conformational changes in Env that allow it to bind to co-
receptors CCR5 or CXCR4 and mediate the fusion of the viral and target cell
membranes. (Wilen et al. 2012) Nonetheless, the mechanical resistance of the CD4
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receptor is also crucial in determining the susceptibility of target cells to HIV-1
infection. (see Fig. 120.)

Fig. 1.20. HIV-1 attachment. The interaction between gp120 (yellow) and CD4D1D2 (red and green)
receptors on the surface of target cells. This interaction induces a conformational change in gp120
that allows it to bind to a CCR5 or CXCR4 co-receptor (purple) on the target cell's surface. One CD4
is partially unfolded.

CD4 undergoes significant conformational changes upon binding to gp120 (Yin,
Wang, and Mariuzza 2012; Wyatt et al. 1998), which can influence its mechanical
stability and sensitivity to mechanical force, according to research. Studies using
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atomic force microscopy have demonstrated, for instance, that the binding of gp120
to CD4 can destabilize the CD4 protein unfolding it. (Wyatt et al. 1998)

In addition, it has been hypothesized that the unfolding of CD4 by gp120 may play a
role in the assembly of the final, stable Env-CD4 complex, which is required for HIV-
1 entry. Since the unfolding of the CD4 protein leads to an increase in the scanning
surface in which gp120 can make contacts. (see Fig. 1.21.) Increasing the probability
of finding the necessary CCR5 or CXCR4 coreceptors to complete their infection
mechanism. (Perez-Jimenez et al. 2014; Haggani and Tilton 2013)

Recent studies have demonstrated that ibalizumab, a monoclonal antibody that
targets the CD4 receptor, can increase the mechanical stability of CD4 and inhibit
HIV-1 infection. Ibalizumab binds to a distinct site on CD4 from the site where gp120
binds, and it has been shown to induce conformational changes in CD4 that stabilize
the protein and increase its resistance to mechanical force. (Perez-Jimenez et al.
2014)

Fig. 1.21. CD4-HIV tethering. HIV is attached to CD4. The unfolding of the D2 domain as a result of

the force exerted by the virus on CD4 increases the length of the tether, allowing the virus to explore
a larger surface area of the cell, thereby increasing the probability of locating a coreceptor. D2 is
able to refold when the forces are reduced, functioning as a spring.
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One study investigated the mechanical stability of CD4 in the presence of ibalizumab
using atomic force microscopy. The results demonstrated that ibalizumab binding
significantly increased the mechanical stability of CD4, while decreasing the
receptor's susceptibility to mechanical deformation. These results suggest that
ibalizumab may be capable of protecting CD4 from the mechanical stress caused by
viral entry. (Perez-dimenez et al. 2014)

In relation to this system, we have included Chapter V: high throughput search of

small molecules for controlling the mechanical stability of proteins which is under
review in Communications chemistry
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Protein design

In order to measure the mechanical stability of any protein, we will need to produce
that specific protein. But, due to the nature of the smFS technique, we must consider
two important features.

First, we need to introduce a fingerprint as a control in our sample and second, our
polyprotein should be continuous from beginning to end, without any interruption.
(see Fig. ll.1a.)

Because of how the AFS technique works it is extremely important to introduce in
our polyprotein a quality control which could help us to make a proper selection of
correct traces, due to this reason we cannot use the protein as we can find it in
nature, we must design a construct in which our studied protein will be flanked by
four 191 subunits from Human titin protein. Why 1917 Because it is a model protein
in mechano-field and its mechanical properties are well described. This subunit will
allow us to select and validate the correct traces properly, only accepting traces that
present 3 or 4 unfolding steps of this model subdomain.

But why it is so important the presence of these fingerprints? The AFS technique
consists of stretching the desired protein from one extreme to the other, how we can
achieve this? as is described in AFM preparation and sample calibration in this
chapter, thanks to fixing our construct by its C-terminal extreme to a gold substrate
thanks to cysteine binding and in the N-terminal due to a more unspecific binding
from amino peptide bond and silicon nitride which coated the very sharp cantilever
tip. Because of the second one biding could happen in any amino acid present in our
construct, this could happen on one hand in the N-terminal extreme as we are
looking for, or on other hand in any other point of our protein, obtaining a partially
unfolded state. For this reason, it is very important to Introduce two pairs of
fingerprints on both sides of our studied protein, if we select only traces where we
can observe the unfolding of 3 or more fingerprints, we can strongly affirm that our
protein is completely unfolded, as long as we have reached its unfolding force.

(see Fig. 1.1b.)



Protein of interest

substrate |

N-Termial

Stretching direction

Fig. 11.1. Key elements in protein design for SMI'S experiments. a. typical AFS construct flanked by two
191 titin subunits on both sides of our protein of interest. b. Due to unspecific binding between protein
and cantilever, the stretching of our protein could happen from extreme to extreme [, or in any other
point of our construct, the only proper traces to work with is the case of | and Il, where we can observe
the unfolding of three or more 191, in the rest of cases (lll, IV, V) we cannot ensure the proper and
complete unfolding of our protein of interest. c. If our protein of interest does not present continuity in
its sequence, when unbinding between chains happens the tension force in the equipment drop to
zero, like when detachment happens between our protein and cantilever or gold substrate.
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Also, our polyprotein must be uninterrupted from extreme to extreme, and this could
be obvious if we have a gap in our amino acid sequence even if these two sequences
are bonded due to interactions present in tertiary and quaternary structures during
folding when the unfolding of that subdomains happen, the continuity of the
polyprotein will be compromised. (see Fig. ll.1c.)

But how can we measure the binding of two different proteins using the AFS
technique? We need to design a circular permutant. A circular permutant is a fusion
polyprotein that merges and remodels two different proteins into an unique one.
Following this technique, in this thesis we have designed circular permutants for
proteins: Caf-1, different Caf-1 mutants, and Fibronectin binding protein A (FnBPA).
To join these different proteins, we must introduce a linker to connect their
sequences.

In another way, we cannot differentiate the rupture of both proteins binding from the
detachment of our construct from the cantilever or the gold substrate, because when
this rupture happens the continuity of our construct will be broken, and this will drop
the tension force of the system to zero.

In the case of Caf-1 as it is explained in Chapter I: |.V. Understanding the whole:
systems characterized in this thesis the polymer formed by Caf-1 proteins follows an
auto-complementation phenomenon called B-strand complementation, in which an
exposed beta strand from one caf-1 protein is stabilized by internalization into a
hydrophobic pocket present in the next caf-1 protein across the polymer. To measure
the binding formed by the beta-strand | and I’ with their neighbor beta strands A and
H present in the pocket, we must redesign this protein by introducing a small flexible
linker, with the sequence “GSGNG”, which connects the beta-strand H with the beta
strands | and I'. We have done remodeling of the natural sequence of this protein
because in nature the beta-strand that we called | and I’ is present in the N-terminal
of the protein instead of connected to the C-terminal as we have redesigned. (see
Fig. 11.2.)
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Fig. 11.2. Caf-1 circular permutant design. a. Scheme of Caf-1 circular permutant in which donor beta
strands position and interaction can be observed. b. Cartoon structure representation of same caf-1
circular permutant.

The case of the protein FnBPA is slightly different and easier because we do not
need to rebuild our protein, we only need to link both proteins. We have joined the
subunits that intervene in the attachment process, being these repetitions two to five
subunit type | from human fibronectin and fibronectin binding repeat 1 from FnBPA.
To achieve this, we have introduced a small flexible linker formed by the sequence
“‘GGGSGGGS”. (see Fig. 11.3.)

Linker

Fnl (2) Fnl (3) Fnl (4) Fnl (5)
Iig. 11.3. Fibronectin binding protein A zipper design. Cartoon structure representation of Human
Fibronectin type | (2-5) yellow linked to FnBR1 magenta.
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It is very common to use linkers with a high concentration of glycine residues
because glycine is the amino acid that shows the highest flexibility, this feature is
due to its side chain. The side chain of glycine is just hydrogen being the simplest
one in comparison with the rest of the amino acids found in nature. The smaller the
side chain is, the less of steric hindrances that provokes, allowing this amino acid to
occupy a higher number of different torsional angles in the Ramachandran plot than
the rest of the amino acids. (see Fig. 11.4.)
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Iig. 11.4. Glycine and Alanine Ramachandran plot. The classical version of the Ramachandran plot for
a. glycine and b. alanine according to Ramachandran & Sasisekharan (1968).

Following those premises, during the development of this thesis, the design of eight
proteins was carried out, the sequence of these proteins is present in the sequence
appendix.

Protein expression and purification

Now that we have the sequence of our proteins, we must express and obtain them.
First, we must synthesize the DNA sequence, every protein used in this thesis was
synthesized by the company GeneScript Biotech, giving us our desired gene
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inserted into the expression plasmid PQEB8O0, between the restriction sites BamHI
and KpNI.

PQE-80L expression plasmid

In this plasmid the gene of interest is regulated by lac promotor which is constitutively
downregulated by Lacl. The presence of lactose or its analogous Isopropyl-3-D-
thiogalactoside (IPTG, Sigma) in media represses Lacl, lac promotor repressor,
activating the expression of our gene of interest.

This plasmid also contains a Multiple Cloning Site (MCS) which inserted our gene of
interest upon this site we find the sequence necessary to produce six histidines
(histidine tag) which is critical for purification.

At the end of our gen of interest, we have added a codon stop, necessary for
interrupting the translation process, even though downstream of MCS already are a
codon stop.

Another important gene in this plasmid is the Ampicillin resistance gene (AmpR) and
the Chloramphenicol resistance gene (CmR) which confer to carrier bacteria the
resistance to this antibiotic. This is very important to be able to select bacteria that
had incorporate our plasmid properly.

Finally, this plasmid contains an origin of replication which is necessary for the DNA
replication of this plasmid during the division process into the bacteria. (see Fig. 11.5.)

Competentbacteria transformation

Once we have our expression plasmid with our gene of interest inside, we must
introduce this plasmid into a proper bacterium, we have two different purposes, the
first of them is to amplify our commercial plasmid quantity, for usage and storage,
and the second one is to use the plasmid to produce our desired protein. As we have
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different purposes, we must use two different bacteria, one for each objective. To
apply the plasmid, we have used Escherichia coli XL1-Blue on the other hand for
protein expression we have used Escherichia coli C41.

Fig. I1.5. pQE-80L plasmid. pQE-80L expression plasmid scheme, our protein of interest is inserted
between BamHI and Kpnl restriction sites, also the lactose induction pathway mediated by Lac
repressor is highlighted.

E. coli XL1-Blue is an excellent host strain for routine cloning applications
ideally for amply any gene material.

E. coli C41 is an overexpression strain that is effective in expressing toxic
proteins from all classes of organisms. !
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But first, to introduce any plasmid inside of any bacteria, we must alter the bacteria
membrane, conferring the ability to absorb DNA from the media. This is what is called
a competent bacteria or competent cell. To achieve that we have to use Mix & Go!
Transformation Kit "' Following the manufacturer protocol we prepared competent E.
coli for simple and highly efficient DNA transformation.

Once we had both competent strains, we transformed both with our plasmid of
interest. To do that, competent bacteria were incubated for 30 min with 50 ng of
plasmid DNA in ice, after this time a heat shock was made, incubating our samples
at 42°C for 30-35 s, next another incubation step in ice was made for 5 min, then we
let bacteria incubate during 1 h in SOC media 'V at 37°C with a strong agitation (250
RPM). Finally, 200 pL of bacteria culture was plated over LB agar plates containing
carbenicillin antibiotic Y to select only colonies with our plasmid which confer
resistance to this antibiotic, we let grow those plates overnight (O.N.) at 37°C. (see
Fig. 11.6.)

(V

Plasmid @ @ @ @ ®O.N. 37°C

30 min 35sec 5 min

SOC

g"’g . 4260 37°C

haVNad
Competent LB + agar + carbenicillin
bacteria

Fig. I1.6. Competent bacteria transformation protocol. Competent bacteria were mixed with 50 ng of
plasmid and exposed to a heat shock, then were incubated in SOC medium for 1h and palleted O.N.
in agar.
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Commercial plasmid amplification

When colonies were observed on plates, one single colony was picked and
incubated in LB with 0.1 ug/mL of carbenicillin with a strong agitation (250 RPM) until
reaching an optical density (O.D.) at 600 nm of at least 0.6 after this incubation
bacteria were pelleted centrifugation at 4000xG for 20 min at 4°C, once we have
bacteria pellet GeneJET miniprep kit V' was used to extract DNA from bacteria.
Finally, DNA was eluted in DEPC nuclease-free water, and its concentration was
measured using Nanodrop 2000L spectrophotometer *X.

Protein expression screening

Once that we had enough quantity of the plasmid DNA, we repeated the same
transformation protocol explained before, with E. coli C41 and proceeded to look for
the optimal induction condition to maximize the yield of protein obtained, exploring
different temperatures and induction times. For example, room temperature (R.T.),
37°C, 4 h, and O.N.

To do that, we incubate one colony of transformed bacteria per condition into 10 mL
of LB media with 0.1 yg/mL of carbenicillin, at 37°C in the agitation of 250 RPM. Just
after culture, O.D. reached a value of 0.6, Then every volume condition was split into
two, one of them without inductor (control), meanwhile in the other 1 uM of IPTG was
added. When every condition was complete, 1 mL of culture was centrifugated at
4000xG for 20 min to pelleted bacteria, the 4 mL remaining was reserved for glycerol
stock preparation. Every pellet was resuspended in 10 pL of extraction buffer **V!
and 10 pL of Laemmli sample buffer V' was added. To continue, every condition was
boiled at 95°C for 5 min and centrifugated for 40 min at 12000 xG, to make lysis and
release their cell content to the medium.

Once the lysis was completed 10-20 pL of supernatant was loaded into a
Polyacrylamide Gel Electrophoresis (SDS-PAGE) to differentiate every protein in the
sample by its size. The gel was done with a polyacrylamide percentage of 4% for
stacking and 8-12% for resolving, depending on the protein of interest size. The
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Electrophoresis gel and samples were running immersed into running buffer solution
XXVl ysing the Bio-rad electrophoresis system ** at 120 V for 70 min. After this time
the electrophoresis gel was washed two times with Milli-Q water and then was
stained in Staining buffer **X for 5-10 min. Once the gel was stained, we proceed to
wash it using washing buffer **X to fade every part of the gel where there is not any
protein or band. We washed as many times as was necessary.

Finally, we looked for the condition in which our protein band was most intense, that
is the optimal conditions for producing our protein on a large scale. Additionally using
the 4 mL of culture reserved in previous steps, from these selected conditions. We
prepared a frozen bacteria aliquot, to do that we mixed 500 pL from this culture with
500 pL of glycerol 50% v/v. Then, we did a flash frozen into liquid nitrogen and kept
our aliquots at -80°C. (see Fig. I1.7.)

O

0.D. 0.6
negative +IPTG Pelleted 4000xG
LB + agar + carbenicillin control 20 min
—

LB + carbenicillin  negative +IPTG for every condition

37°C 250RPM control

NC IPTG NC IPTG NC IPTG NC IPTG

95 °C = =

10 pL extraction buffer

Lisis 12000xG + 10 pL Laemmli sample buffer
40 min

Figll.7. Protein expression screening. C41 bacteria containing our expression plasmid were tested to
different expression conditions with and without IPTG, finally, every lysate was run in an SDS-PAGE
electrophoresis gel, our protein of interest only should be visible in that conditions which IPTG.
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Large-scale protein expression

We started by diluent a frozen aliquot prepared in previous steps into 50 mL of LB
media with 0,1 pyg/mL of carbenicillin, this culture was incubated at 37°C with a strong
agitation (250 RPM). When an increase in culture turbidity was observed, we
increased total culture volume to 4-6 L, splitting this volume in different Erlenmeyer
(2 L) using a total volume per Erlenmeyer (2 L) of no more than 800 mL. In this step,
the incubation condition remains the same except for the agitation, which was
decreased to 180 RPM, because of the risk of leaking due to the bigger total volume.
When O.D. at 600 nm of those cultures reached a value of 0.6, then our cultures
were ready for induction. The necessary volume of IPTG V! to reach a concentration
of 1 uM was added and let express our protein O.N. at 37°C and 180 RPM of
agitation.

These expression conditions were the same for the production of every protein in
this thesis except for the CD4 construct, in which we started with a new bacteria
transformation instead of frozen bacteria aliquot, also induction conditions were at
20°C for 4 h.

Protein extraction

When induction was completed, bacteria were pelleted by centrifugation at 4000 xG
for 20 min at 4°C. After this, every pellet was resuspended in a total volume of 20
mL of Extraction buffer **V! in presence of 200 pL of protease inhibitor X'. Then we
proceeded with mechanical lysis of bacteria thanks to a French press (G. Heinemann
HTU DIGI-F Press) this tool can disrupt cell walls and bacteria membranes by
application of high shear forces generated by a huge level of pressure (15000 Pa)
into a very small duct with a very low flow (around 0.5 mL/min) controlled by a valve
connected with this mentioned duct. We performed three steps of French Press
rupture to maximize the yield of bacterial lysis. The resulting lysate contains our
proteins which were released into the medium from bacteria cytosol. But we had a
mixture of proteome, genome, and cellular debris between other biomolecules. As
the first step of purification, we centrifuged our lysate at 33000 xG for 30 min at 4°C.



We conserved the soluble portion which contains bacterial proteome, for further
purification steps.

Protein purification

From the beginning to the end of the protein purification protocol, every single step
should be performed on ice or at 4°C to minimize protein degradation. For exactly
this reason, a protease inhibitor was added to the extraction buffer during the protein
extraction. First, we started with a series of three filtration steps, using different pore
diameters of 0.8, 0.45, and 0.22 ym respectively (Millipore). As we mentioned before
in this filtered supernatant, we have a mixture of every protein produced by our
expression bacteria, but our protein was designed with a significant difference from
every other protein expressed. This distinction consists of a histidine tag which is
formed by six consecutive histidine residues in the N-terminal extreme of our protein.
This tag presents a significant affinity to metals like cobalt or nickel, for this reason,
in the following step we mixed our filtered lysate with 5 mL of HisPur Cobalt Resin
(Thermo scientific) previously washed and resuspended in extraction buffer with 5
mM Imidazole. We let incubate for at least 1 h with gentle agitation (5-10 RPM) at
4°C. In the case of FNBPA HisPur Nickel Resin was used instead of Cobalt, because
this one shows a better retention yield of our protein of interest.

Once our protein is supposedly attached to the resin, we washed by three
centrifugation steps our resin to remove every possible protein present in the
medium and not attached to the resin, those washed steps were performed with an
extraction buffer with 5 mM of Imidazole. Why is necessary this low concentration of
imidazole? Imidazole group is the side chain present in histidine residue and is the
reason why his residue show affinity to metallic atoms. So, including concentrations
of this group in the medium will generate a selective competition between every
protein to the attachment of Cobalt or Nickel atoms present in the resin, only allowing
attachment of proteins that show high affinity to the resin, in other words, proteins
that show various consecutive histidines in their amino acid sequence.
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After these washing steps, we proceeded with our protein elution adding small
volumes (500 pL) of extraction buffer with 500 mM of Imidazole which will remove
our protein from resin, we collected every aliquot of eluted and measured its protein
concentration with nanodrop, we continued collection aliquots until observing
extremely low protein concentration. Every aliquot was loaded in an electrophoresis
polyacrylamide gel (SDS PAGE) to know which fractions contains our proteins of
interest, we gathered those aliquots and concentrated until reached a total volume
of 500 pL. In the case of CD4 purification after this step, the protein was incubated
O.N. with a 3% concentration v/v of hydrogen peroxide to produce a disulfide bond
oxidation between cysteines present in this protein.

Then we proceeded with an additional purification step, a size exclusion
chromatography in which proteins were separated into different eluted fractions
depending on their size, first proteins of bigger size were eluted followed by the
smaller ones. A column of Sephadex 200pg **V connected to an AKTA pure (GE
Healthcare) fast protein liquid chromatography (FPLC) equipment was used for this
purpose. To run this chromatography Hepes Buffer (pH 7.2, NaCl 150 mM, and
EDTA 1 mM) XXl was used. FPLC systems were measuring continuously buffer
absorbance at 280 nm, when a rapid increase in this absorbance was detected, the
system started to collect a fraction of a preestablished volume. These fractions
contain eluted proteins.

To continue another Electrophoresis polyacrylamide gel (SDS-PAGE) was loaded
with the different relevant aliquots depending on the chromatogram to know in which
maximum from the chromatogram our protein was eluted. Finally, those fractions
were collected, and flash frozen to be preserved at -80°C. This flash frozen step into
Liquid nitrogen is crucial because avoids the characteristics of water crystal formed
by a slow freeze which could break proteins present in the medium. (see Fig. 11.8.)
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Fig. I1.8. Protein expression, extraction, and purification. C41 bacteria containing our expression
plasmid were grown and inducted, then its content was released by mechanical lysis using a French
press. Finally, our protein of interest was purified using a series of chromatography steps.
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Single-molecule Force Spectroscopy

Every protein produced as we mentioned before was designed expressly to be used
in AFM equipment to measure its mechanical stability. In this section every important
part of AFM set-up, how it works, and how we collected and analyzed data will be
explained.

AFM set-up

AFM system is composed mainly of three crucial parts, being: piezoelectric actuator
(PZA), cantilever, and four quadrants photodetector (PD). (see Fig. 11.9.)

b

Fig. 11.9. AF'M set-up and key parts. a. Main AFM. b. Zoom showing the key parts of AFM set-up, these
parts are PZA, cantilever, laser, mirror, and PD. c. Scheme of the AFM, laser beam is reflexed in the
back part of cantilever and reach the PD through the mirror, in the tip of the cantilever is bonding our
protein construct and being stretched from the gold substrate which is placed in the PZA.
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PZA is composed of a material that shows piezoelectricity. What is piezoelectricity?
Is the quality of certain materials, composed of electric dipoles in their crystal matrix,
to generate an electric field when they are mechanically stressed. This property also
works inversely, a piezoelectric material can be expanded or contracted depending
on the different voltages applied to it. This expansion or contraction of material can
be controlled at the sub-nanometer range, this property between others will
determine the sensibility of equipment and it is crucial to measure the range of forces
in which proteins unfold. (see Fig. I1.10.)

a b ¢

I
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Fig. 11.10. PZA piczoclectricity effect. a. Piezo-electric material present in PZA. b. and c. show this
material deformation depending on the electrical potential applied.

Another essential element of AFM is the cantilever, composed of a series of flexible
tips. In this thesis, we used OBL-10 cantilevers (Bruker) which are made of silicon
nitride and coated with a 30nm layer of reflective gold on its top side, this coating is
very important, because on this reflective surface is where the laser beam will be
spotted, when cantilever tip bends its reflection angle will deflect and this is how the
AFM can translate the force apply to our protein.

This OBL-10 cantilever shows two different types of tips with different lengths and
more important spring constant (k) being these A: 30 pN-nm™ B: 6 pN-nm'. The
Spring constant of a cantilever tip is a measure of how flexible this tip is, behaving
like a spring. The sharpness of these tips is in the range of 20-30 nm. Thanks to this
sharpness and very high pressure applied by this tip to our protein, previously fixed
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into the gold substrate, is how the cantilever achieves this unspecific binding
between cantilever tip and protein. (see Fig. 11.11.)

a b

Fig. IL.11. OBL-10 cantilevers. a. OBL-10 chip illustration (top side) showing both cantilevers A and B.
b. (back side) showing the cantilevers tip proportions.

The final decisive part is PD, it is where the laser beam reflection will fall on. PD can
translate the detected light into an electrical signal (V). PD is separated into four
photodiodes, at beginning of any experiment we will spot the laser beam in the center
of these four photodiodes, when a deflection of the reflection angle happens, due to
the bending of the cantilever tip, the position of the laser beam into PD will change.
Knowing the specific k of our cantilever tip, and the new position of the laser in the
PD the exact force applied to our probe can be calculated. (see Fig. 11.12.)
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PD A-B=0 A-B >0
y C-D=0 f C-D~0
Cantilever | g::g%/» :
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Laser \_Mirror

Fig. I1.12. Four quadrant PD. Changing the position of the laser beam into de PD due to a bending of
the cantilever provokes a deflection of the reflection angle. b. bent cantilever. a. relaxed cantilever.

&
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AFM calibration and sample preparation

First, we prepared 14 x 14 mm gold substrates, by deposition of a 40 nm layer of
gold into a 5 nm layer of titanium previously deposited in a 2 mm borosilicate
substrate (Pi-Kem). Every deposition was made with an Oerlikon 450B Evaporation
System (Leybold). The gold substrate was fixed on top of PZA thanks to vacuum
grease (Dow Corning), next, we dropped 20 uL of our protein in a final concentration
of around 20 yM and let it incubate for 20 min. As we explained in protein design
apart, our protein has two cysteines in its C-terminal extreme which formed a
covalent bonding with the gold present in the substrate, this is the reason for this
incubation.

Meanwhile, we cleaned the liquid cell where the cantilever tip is accommodated and
O-ring was filled with the same buffer in which our protein is dissolved, paying special
attention to not introducing any air bubbles in this process. For this reason, a
previous step of 10 min of buffer degasification is mandatory. To optimize AFM
performance, it is desirable to filtrate buffers and samples, also to work with every
buffer at RT.

Once we have our cantilever immersed in buffer, in this thesis we worked with Hepes
buffer with every protein, we spotted the laser beam on the extreme of the reflective
back cantilever tip, to achieve that we used a laser alignment function that controlled
a cam connected with a 10x objective.

When protein adsorption time was completed, we washed using 100 pL of the same
Hepes buffer and proceeded to face gold substrate with the O-ring present in the
liquid cell to seal the chamber. Then the calibration of the experiment begins. (see
Fig. 11.13.)

To measure the force, as we mentioned before, the PD is a key part. The PD
measures the cantilever deflection (Zc) which behaves like a Hookean spring for
small bending angles, then, following Hooke’s law equation Il.1. and knowing the
cantilever deflection (Zc) and its exact spring constant (k), the force applied (F) can
be calculated:

F=-k-Z;(ll.1)
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Fig. I1.13. Sample adsorption, PZA, and liquid chamber sealing. a. adsorption of our sample into the
gold substrate for 20 min, after this adsorption we washed the substrate with buffer and proceed to
upside-down the PZA to face the liquid chamber. b. shows the O-ring rinsed with buffer where is
immersed our cantilever. c. shows the sealing of the liquid chamber by approximation of the PZA.
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The cantilever calibration comprises two steps to determine cantilever deflection and
spring constant respectively. The first step consists in measure the thermal
fluctuations of the cantilever when this one is far away from the PZA. Applying the
Fourier-transformed to separate the main vibrational mode and integrating the area
below this first resonance peak the first oscillation mode (Z-%) can be calculated as
(V?2), being this the difference registered in voltage between the upper and lower
quadrants in the PD.

For these calculations, the Equipartition theorem is applied in which (k) is the spring
constant, (k) is the Boltzmann constant, (T) is the absolute temperature, and (Z.2)
is the first oscillation mode:

_ kpT
(zc?)

k (11.2.)

In the second step, the cantilever must be approached to the PZA for the sake of
measuring a deflection-extension curve. When both are in contact, cantilever
bending in Z-direction (AZ.) is the same as PZA Z-displacement (AZp;,). So, this
slope correlates the change in the voltage (AV) measured by the PD and the
cantilever bending (AZ.) measured from the PZA movement:

_ AZc

=2 (11.3.)

Thanks to this slope correlation we can find out spring constant value from equation
[1.3., finally applying Hooke’s law is possible to calculate how much force (F) is being
applied to our protein:

_ kpT
ko= (Zc?)s?

(I1.4.)

At the beginning of every experiment the cantilever is calibrated, and its spring
constant is calculated as explained before. (see Fig. Il.14.)
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Fig. 11.14. Cantilever two steps calibration. a. First oscillation mode b. slope

AFM operational modes

During this thesis 3 different operational modes were used for different purposes,
being these: force extension (FX), force ramp (FR), and force clamp (FC).

Force extension

In this operational mode the PZA moves at a constant speed first approaching the
cantilever and then going back, this result in stretching a single protein at a constant
speed. The typical FX trace consists of a sawtooth pattern in which every peak
corresponds to the unfolding event of each subdomain present in our protein
construct. (see Fig. I1.15.) depicts a typical FX experiment from the protein Caf-1.

First, the PZA exerts a force against the cantilever to pick up a single protein, being
this one caught from end to end between the gold substrate present in PZA and the
cantilever. Once the protein is trapped the PZA retracts continuously stretching our
protein until its maximum length, where the cantilever begins to bend triggering a
change in the angle of incidence light, reading this fact as a change in force by PD.
The stretching force continuously increases until one domain from the protein
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unfolds. In a homopolyprotein where every or some domains are the same, the
mechanical unfolding of these domains is stochastic. The mechanical unfolding of
one domain is produced by the disruption of contact present in its native structure,
such as hydrogen bonding, salt bridges, or hydrophobic interactions.

a 191s V
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C-Terminal / -u,

N-Termial

Cantilever

Fig. IL.15. FX trace of (191)2-Cal1(A5I)-(I91)2 mutant. a. red unfolding events correspond to four 191
subdomains used as a fingerprint, and the blue one corresponds to our protein of interest. b. depicted
each step taken by the protein until its complete unfold I, the protein construct its complete stretch to
its maximum length. I, stochastically one of the four 191 domains unfolds causing a drop in the tension
force exerted on the construct. Ill, again the protein is stretched until its maximum length reaches a
new maximum of tension force. 1V, after three unfolding events we only have our protein of interest

folded. V, Finally, when the system reaches the necessary force to unfold our protein of interest, it
only remains the detachment event to happen.
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When the unfolding of one domain happens the stretching force will drop due to the
increase of the total length, returning the cantilever to its resting position until
reaching the new protein total length, where force will increase progressively as far
as a new unfolding event take place. Finally, when every domain is unfolded the
force will rise until the protein detachment from the cantilever happens.

Force clamp

This operational mode consists in stretching a single protein at a constant force, to
do that it is necessary a feedback loop that controls the PZA movement to constantly
hold the predefined force. The feedback loop read the output force measured by PD
and move the PZA to match with the input force, when any unfolding event happens
the total length increase and for this reason the output force drop, then the feedback
loop quickly, in a window of 5 milliseconds, correct PZA position to restore the force
applied to the protein. The typical FC trace follows a staircase pattern in which every
step corresponds with each unfolding event. The height of each step corresponds
with the extension in length of each domain. An example of an FC trace is depicted
in Fig. 11.16. from a real measurement of (191)2-EnHD-(191)-.
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Fig. I1.16. FC trace of (191)2-EnHD-(I91)2. a. First, to reach the purple window at 8pN of constant
force we applied a force ramp of 1pN/s, once that 8pN of force was reached this force was maintained
for 35 seconds where a hopping behavior can be observed, the EnHD protein fluctuates between its
unfolded and folded states with a total extension of approximately 10nm. Finally, another ramp was
applied to unfold 191 domains. b. Zoom of hopping behavior from a.
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Force ramp

In this operational mode the force applied to our protein change linearly with time.
The work system is very similar to a force clamp, but instead of maintaining a
constant force over time in this mode, the force will increase following a previously
determined loading rate. An example of an FR trace is depicted in Fig. [l.17. from a
real measurement of (191)2-CD4D2D1-(191)-.
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Fig. I1.17. FR trace of (I191)2-CD4D2D 1-(191)2. A loading rate of 33 pN/s was applied to the protein
CD4D2D1 in the presence of SUPROMER 1. Every step corresponds with the increase in extension
of each domain in our polyprotein.
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SmF'S data analysis

The experimental data were analyzed with Igor pro software (Wavemetrics). The
procedure was kindly provided by Prof. Julio M. Fernandez laboratory
(AFM_Analysis_V2.40.ipf). A modification of this procedure for force correction was
kindly supplied by Mariano Carrion laboratory (LN_AFM_Analusis_V1.1_Filtering).
In the case of FX data, each peak on the trace was fitted to the World-Like Chain
(WLC) model for polymer elasticity equation I1.5.
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F) = 52 [1(1 S5ty i] (115.)

4 Lc

Where (kg) is the Boltzmann constant, (T) is the absolute temperature, (p) is the
persistent length, (L) is the contour length, and (x) is the extension.

The difference of the estimated contour length of two consecutive unfolding peaks
(AL¢) (see Fig. 1.15.) corresponds to the released relative amount of amino acids
during unfolding and is, therefore, a typical fingerprint of the protein sample used
beside its unfolding force. 191 subdomains show AL, of ~28 nm.

In the case of FC and FR, both show a staircase pattern in which every step
corresponds with unfolding events of different domains in our polyprotein. Therefore
the increase in length is measured as the difference in height before and after the
step. 191 subdomains show AL; of ~25 nm. Because of constant force, the protein
is not stretched at its maximum as it is at a constant speed.

High-Throughputvirtual screening Molecular Docking

To, find different molecules with the potential to mechano-modulate the protein CD4,
a Molecular Docking was carried out. This High-Throughput virtual screening
Molecular Docking includes the following steps.

Rational identification of CD4 surface receptor mechanical
regulators:

Compound selection criteria

A virtual screening protocol was set up to identify small molecules that can modify
the mechanical properties of CD4. In this sense, the critical properties of an ideal
CD4 mechano-modulator were established in this work as follows:
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e Should display a substantial (at least nanomolar) binding to CDA4.

e Should not compete directly with MHCII or gp120 binding to CD4.

e Should have optimal ADMEt properties.

e Should enjoy complete freedom of operation at the industrial property level

In addition, the commercial availability and price of the compounds identified were
also considered. (see Fig. 11.18.)

ZINC-Database
100 000 compounds

Glide-HTVS
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Fig. I1.18. Workflow is used to identify protein mechano-modulators. The critical properties of an ideal
mechano-modulator were established as follows: it should display a solid binding to the problem
protein. To achieve this, we make use of Glide-HTVS, Glide-SP, and Glide-XP; they should not
interfere with the protein binding site or any relevant epitope/active site, depending on the problem
protein; they should have optimal ADMEt properties and should enjoy complete freedom of operation
at the industrial property level.
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Receptor preparation

The following procedure was followed to quantify the binding affinity of known
molecules to CD4: The structure of residues 1-178 of the human T-Cell surface
glycoprotein CD4 was downloaded from the protein data bank (PDB ID: 1WIP) and
prepared with the Protein Preparation Wizard of Schrédinger suite. The pre-
processing was done with default methods, and H-bond refinement was carried out
with a default pH value of 7. Three Glide Grid files with an enclosing box of ca. 46 A
were created using the above structure, centered on Ser23, Leu95, and Val146,
respectively (Supplementary figure 1), which adequately cover CD4-D1, CD4-D2,
and the CD4-D1D2 interface, respectively.

Ligand preparation and docking

Molecules (ligands) to be screened were downloaded from the ZINC Database, a
free database of commercially available compounds for virtual
screening. Approximately 100.000 compounds of the lead-like subset of the ZINC
database (add names to the Sl) were prepared for docking using LigPrep 5 with the
OPLS_2005 force field. To set compounds' ionization and tautomerization state at a
pH range of 6-8, Epik v16207 was used, with a maximum number of 4 generated
structures. The binding affinity of 100000 lead-like prepared compounds was
estimated through a three steps docking protocol summarized as follows
(Supplementary figure 1): a) a High Throughput Virtual Screening (HTVS) Glide
procedure of all the compounds and a subsequent filtering-off of those that did not
display a single pose with a binding affinity (docking score) above a predefined
lower-limit value of -5 kcal/mol; b) a Standard Precision (SP) level Glide docking
procedure applied to those compounds overcoming the HTVS filter and a
subsequent selection of those compounds displaying consistent binding affinities
(docking scores) above -5 kcal/mol in all their poses; ¢) an extra precision (XP) Glide
docking and selection of top binders (10%).
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Forbidden binding site

The compounds overcoming the mentioned energy barriers. We subjected to a
second analysis focused on identifying their binding regions, aimed at discarding
drug candidates that would competitively interfere with either MHCII or gp120
binding. In this line, two distinct regions with “forbidden residues” were defined in
the CD4 structure (Supplementary figure 3), a part defined by residues 35-52, 55-
60, and 164-165 (MHCII binding epitope) and an area around residues 29, 35, 43-
47 and 59 in D1 tip (gp120 binding epitope). By discarding compounds that bind
strongly to any of these two regions, experimental observations derived from AFS
experiments, gp120 binding inhibition experiments, and HIV viral entry assays will
be ascribed only to changes in the mechanical properties of CD4.

Final selection criteria

The ADMEt properties of the non-competitive and efficient CD4 binders identified so
far were estimated using the Quick prop module of the Schrédinger software
(Schrédinger Release 2017—4: Canvas, Schrédinger, LLC, New York, NY, 2017).
Also, the conclusions derived from a deep analysis of these compounds'
patentability, market price, and availability were crucial for selecting the final
molecules to be tested as novel CD4 mechano-modulators.

Cell thawing

To, work with the TZM Ib cell line. First, we must thaw an aliquot from the N2 tank.
We started by warming the DMEM media and our TZM Ib aliquot into a water bath
at 37°C. Once that media reached the desired temperature, we mixed 9mL of media
with our aliquot content into a 15mL falcon under the hood. Then a centrifugation
step (300xG for 5 minutes) was done to remove the DSMO content from the freezing
buffer. After centrifugation, the supernatant was removed, and the pellet was gently
resuspended in 1ml of media. Finally, a 75cm? flask was filled with 9mL of media,
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and the 1 mL aliquot previously prepared, the Passage number, was written down
on the flask.

Cell passage

Once we got our cell line from thawing, we must repeat some passages to achieve
maximum performance in our cell experiments. First, we must detach our cells from
the flask. To do this, we must aspirate the media, wash our cell culture in 15 ml of
PBS at 37°C and aspirate again. Then, 10 ml of diluted trypsin at 37°C was added
and incubated at 37°C for 5 minutes. After this incubation time, the cell culture should
be detached from the surface. In another case, the incubation time should be
extended and gently hit the flask to remove the cells from the flask surface. The
trypsin was equilibrated with the same amount of FBS-containing media (10 ml) and
resuspended several times, finally filling the cell suspension into a 50 ml falcon. A
centrifugation step (300xG for 5 minutes) was done, the supernatant was aspirated,
and the pellet was resuspended into 1 ml of media, then diluted into the same
amount of media that was before in the flask. To calculate the cell concentration, a
dilution of 1:100 was done, and 10 ul was used to fill a KOVA Glasstic slide (REF
87144). The concentration was calculated using the following equation 11.6. when
counting nine small squares:

. ne cells - Dilution factor
concentration (1/ml) = —; ! (1.6.)
n? squares -1.1-10~5

When the concentration was calculated, the corresponding cell volume was added
to the flask and then incubated at 37°C.

MTT cytotoxicity assay

After two weeks of TZM Ib passage, our cell cultures were ready to try a cytotoxicity
assay using our SUPROMER. We used a colorimetric assay using MTT, which
measures the metabolic activity by a reduction that takes place in the mitochondria
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of viable cells. In those cells, this reactive change its color from yellow to purple,
measured at 590 nm. To do that, our cell culture was grown in a P96 well plate.
When cell coverage was optimum, the assay began. Every well was treated with
different concentrations of SUPROMER and Ibalizumab, After the convenient
incubation time, media from every well was discarded, and a 100 pl of a mixture of
FBS-free media and MTT solution (ratio 1:1) was added to every well, we let incubate
at 37°C for 3 hours. After incubation, 150 ul of MTT solvent was added to each well,
incubated, wrapped in foil, and shaken on an orbital shaker at RT for 15 minutes.
Finally, absorbance at 590nm of each well was measured in Victor equipment.

Bacteria Magnetization

First, we must prepare and functionalize our magnetic beads (Dynabeads M-270;
Invitrogen) with our desired protein. In this case, we functionalized our magnetic
beads with human fibronectin protein. To do so, we must wash 5 mg of magnetic
beads with PBS. Using a magnetic rack, we can pellet the beads and perform any
washing step. To proceed, we must incubate our magnetic beads in MES solution
containing 0.1M EDC and 0.7M NHS for one hour at 20°C. Once incubation is
complete, the magnetic beads must be washed twice with pH 6.5 PBS. Finally, we
must add 150-250 ug of the desired protein (human fibronectin) and incubate at 20°C
overnight. Now, we must cease the functionalization with a saturated solution of
glycine (20 mg) for 30 minutes. Following this, we must wash our functionalized
magnetic beads twice in PBS and then resuspend them in 1 mL PBS.

Now that our magnetic beads are functionalized with human fibronectin, we must
bind them to our desired bacteria, in this case, Staphylococcus aureus SH1000
FnBPA+. Strain SH1000 lacks most MSCRAMMS proteins, but strain SH1000
FnBPA+ has a fibronectin binding protein A plasmid that overexpresses the
mentioned protein. First, we must grow these bacteria until reaching an O.D. of 0.2.
Once this O.D. is reached, we mix 1mL of bacteria with 100 uL of functionalized
magnetic bead (0.5 mg) and incubate at RT with agitation for no more than 2
minutes. It is important to not incubate for a long time in order to avoid unspecific
binding, as we want to bind the bacteria to the bead through FnBPA present in the
cell wall of the bacteria to human fibronectin protein present in the surface of the
bead. We must gently wash our mixture of bacteria and magnetic beads three times
in PBS. We must pipet slowly to be sure not to disrupt the bond between the bacteria
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and magnetic beads. Finally, we must resuspend our bacteria and magnetic bead
tandem in 1mL of PBS and we get our magnetic like bacteria.

Glass shide functaonalization

In order to prepare the adequate surface needed for further we must begin by
depositing the protein (human fibronectin) onto the surface of a NHS-glass slide
(24x74mm) and allowing it to incubate overnight in a water-saturated atmosphere.
The slide is then washed twice with PBS (phosphate-buffered saline) followed by a
wash with PBS-T (PBS with Tween-20 0.5%). Next, the coverslip is blocked with
10% BSA (bovine serum albumin) in PBS-T for a duration of 2 hours. After the
blocking step, the slide is washed three times with PBS-T.

Magnetic tip calibration

Before starting the measurement, the sample needs to be prepared. The sample
holder consists on a glass slide (24x74mm) and a gasket (Sigma Aldrich).

Now put vacuum grease on the bottom of the gasket and press it on the glass slide.
For the force calibration we must use the same magnetic beads that we are using in
experiments (Dynabeads M-270; Invitrogen).

In order to start the magnetic tip force calibration, the magnetic tip has to be installed
inside the confocal microscope LSM 710. As a reference liquid with high viscosity,
we use DMPS Dimethylpolysiloxane. The DMPS has such a high viscosity that
taking something out with the normal pipette is quite difficult, so you can also use a
spatula. With that you fill the gasket. Now take 4ul of the dynabeads inside a small
eppendorf. Proceed to Pelleted the magnetic beads using the magnetic rack and
removing all the liquid and then mixing it with the DMPS inside the gasket. It has to
be well mixed in order to separate some beads from each other.

The gasket can now be inserted into the sample holder. Then turn on the LSM/PC
and the magnetic controller/PC. Now with using the magnetic tip controlling joystick
move the tip into the DMPS liquid and bring it into the focus of the 10X objective.

Now center the magnetic tip, change the objective to the 63X objective and focus on
the magnetic beads. Now Drive the tip up or down in order to be in the same focus
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like the magnetic beads. Once you have beads and tip in focus use the Time Series
option in the confocal microscope software to produce brightfield pictures with a
certain time interval (minimum is 0.2s with the inserted camera). (see Fig. 11.19.)
Before applying any voltage to the circuit which provokes the magnetic field, click
the Des- magnetize button in the software. Now the real signal can be applied.

In order to start the calibration first click the start button for the Time Series brightfield
acquisition. Then click the manual button in the magnetic tip software, which applies
a voltage of desired magnitude. With time the bead will get closer to the tip until it
finally reaches it. Afterwards click again on the manual button and stop the
acquisition of the Time Series images. Save the images as an .Ism file.

b

Human Fibronectin
L

Magnetic tip ‘

Dynabeads
Gasketv
Glass slide » ‘” ’

Fig. I1.19. Schematic representation of the magnetic tip calibration process. Our magnetic beads
g I 2 I ! g
(Dynabeads) are functionalized with the protein human fibronectin, which is critical for measuring our
bacterial attachment force.

Magnetic tip

The Time Series .Ism file can now be analyzed using the free available ImageJ
software with the Nano Tracking plugin. This plugin enables the estimation of the
coordinates (which is directly converted into distance in um) of the magnetic beads
while reaching the magnetic tip. Load the .Ism file directly in the software and then
go to Plugin — Analyze — Nano Tracking.
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e Conversion factor from pixel size to um; 0.1023810 - pixel when using a 63X
objective

e Absolute viscosity (Pa*s), which is calculated by the kinetic viscosity (12500 -
-6e(m?)) s and the density 0.98 - 3e (kg)m3

e The Magnetic bead radius r in (m) (2r is around 2.8um for the used M270
beads).

e Sampling time dt, which is set with the Time Series option. (fixed to 0.25s)

When executing the Matlab file, you will have to choose now the first and then the
last image. With the cursor click on the tip. The procedure file will estimate then the
drift of the tip while taking the time series image.

Then the velocity of the bead is being calculated from the position coordinates and
the sampling time dt.

The final distance d is calculated from the vector deriving from bead position minus
the tip position and from d? = d°x + d?y.

For calculating the force F stokes equation is being used. The velocity vector is
calculated from the velocity vector of the bead. Then again v? = vx? + vy2. v need to
be in m/s. Then the force is being calculated by F =6 * 1t * r * 4 * v with u being the
absolute viscosity.

Then the vector for distance d and force F is being saved also as a .csv file (.dat)
And the F vs d curve will be plotted in (m vs um). The curve should be fitted with a
power function.

These measurements were conducted in triplicate for each voltage applied by the
magnetic tip, ranging from 0.0V to 2.5V in 0.1V increments. With these
measurements, we were able to construct a series of standard curves that relates
the magnetic tip voltage, magnetic tip distance, and magnetic force applied to the
magnetic bead. Using these standard curves, we are able to clarify the magnetic
force applied to our sample during actual measurements, where we are measuring
the attachment force of a specific bacteria.

Attachment force measurements

For taking real measurements in which, we are analyzing the bacterial attachment
force we design the following methodology, in which our study bacteria is attached

117



to the glass slide surface through exactly the same binding that we have designed
before with the magnetic bead. The bacterium is attached like a sandwich between
the glass slide surface and the magnetic bead thanks to the same MSCRAMM
protein binding to the same target, for this reason when we will measure the force
necessary to break the bacterial attachment, we can take it as positive results both
breaking when we detach the bacteria-magnetic bead tandem from the glass slide
surface or when we detach the bacteria from the magnetic bead, both are valid. (see
Fig. 11.20.)

FnBPA Human Fibronectin
e L O

Q

SH1000
FnBPA+

Dynabeads

Fig. 11.20. Schematic representation of bacterial attachment force measurements. Our magnetic like
bacterium (SH1000 FnBPA+) is sandwiched between functionalized glass slide surface and magnetic
beads (Dynabeads) both bonding is done through FnBPA present in the bacteria and human
fibronectin present in the glass slide and the magnetic bead. Yellow lightning represents that both
ruptures are exactly the same so, the measurement of both detach is valid for future analysis.

Once we have focused one magnetic bead with a single bacterium attached we must
apply a ramp protocol to the magnetic tip in which the voltage applied to the tip will
increase linearly with time, while the process is recorded in the precise time that the
bacteria detach from the glass surface or from the magnetic bead the voltage applied
can be calculated, and knowing the distance of the magnetic bead from the magnetic
tip, the magnetic force applied to the bacteria can be extrapolated thanks to the
previously elaborated standard curve.
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Ultrafast folding proteins have become an important paradigm in the study of
protein folding dynamics. Due to their low energetic barriers and fast kinetics,
they are amenable for study by both experiment and simulation. However,
single-molecule force spectroscopy experiments on these systems are
challenging as these proteins do not provide the mechanical fingerprints
characteristic of more brittle proteins, which makes it difficult to extract
information about the folding dynamics of the molecule. Here, we investigate
the unfolding of the ultrafast protein Engrailed Homeodomain (EnHD) by
single-molecule atomic force microscopy experiments. Constant speed
experiments on EnHD result in featureless transitions typical of compliant
proteins. However, in the force-ramp mode we recover sigmoidal curves that
we are able to interpret using a combination of a simple theoretical model and
coarse-grained molecular simulations. Our results show the ability of force to
modulate the unfolding dynamics of ultrafast folding proteins.
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Introduction

Most single-domain proteins exhibit an all-or-none folding behavior due to the high
energy barriers that need to be overcome during the (un)folding process. The
(un)folding of this type of proteins is highly cooperative (Guinn et al. 2013), and
equilibrium and kinetic experiments on this type of systems where the equilibrium is
perturbed either by temperature or a chemical denaturant is easily interpretable.
However, given that the molecular ensemble almost entirely distributes between the
folded and unfolded state, it is not possible to extract information about the folding
mechanism, i.e., the myriad of conformations that are visited as the protein evolves
towards the native state (Carrion-Vazquez et al. 1999). This becomes possible for
ultrafast folding proteins, which lie at the other side of the cooperativity spectrum.
They fold in timescales between milliseconds and microseconds and are
characterized by their small size, typically helical structure and low (<3kBT) free-
energy barriers (Garcia-Mira et al. 2002). For this reason, there is measurable
population in the intermediate states of the protein, which could in principle be
resolved by spectroscopy and, potentially, even at the single-molecule level.

After their initial applications to protein folding three decades ago, single-molecule
force spectroscopy (smFS) techniques are now established as a means of accessing
details of the (un)folding process that are distinct of those derived from traditional
methods reliant on ensemble averaging(Schénfelder, De Sancho, and Perez-
Jimenez 2016). smFS techniques either using optical or magnetic tweezers or an
atomic force microscope (AFM) allow direct manipulation of an (un)folding reaction
coordinate throughout the application of controlled mechanical forces (Tapia-Rojo,
Eckels, and Fernandez 2019; Schénfelder, Perez-Jimenez, and Mufoz 2016;
Bustamante et al. 2020). Two-state and multi-state proteins often have easily
interpretable signals upon mechanical unfolding, e.g., a saw-tooth pattern
characterized by well-defined contour lengths in constant speed mode, or discrete
jumps of measurable extension in the force-ramp and force-clamp modes(Perales-
Calvo et al. 2018; Alonso-Caballero et al. 2018; Perez-Jimenez et al. 2014).
However, as the cooperativity of the protein decreases, proteins oppose less
resistance to the external force and these fingerprints become less predictable or
disappear altogether. For example, Rief and his co-workers studied the prototypical
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ultrafast folder villin headpiece subdomain using optical tweezers (Zoldak et al.
2013) They obtained continuous hump-like equilibrium transitions at a range of
pulling speeds and completely featureless constant force traces at the midpoint.
More recently, Perkins and his co-workers studied the computationally designed,
three helix bundle a3D (Edwards et al. 2017; Walder et al. 2017; Edwards, LeBlanc,
and Perkins 2021a), which in bulk also folds in the microsecond regime (Zhu et al.
2003). a3D turned out to be extremely labile under force, resulting in a barely
distinguishable peak of less than 12 pN. In previous work, we studied the reversible
folding and unfolding protein gpW at constant force under the AFM (Schénfelder et
al. 2018; De Sancho et al. 2018). We resolved hopping transitions in an energy
landscape with a low free energy barrier induced by the external force.

Here we expand the realm of ultrafast folders studied using smFS examining the
mechanical unfolding of the Engrailed Homeodomain (EnHD), a DNA binding
domain of the transcription factor engrailed from Drosophila melanogaster. EnHD is
a three helix bundle of 54 residues that folds close to the protein folding speed limit,
in the range of a few microseconds, and has been extensively characterized in bulk
(Mayor et al. 2000; Mayor et al. 2003; Religa et al. 2007). From the analysis of
calorimetric and kinetic experiments, it has been predicted to have a marginal folding
barrier (Naganathan, Sanchez-Ruiz, and Mufoz 2005; Naganathan, Doshi, and
Munoz 2007). Remarkably, EnHD did not fold into its conformation in a set of long
time-scale atomistic simulations, but another homeodomain exhibited a downhill free
energy surface (Lindorff-Larsen et al. 2011). Our pulling experiments show that
EnHD has a weak mechanical stability, as expected for a protein that folds over a
marginal free energy barrier. When subjected to a gradually increasing mechanical
force (i.e., a force-ramp) the observed signature is not stepwise but sigmoidal. We
interpret these results using a simple theoretical model and molecular simulations
using a coarse-grained simulation model. The emerging picture is that of a very
compliant protein that folds and unfolds many times over a marginal barrier induced
by the applied force.
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Results

¢ Single-molecule force-extension experiments at constant speed

For our AFM experiments we engineered a polyprotein where the protein EnHD
(PDB code:1enh), (see Fig. lll.1a.) is sandwiched between two pairs of 191 domains
of human cardiac titin, resulting in the (191)2-EnHD-(191)2 construct. The 191 domains
serve as mechanical handles when the polyprotein is subjected to mechanical force.
(see Fig. lll.1b.) Importantly, the mechanical properties of 191 such as unfolding force
and contour length (ALc), are well characterized and are clearly distinguishable in
force spectroscopy measurements (Peters et al. 2022; Manteca et al. 2017).

a b

191 191 191 191
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Fig. I1I. 1. Single-molecule force-extension experiments.  a. Representation of the crystal structure of
the EnHD domain. b. Scheme of the experimental setup. The EnHD is sandwiched between two titin
homodimers, deposited in solution over a gold surface and dragged by the AFM cantilever, resulting
in the unfolding of the proteins. c. Force-extension trace including the characteristic sawtooth pattern
for the titin domains, and the initial featureless signal for EnHD. Stretching is conducted at a speed
of 40 nm s,

Thus, 191 serves as a molecular fingerprint for an adequate trace selection when the
mechanical properties of the protein of investigation are difficult to recognize. In the
case of EnHD, this is particularly important given its weak cooperativity, which may
result in a featureless signal under force.
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Firstly, we conducted force-extension experiments where the EnHD polyprotein is
forced to elongate at a constant velocity of 40 nm s-'. The unfolding of the molecule
typically creates a sawtooth pattern in these experiments because the unfolding of
each domain is composed of a stage of building up force while the domain remains
resistant to the applied tension followed by a sudden drop on the registered force
due to the triggering of unfolding. Registered measurements show the characteristic
sawtooth pattern for 191 domains, (see Fig. lll.1c.) and the analysis with the worm
like chain (WLC) model reveals a mechanical stability of approximately in the range
of 181+8 pN, although it depends on the unfolding speed, and a ALc of 28+1 nm, in
agreement with what is described in the literature (Perez-Jimenez et al. 2006). (see
Fig. 111.2.) Conversely, no clear sawtooth pattern is detected for the unfolding EnHD.
This suggests that EnHD has a very low mechanical resistance and unfolds at very
low forces, so it goes virtually undetected on force extension experiments.

a b c
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Fig. l11.2. WLC model fitting to Force vs extension plot. a. Average plot from traces at 1 pNs-1. WLC
model fit to unfolded state with a persistent length of 0.36 and a contour length of 21.84 nm. b.
Average plot from traces at 10 pNs-1. WLC model fit to unfolded state with a persistent length of 0.38
and a contour length of 20.73 nm. c. Average plot from traces at 100 pNs-1. WLC model fit to unfolded
state with a persistent length of 0.38 and a contour length of 20.73 nm.
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o Coarse-grained molecular dynamics simulations

These experimental results are consistent with coarse-grained molecular
simulations using a structure-based all-atom simulation model (see Methods).

First, in native conditions the protein exhibits a unimodal free energy surface derived
from the projection on the relevant reaction coordinate for folding, the fraction of
native contacts, Q. (see Fig. Ill.3a.) Upon the application of an external force that
pulls from the protein ends at constant extension speed, EnHD is very compliant,
resulting in a low force peak. (see Fig. ll1.3b.) Because the units in the model cannot
be compared directly with those in the experiment, we show the same result for
pulling simulations on an immunoglobulin-like domain of titin used as a fingerprint
for reference.

The simulations recover the stark differences between a mechanically resistant
protein and the featureless force-extension pattern for EnHD. We show snapshots
of different conformations along the unfolding trajectory in Fig. 111.3d.

The mechanical unfolding involves untangling the bundle, followed by the melting of
the alpha helices. We have also run constant force simulations using our coarse-
grained model. Like we found for protein gpW (Schénfelder et al. 2018), force
induces a small free energy barrier of approximately ~2 kBT that separates two well
defined minima in the protein landscape. (see Fig. lll.3a. and Fig. Ill.3c.)
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Fig111.3. Course-grained molecular dynamics simulations a. Potential of mean force for the projection
of coarse-grained simulations on the fraction of native contacts, Q. The black curve corresponds to
the simulations in native conditions and the red curve at the mechanical midpoint. b. Force-extension
curves from simulations at constant pulling speed of 1e-3 nm/ps for EnHD (red) and titin (black). c.
Free energy landscape for both the end-to-end extension, L, and Q. Contour lines mark 0.5 kBT. d.
Cartoon representation of different conformations sampled during the mechanical unfolding, with
timestamps relative to the numbering in. The green and blue beads correspond to the alpha carbons
of the N and C-termini, respectively.

We note that a similar hopping pattern between the folded and unfolded states is
observed in experiments performed at a constant force of 8 pN, (see Fig. lll.4.)
although we were able to measure only few of these events due to the complexity of
low force experiments using our AFM.

127



150 . , _

g 125= P 'I|91 g 30

z 100 ﬂl91 Z25-

S 757 o B 20

o 50+ J1o1 T 15=

— —
ZS'MMW 104

=z =z

< 100 / S 8

e 0 T | T T Y

N 0 10 20 30 40 50 2

Time (s) Time (s)
Fig. I11.4. two states behaviour of EnHD under mechanical force (un)folding. a. Force clamp trace: first,
we applied a force ramp of 1pNs-1 until reaching a force of 8pN, we maintained our protein at this
force during 35 second and finally we applied a force ramp to unfold the 191 in our construct. During
the 8pN constant force we observed a hopping transition. b. Hopping behaviour from a., the EnHD
protein fluctuates between its unfolded and folded states with a total extension of approximately
10nm.

e Single-molecule force-ramp experiments

To further resolve the mechanical unfolding of the EnHD protein, we prepared force-
ramp measurements at different values of the force loading rate. This approach gives
an accurate control of the applied force due to the intervention of a feedback loop
that compensates for changes at a window of time below 1 ms. Thus, this protocol
permits scanning a broad range of unfolding forces while controlling the force
applied. The force protocol starts by pushing the cantilever against the gold substrate
with a 10 pN force. Then, the cantilever slowly pulls from the protein at the desired
loading rate (we used values of 1, 10 and 100 pN s), providing enough resolution
to detect the unfolding response of our protein at both low and high forces. Finally,
the rate is increased so that forces high enough to unfold 191 are reached more
quickly. For two-state proteins, this type of experiments typically registers discrete
jumps with lengths extensions that are force dependent and that can be explained
by models of polymer elasticity such as the Worm-like chain or freely-jointed chain
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(Oberhauser et al. 2001; Schlierf, Li, and Fernandez 2004). However, for EnHD we
obtained an unexpected sigmoidal unfolding pattern at forces below 20 pN. (see Fig.
[ll.5a. and Fig. lll.6.) In the final force ramp at an increased loading rate, we observe
the events corresponding to the four titin repeats with a characteristic 24.5 nm length.
The initial change in the extension matches the extension of EnHD of 12 nm
expected in this range of force, suggesting that this unexpected behavior
corresponds to the unfolding.

Q
o
()

€100~ [ II
5 el —_~
< 191 E )
'Ej 507 Hlllm = o
ot - - < o’
- 0 ~ > ' 4

EnHD EnHD 2 :
1% :F/-‘// /
8 0 1 - 1 1 0 - 1 T T T 1
8 0 5 10 15 -10 0 10 20 30 40

Time (s) Force (pN)

Figlll.5. Single-molecule force-ramp experiments. a. Time series for the measured extension (top) and
force (bottom) in a force ramp experiment at 10 pN/s. The inset highlights the signal corresponding
to EnHD unfolding. b. Same as a., but now including two consecutive low loading-rate force ramps
separated by a force-quench. c. Average force extension curve from multiple traces for EnHD and
protein gpW (n=29 for both). The inset is the first derivative of the sigmoidal fit.

To discard the possibility of any unspecific interactions between the protein construct
and the surface, we repeat the cycle by quenching the force after the initial sigmoidal
increase followed by another force-ramp at the same loading rate, which resulted in
a similar sigmoidal increase very much like in the first event. (see Fig. lll.5b.) This
reproducibility in a single protein domain suggests that we are indeed looking at the
mechanical unfolding of EnHD. The sigmoidal curves that we report have not been
observed in the smFS literature before and must be interpreted with care. In Fig.
[ll.5c. we show the average of several traces, from whose derivative we estimate a
mid-unfolding force F1.2 for this protein of 7.6 pN, which is close also to the value of
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the force at which we observed the hopping in force-clamp experiments. (see Fig.
[[l.4.) This value is comparable to that for gpW also measured at ramps of 10 pN/s
(F1/2=4.6 pN; (see Fig. lll.5¢c. inset) and is also consistent with the value of the mid-
unfolding force recently determined for a3D (F1,2=8.9 pN) (Edwards, LeBlanc, and
Perkins 2021a). These results suggest that EnHD has a mechanical resistance
which is intermediate those for gpW and a3D, demonstrating that the mid-unfolding
force is a feature of ultrafast folding proteins, but, more importantly, show that force-
ramp experiments are suitable for the characterization of compliant unfolding
patterns and that the unfolding midpoint is unique to each protein.
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Fig. I11.6. a. Length vs. force plot of a representative trace of EnHD at a force ramp of 1 pNs-1 with
an extension of approximately 14 pN and a mid-unfolding force of 7 pN. b. Length vs. force plot of a
representative trace of EnHD at a force ramp of 10 pNs-1 with an extension of approximately 15 pN
and a mid-unfolding force of 8 pN. c. Length vs. force plot of a representative trace of EnHD at a force
ramp of 100 pNs-1 with an extension of approximately 14 pN and a mid-unfolding force of 9 pN

e Theoretical Bell model

To better understand the molecular event responsible for the sigmoidal signal we
have run stochastic simulations based on the Bell model at increasing force(Bell
1978; Edwards, LeBlanc, and Perkins 2021b). We set the model parameters using
folding and unfolding rates in the order of the experimentally derived values for the
in bulk at 25 °C(Mayor et al. 2000; Religa et al. 2007), and calibrate the position of
the transition state to match the average experimental curve. (see Fig. lll.5¢c.)
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In Fig. lll.7. we present the result of multiple stochastic simulations where folding
and unfolding can occur multiple times in the timescale of the experiment. We
represent the distance to the transition state (DTS) as a percentage of the total
length. Using a transition state that is close to the unfolded state (i.e., at 90% the
distance between folded and unfolded) allows us to recapitulate the sigmoidal curves
observed in the experiments. (see Fig. lll.7a.) Other DTS are represented in Fig.
[11.7b. for comparison.
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Fig. 1117, Data analysis using the Bell model. a. Force-extension plot from a simulation using the
numerical Bell model with stochastic transitions (light green). Average experimental traces obtained
at 1 pN/s (orange). b. Same Bell model are show in (green) using different transition state distances
and the average experimental traces are superimposed (orange).

We note that a short distance to the transition state would result in stepwise
transitions, as observed for brittle proteins like the titin domains, and a longer
transition state would result in an almost linear unfolding. In our experiments we
have occasionally observed both types of transitions, (see Fig. 111.8.) suggesting a
certain plasticity in the transition state of EnHD that would be consistent with its low
free energy barrier. Using the atomistic coarse-grained model, we have run
simulations gradually increasing the unfolding force (see Methods).
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The timescale that we cover in the molecular simulations is shorter than that in the
experiments and in the stochastic model. Still, it is sufficient to reproduce the
repetitive folding and unfolding, supporting our interpretation of the results.
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Fig. I11.8. EnHD types of transitions a. EnHD sigmoid unfolding. b. Lineal unfolding. c. Step
unfolding.

Discussion

In the past decade, the study of proteins by single-molecule force spectroscopy has
revealed a variety of aspects in their folding dynamics that are mostly undetectable
by traditional ensemble averaging methods. However, only recently have these
methods been applied to proteins with low cooperativity, which are challenging due
to their low unfolding forces and fast folding kinetics (Schonfelder et al. 2018). Here
we have presented results on a protein with weak cooperativity, EnHD, using a
combination of experiment, numerical modelling, and molecular simulations. Our
results show that EnHD is a compliant protein that folds overcoming a marginal free
energy barrier induced by mechanical force. The mid-unfolding force obtained from
both constant force and force-ramp experiments for EnHD is in the same range of
other labile proteins like gpW (Schénfelder et al. 2018) and a3D (Edwards, LeBlanc,
and Perkins 2021a). From our force-ramp experiments, we obtain a novel sigmoidal
signature that we interpret as multiple events of folding and unfolding of the protein,
which occur repetitively in the timescale of the experiment.
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In previous work we have investigated the instrumental effects in constant-force
experiments on gpW (De Sancho et al. 2018; Schoénfelder et al. 2018). Recent
theoretical analysis indicates that folding and unfolding will be slowed down
considerably both by the force probe and the in smFS experiments (Nam and
Makarov 2016; Cossio, Hummer, and Szabo 2015). Although a detailed analysis of
these effects is beyond the scope of the current work, we have the robustness of our
results using folding and unfolding rates in the stochastic model up to two orders of
magnitude slower than in bulk. Our previous analysis for gpW also indicated that
despite introducing a slowdown in the dynamics, the apparent folding and unfolding
measured by the instrument indeed trace the true molecular folding and unfolding
events. We find that even in these conditions the force-ramp experiments with EnHD
result in a sigmoidal curve with multiple folding and unfolding events, that could be
reproduced using a simple Bell model. We have discovered that the plasticity of the
mechanical transition state is a feature of EnHD that defines the low cooperativity of
this protein, making the unfolding highly compliant. Thus, this work shows how force
can be used as a tool to investigate low-cooperativity proteins creating a mechanical
signature that reveals the plasticity and compliance of the unfolding process. We
believe that with greater improvements both in the time resolution of the instruments
and in the design of cantilevers (Edwards et al. 2017; Edwards et al. 2015), we
anticipate that smFS experiments of folding and unfolding will continue revealing
molecular details of weakly cooperative proteins.

Methods

Protein expression and purification. Gene encoding (191)2-EnHD-(191)2 chimeric
polyprotein construct was designed and optimized for expression in E. coli (Life
Technologies). Here two additional cysteine residues were added in the C-terminus,
which helps for sample immobilization on the gold surface. Standard DNA
manipulation protocols were used to clone the construct into the pQE80L expression
plasmid (Qiagen). C41 strand competent cells E. coli (Novagen) were used for
protein expression. Transformed competent cells were grown in 1L of LB media at
37°C until an OD600 of around 0.6 was reached. Then protein expression was



introduced by 1mM of IPTG and further incubation at 37°C for 4 hours. Cells were
then centrifuged, and a gentle cell lysis protocol was used to avoid damage to the
expressed polyproteins. The sample was then purified first by HisTag affinity
chromatography using a gravity column filled with HisPur Cobalt resin (Thermo
Fisher Scientific) and second by size exclusion chromatography using a Superdex
200 HR column (GE Healthcare). The final elution buffer was HEPES 10mM pH 7.0,
NaCL 150mM and EDTA 1 mM. The sample was further concentrated using
ultrafiltration Amicon 3k filters (Millipore). The final protein concentration was
estimated to be around 1 mg mL-" using a Nanodrop (Thermo Scientific). Then the
samples were snap frozen in liquid nitrogen and stored at -80°C.

Single molecule force spectroscopy (smFS). All single-molecule force
spectroscopy force extension, constant force and force ramp experiments were
performed on an Atomic Force Spectrometer AFS-1 (Luigs Neumann). Biolever
cantilevers from Olympus/Bruker were used with a spring constant of around 6 pN
nm-1 for all constant force and force ramp measurements. The spring constant was
measured before each experiment using the equipartition theorem within a software
built-in procedure. Data was recorded between 0.5 to 4 kHz for the constant force
and force ramp measurements. For those experiments that included quenching of
force (Figure 2c), the force was ramped at 1pN s-1 until 45 pN (starting from 10 pN
pushing F < 0). At this point it was restored back to 10 pN pushing and ramped with
the same rate until 45 pN again. During combination of force-ramp and constant
force experiments (Figure 3), the force was ramped at rate of 1pN s-1 until reaching
the 8 pN constant force. Then the protein was held for 20-30 s at the constant force
before the ramp at 1pN s-1 was continued. To reduce total experimental acquisition
time, all traces include a rapid increase of the force rate to 30 pN s-1 at the end to
quickly reach the high forces required to unfold Titin-191 domains. All AFM
experiments were carried out at room-temperature (~24 °C) in HEPES buffer at pH
7.0. Typically, 40 ul of the protein sample (~uM concentration) was left around 20
minutes for adsorption on a fresh gold coated surface, using gold evaporation
(Oerlikon UNIVX350). After the adsorption time the sample was then rinsed of the
gold surface by the HEPES buffer to remove unbounded protein sample just before
starting the measurements.
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Theoretical model. To interpret the force ramp experiments we use a simple model
of two-state kinetics that allows for stochastic jumps between the folded and
unfolded states depending on the force-dependent rates for folding and unfolding,
kf(F) and ku(F). This dependence is described using the Bell model(Bell 1978), i.e.
kf(F)=kf(0)exp(-BAxfF) and ku(F)=ku(0)exp(BAxuF), where kf/u(0) are the values of
the folding and unfolding rates in bulk, Axf/u is the distance to the from either state
to the transition state and [ is the inverse thermal energy. The extension of either
the folded and the unfolded state at a given force are described using the worm-like
chain model, using a contour length of 19 nm and a persistence length of 0.4 nm.
Simulations were run using a Gillespie algorithm (Gillespie 1977).

Coarse Grained Molecular Dynamics Simulations. We run molecular simulations
using an atomistic structure-based model(Whitford et al. 2009). Briefly, the model
keeps all the heavy atoms of the protein and represents interactions via harmonic
terms for bonds, angles, and dihedrals. For atom pairs that are in contact in the
native conformation, a non-bonded interactions are represented by a Lennard-Jones
potential. All other pairwise interactions are repulsive. Models were generated using
the stand-alone version of the SMOG software package (Noel et al. 2016) and
simulations were performed using the Gromacs software package (Abraham et al.
2015), using a leap-frog stochastic dynamics integrator with a timestep of 5e-4 fs
and a coupling constant of 1 ps (we note that the timescales of the model do not
correspond to physical times). We first run simulations at multiple temperatures to
estimate the folding temperature in the model. Then we run pulling simulations at
constant force and constant pulling speed using the pull code in Gromacs. Finally,
we emulate the force-ramp mode by concatenating thousands of short simulations
runs, each of which has an incrementally larger constant pulling force and starts from
the last snapshot of the previous run. Results were analyzed using the MDtraj Python
library (McGibbon et al. 2015).



Data availability
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Macrophages employ both molecular recognition and mechanical force to
engulf pathogens. Here we demonstrate how the polymeric protein, Caf1,
protects bacteria from phagocytosis by inhibiting both mechanisms. First, we
show that recombinant Cafi-producing Escherichia coli adhere poorly to
macrophages, and those that do are not engulfed. Inserting either an RGDS
integrin binding motif or destabilising point mutations into Cafl did not
change the adherence but significantly increased the fraction of bacteria
engulfed. Therefore, phagocytic evasion relies upon (i) reduced cell adhesion,
(ii) lack of specific receptor binding sites and (iii) Caf1 physical stability.
Single-molecule force spectroscopy (SMFS) experiments reveal that wild-type
Caf1 displays an extremely high mechanical stability of 400 pN. Surprisingly,
the destabilised mutants that are fully engulfed are only 20% weaker. This
exceptional tensile strength has therefore evolved to only marginally exceed
the mechanical force applied to the Caf1 polymer.
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Introduction

Macrophages recognise their targets through a wide variety of cell surface receptors
(Flannagan, Jaumouillé, and Grinstein 2012; Gordon 2016; Swanson 2008),
attacking foreign bodies such as bacterial cells by recognising either (i) particular
molecules, present in these organisms but not the host, called pathogen associated
molecular patterns (PAMPSs) or (ii) opsonising molecules such as complement. Once
recognised, the macrophage engages the actin cytoskeleton to draw the prey into
the newly formed phagocytic cup, where it is engulfed by the macrophage and
degraded in a specialised organelle called the phagosome. Elegant biophysical
approaches have shown that macrophage filopodia exert forces in the pN-nN range
as they attach to microparticles and draw them towards the cell body for engulfment
(Vonna et al. 2007; Kress et al. 2007; Vorselen et al. 2020). Receptor binding has
been shown to be essential for phagocytosis (Gordon 2016; Swanson 2008;
Vorselen et al. 2020) but the biomechanics involved are still poorly understood (Jain,
Moeller, and Vogel 2019; Barger, Gauthier, and Krendel 2020).

Bacterial pathogens can avoid destruction via a diverse array of strategies including
subverting the phagosome to enable intracellular expansion within the macrophage
(Connor et al. 2018) or through masking their distinctive surface by hiding behind a
capsule to avoid detection by cells of the immune system (Finlay and McFadden
2006). Yersinia pestis, the causative agent of the plague, uses both strategies (Li
and Yang 2008). Initially, following infection of the host via a flea bite, bacteria are
readily engulfed by neutrophils and macrophages. Within the phagosome it inhibits
the destructive pathway and expands in numbers whilst at the same time expressing
genes such as yop and caf that will provide protection from engulfment following
escape from the initial host macrophage (Li and Yang 2008; Connor et al. 2018;
Spinner et al. 2014; Fukuto and Bliska 2014).

The Yop (Yersinia outer membrane protein) system injects phagocytosis inhibiting
proteins into macrophages via a type lll secretion system (T3SS) (Von Pawel-
Rammingen et al. 2000; Grosdent et al. 2002; Fallman et al. 1995) whilst Caf1
(capsular antigen fraction 1) enables passive phagocytosis resistance by cloaking
Y. pestis in a gel-like protein coat (Du, Rosqvist, and Forsberg 2002). Caf1 is a 15
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kDa protein that assembles into long, non-covalent, extracellular polymers, via the
chaperone-usher pathway (Zavialov et al. 2001), which surround the bacterium (Du,
Rosqvist, and Forsberg 2002) and enable Y. pestis cells to avoid macrophage
engulfment (Du, Rosqvist, and Forsberg 2002; Pujol and Bliska 2005; Cavanaugh
and Randall 1959). Crucially, Caf1 does not inhibit the phagocytic activity of
macrophages (Du, Rosqvist, and Forsberg 2002), and instead inhibits the
association of Y. pestis bacteria with the macrophages, suggesting Caf1 is anti-
adhesive (Du, Rosqvist, and Forsberg 2002). In vitro studies have shown that the
“non-stick” phenotype of the Cafl polymer extends to cell types other than
macrophages, with a wide range of cells adhering very poorly to Caf1 treated
surfaces in culture (Roque et al. 2014).

Here, we investigate the molecular determinants of Caf1’s anti-phagocytic activity.
We first determine that recombinant E. coli producing Caf1 polymers evade
engulfment by macrophages through two methods. Firstly, far fewer bacteria attach
to the surface of the macrophage and of those very few are phagocytosed. We then
show that simple insertion of an integrin binding motif into Caf1 polymers enabled
macrophages to engulf attached E. coli, reversing the second mechanism of the
protective phenotype(Roque et al. 2014)2121121, Next, we investigate the effect of
mutations affecting Caf1 polymer stability and find that single amino acid
substitutions also abrogate Caf1’s protection of adhered bacteria. Single-molecule
force spectroscopy (SMFS) experiments then reveal not only that Caf1 has an
exceptionally high tensile strength but also that the inactivating mutations cause a
drop in strength of only ~20%, suggesting that the wild type strength is only just
sufficient to prevent phagocytosis. The combined results suggest that three key
properties of Caf1 “ its low non- specific affinity for cells, its absence of ligands for
macrophage receptors and its exceptional mechanostability” have co-evolved to
generate the anti-phagocytic property of the protein, contributing significantly to the
virulence of the plague pathogen. Furthermore, since there is still much to be learned
about the biomechanics of engulfment, the data presented here offer a new insight
by reporting directly from the pathogen-macrophage interface.
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Results

o Expression of Cafl in E. coli confers anti-phagocytic ability

Y. pestis produces a Caf1 coat upon transfer from a flea vector to a warm-blooded
host, enabling it to evade phagocytosis (Du, Rosqvist, and Forsberg 2002). To
determine if heterologous expression of caf1 provides E. coli cells with a protective
coat, BL21(DE3) cells were transformed with either empty pGEM-T vector or the
pT7-COP plasmid, in which pPGEM-T contains the entire caff operon (caf1R, caf1M,
caf1A and caf1). These cells were grown for 22 h at 35°C to induce caf1 expression,
and then imaged using transmission electron microscopy (TEM).

Compared to the cells transformed with the empty vector, cells expressing caf1
appeared to be surrounded by an amorphous gel-like coat (see Fig. IV.1a. and Fig.
IV.1b.) The images are similar to those of Y. pestis bacteria expressing caf1 (Runco
et al. 2008). Therefore, heterologous expression of the caff operon results in the
same morphological phenotype as in the natural system, providing E. coliwith a Caf1
capsule.

Next, to determine whether this capsule possessed the same anti-phagocytic
properties as those described for Y. pestis, we transformed E. coli with pGEM-T,
pT7-COP and pT7-COPAF1, where Caf1 translation is prematurely terminated
through the introduction of a stop codon. Production of Caf1 polymers produces a
flocculent layer which can be seen above the cell pellet after centrifugation (Miller et
al. 1998).

Cells containing the pT7-COP plasmid produced a flocculent layer, and Caf1
polymers could be detected in the extracellular fraction of the culture using SDS-
PAGE (see Fig. IV.1c.), whereas cells containing pPGEM-T or pT7-COPAF1 showed
no detectable flocculent layer or Caf1 protein. Additionally, a Caf1 coat could not be
observed by TEM on pT7-COPAF1 transformed cells (see Fig. IV.1d.) These cell
cultures were used to infect J774.A1 macrophages at a multiplicity of infection of
100:1 bacteria:macrophage before fixing.
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Fig. IV.1. Expression of caf1 in E. coli results in capsule formation. Transmission electron micrographs
of E. coli transformed with either empty vector (0 GEM-T) a. or pT7-COP b. c. SDS-PAGE analysis of
the extracellular fraction (comprising flocculent and supernatant) of cultures of E. coli transformed
with the indicated plasmids and grown for 22 h at 35°C. Samples were incubated at either room
temperature (unheated, U) or 100°C (heated, H) for 5 min prior to loading on the gel. d. Transmission
electron micrographs of E. coli transformed with pT7-COPAF1. All scale bars represent 500 nm.

The number of E. coli engulfed by the macrophages was then determined by a
previously described immunofluorescence assay (Quitard et al. 2006) where
extracellular bacteria are labelled red and all bacteria (intra- and extracellular) are
labelled green. Macrophages were then examined by fluorescence microscopy, and
the ratio of green to red stained bacteria counted to determine the percentage of
engulfed cells in Fig. IV.2a. and Fig. IV.2b. The comparisons were made using three
biological replicates in a blind assay.
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% Internalization

Fig. IV.2. Expression of caf 1 protects E. coli from phagocytosis. BL21(DE3) E. coli cells transformed with
the indicated plasmids were grown for 18 h and used to infect J774.A1 macrophages for 2 h. Bacteria
external to the macrophages were labelled in red and all bacteria labelled green, with macrophage
nuclei stained blue. Representative microscopy images are shown for bacteria transformed with pT7-
COPARAF1 a. and pT7-COPAR b. Images were taken with a Zeiss Axioskop Epifluorescence
microscope with a 100x oil objective. c. Percentage of bacterial cells internalised by J774.A1
macrophages. Percentages were calculated by determining the ratio of red:green cells counted post-
infection. Error bars represent the S.E.M of three independent biological replicates. Data were
analysed by one way ANOVA with a Holm-Sidak post-hoc test. NS — Not significant, *** - P<0.01. d.
Transmission electron micrographs of E. coli transformed with pT7-COPAR. All scale bars represent
500 nm.

These data gave three important results. Firstly, that Caf1’s anti-phagocytic activity
can be easily transferred to E. coli. Secondly, that the total number of cells
associated with the macrophages is reduced by about 80% in Caf1 coated compared
to uncoated bacteria and thirdly that even macrophage-bound bacteria were
protected from subsequent engulfment when caf1 was expressed (see Fig. I1V.2c.)
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The Caf1R protein regulates caff expression as part of a complex thermosensitive
system that responds to host body temperature (Al-Jawdah et al. 2019). To ensure
reproducible Caf1 levels we simplified caff expression in our assays by deleting
cafiR, and so used only basal T7 expression from pT7-COPAR. The cells
transformed with this plasmid displayed the expected Caf1 coat when observed by
TEM (Fig. 2d). The macrophage assay was thus repeated using pT7-COPAR, with
pT7-COPARAF1 as a control. Expression of caff from pT7-COPAR allowed the E.
coli to avoid phagocytosis, with a drop in internalisation similar to that seen in the
presence of Caf1R, whereas prevention of caf1 translation again reversed this effect
and allowed the phagocytosis of the bacteria. (see Fig. IV.2c.) Therefore, the ability
to evade phagocytosis by macrophages can be conferred to E. coli in a caft
dependent, caf1R independent, manner.

¢ Addition of a cell binding motif reverses anti-phagocytic activity

of Cafl

Caf1 has previously been shown to possess “non-stick” properties, with mammalian
cells in 2D cell culture adhering very poorly to Caf1 coated surfaces. This phenotype
was reversed through the addition of the integrin binding motif, RGDS, which then
facilitated cell attachment to the Caf1 surface (Roque et al. 2014).

To investigate whether this “non-stick” property of Caf1 has a role in its anti-
phagocytic activity, E. coli cells were transformed with pT7-COPARREDS in which
Caf1 contains the RGDS integrin binding motif inserted within loop 5 of the protein
(between residues N106 and D111 in the mature sequence), or with pT7-
COPARRGES | which has the RGES motif at the same site. The RGES motif differs
from the RGDS motif by a single -CH2- group but does not support cell adhesion
(Roque et al. 2014; Hersel, Dahmen, and Kessler 2003). When the bacteria
containing these plasmids were grown for 22 h at 35°C, the cells were seen by TEM
to be surrounded by a capsule (see Fig. 1V.3a. and Fig. |V.3b.) Additionally, a
flocculent layer was visible above a centrifuged cell pellet, and Caf1 polymers could
be detected by SDS-PAGE.
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Fig. IV.3. Expression of Caf1%¢PS and Caf1®*" result in capsule formation. Transmission electron
micrographs of E. coli transformed with either pT7-COPARRGDS g, or pT7-COPARRGES b. All scale
bars represent 500 nm.

The transformed cells were then used to infect cultures of macrophages in the
phagocytosis assay. The results revealed that adding the integrin binding motif to
Caf1 reversed the anti-phagocytic phenotype allowing engulfment of the majority of
the bacteria adhered to the macrophages (see Fig. IV.2c.). The control RGES
subunit retains the full anti-phagocytic effect of Caf1, showing that engulfment of the
RGDS mutant occurs through specific integrin recognition. Interestingly, WT, RGDS
and RGES Caf1 variants all reduced the total number of bacteria attached to the
macrophages equally showing that the low non-specific adherence is unaffected by
enhanced integrin binding. The results demonstrate that low non-specific cell
adherence and lack of specific ligands for phagocytic cell receptors contribute
separately to Caf1’s protective phenotype.
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o (afl’s exceptional stability is essential for protection from
phagocytosis

Caf1 subunits assemble into polymers non-covalently through the process of donor
strand complementation, where the N-terminal B-strand of one subunit completes
the Ig-like fold of the next subunit in the polymer (Zavialov et al. 2003). This results
in polymers with exceptionally high chemical and thermo-stability which can,
however, be reduced simply by mutagenesis of single residues in the N-terminal
strand to larger, hydrophobic residues (such as alanine to isoleucine) (Ulusu et al.
2017; Yu et al. 2012; Peters et al. 2019). We wanted to investigate the role of
polymer stability in Caf1 function, and so examined the effect of two single amino
acid substitutions that are known to lower the thermostability of Caf1 (Ala-5 to lle
[A51] and Thr-7 to Leu [T7L]), with both substitutions causing a drop in protein melting
temperature of ~7°C (Yu et al. 2012; Peters et al. 2019).

The macrophage assays were repeated using E. coli cells transformed with the pT7-
COPARA3! and pT7-COPART’L plasmids. Expression of the Caf1A% and Caf1™t
mutants provided E. coli with a capsule visible by TEM (see Fig. 1V.4a. and Fig.
IV.4b.), that had a similar appearance to the wild-type protein. Both the Caf145' and
Caf17’t mutants resulted in a flocculent layer and in Caf1 polymers detectable by
SDS-PAGE.

In phagocytosis assays, bacteria expressing these mutants still bound poorly to
macrophages but were engulfed at high levels (see Fig. IV.2c.), similarly to cells
expressing the RGDS mutant, demonstrating that these single amino acid
substitutions abrogate Caf1’s ability to prevent the phagocytosis of bound cells. This
result was surprising, as the experiments were conducted at 37°C, far below the
reduced melting temperature of the proteins ~82°C. (Peters et al. 2019)
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Fig. IV.4. Expression of caf74°" and caf1”™ results in capsule formation. Transmission electron

micrographs of E. coli transformed with pT7-COPARAS! a. and pT7-COPARTL b. All scale bars
represent 500 nm.

o Lower stability Cafl polymers are not recognised by
macrophages

To determine whether the loss of protective ability demonstrated by these mutant
polymers was caused by an increase in their affinity for macrophage receptors, we
performed a phagocytosis assay using polystyrene beads coated in Caf1 proteins,
rather than bacteria. As these beads lack the macrophage recognition sites present
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on the bacterial outer membrane, any increase in the ability of macrophages to
engulf beads coated with the mutant proteins over beads coated with the wild-type
protein will be caused by increases in the ability of the macrophages to recognise
and bind to the proteins.

Beads coated with Caf1WT were not readily phagocytosed (see Fig. IV.5a. and Fig.
IV.51.), in contrast to the beads coated with Caf1RGDPS where the majority of the beads
were engulfed (see Fig. IV.5b. and Fig. IV.5f.). As expected, beads coated with the
low affinity Caf1RGES protein were engulfed at a similar low level to the Caf1WT coated
beads (see Fig. IV.5c. and Fig. IV.5f.). The lower stability Caf15' and Caf1'7" coated
beads were also not readily phagocytosed (see Fig. IV.5d., Fig. IV.5e. and Fig.
IV.5f.), and were internalised at levels similar to the Caf1WT.

To provide further evidence that the lower stability mutants were not more readily
recognised by macrophage receptors than the wild-type protein, a 2D cell adhesion
assay was conducted, where plastic surfaces were coated with Caf1 polymers and
the number of HelLa cells or macrophages that had adhered to the surface after 24
h were observed.

For the Hela cells, large numbers of cells could be seen to adhere to the uncoated
and Caf1RGPS coated surfaces, whilst the Caf1WT, Caf1RGES Caf1A5! and Caft1T’t
coated surfaces supported the attachment of much fewer cells.

For the macrophages, a similar pattern was observed, although the Caf1A% and
Caf1T’L coated surfaces supported the attachment of an intermediate number of
cells, much fewer than the uncoated and Caf1RGDPS surfaces but more than the
Caf1WT and Caf1RGES coated surfaces. Together, these results show that, similar to
CaftWT and unlike the Caf1RGDS  the Caf1A5' and Caf1'”t proteins are not easily
recognised by macrophages, hence the lack of protective ability observed in the
phagocytosis assay with the bacteria must come from another property of these
proteins.
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Fig. IV.5. Polystyrene beads coated with lower stability Caf1 mutants show no increase in phagocytosis levels
over wild-type Cafl. a.-e. Polystyrene beads were coated with purified Caf1 polymers and incubated
with J774.A1 macrophages for 2 h before fixation. Non-phagocytosed Beads were visualized by
incubation with a mouse anti-Caf1 antibody, followed by a goat anti-mouse Alexa Fluor 555 antibody,
that fluoresces red. Phagocytosed beads were visualized following permeabilization with Triton X-
100 by probing with the mouse anti-Caf1 antibody, followed by a goat anti-mouse Alexa Fluor 488
antibody, which fluoresces green. The percentage of internalized beads (f) was determined by
comparing the number of external (red) beads to the total number of beads (green). Error bars
represent the standard deviation of three independent biological replicates. Data were analysed by
one way ANOVA with a Holm-Sidak post-hoc test. NS — Not significant, *** - P<0.01. Images were
taken with a Zeiss Axioskop Epifluorescence microscope with a 100x oil objective.



o Mechanical stability of Caf1 proteins

As macrophages are known to exert forces on their targets during phagocytosis
(Kress et al. 2007; Vonna et al. 2007; Vorselen et al. 2020), and the N-terminal donor
strand of Caf1 is important for polymer stability (Peters et al. 2019; Yu et al. 2012),
we hypothesized that the mechanical stability of Caf1 might be an important property
in determining its protective ability, and that our substitutions in this strand may affect
this stability. Therefore, we determined the mechanostability of wild-type Cafi,
Caf12% and Caf177t using single molecule force spectroscopy (SMFS), a technique
we had previously used for another chaperone usher protein (Alonso-Caballero et
al. 2018). Briefly, we constructed a polyprotein in which a circularly permuted caf1
subunit (cpCaf1, where the N-terminal donor strand is placed on the C-terminus after
a flexible linker, completing the Ig-like fold, (see Fig. IV.6a.) was bracketed with two
tandem 191 domains from the cardiac protein titin, that are used as a mechanical
fingerprint on account of their well-known properties (Alonso-Caballero et al. 2018).
The final constructs (I1912-cpCaf1-1912, 1912-cpCaf1A5-1912, 1912-cpCaf17L-1912)
terminate with a cysteine to facilitate adhesion to the gold surface. (see Fig. IV.6b.)
The structure and thermostability of the cpCaf1 (Chalton et al. 2006) and similar self-
complemented subunits (Yu et al. 2012) have been characterised previously and
match those of polymeric Caf1.

In the SMFS experiments a cantilever tip, with a single protein absorbed, retracts at
a constant speed of 400 nm/s. With the protein captured between the tip and the
gold surface, the force exerted triggers the unfolding of the protein, which can be
monitored as a force-extension peak. (see Fig. IV.6¢c., Fig. IV.6d. and Fig. IV.6e.) In
our polyprotein, we first observed the unfolding of the 191 domains at a typical force
of around 200 pN with an increment in contour length of 28 nm. We subsequently
observed a higher peak of 54-55 nm that we attribute to cpCaf1, which unfolds at a
force of 394 + 40 pN. (see Fig. IV.6¢.) This value is very high compared to other
proteins, which typically unfold at forces between 25-250 pN (Bustamante et al.
2004), but similar to other CU proteins, such as the Fim proteins, which have
unfolding forces within the range of 350-530 pN (Alonso-Caballero et al. 2018). In
comparison, cpCaf14%! and cpCaf177t unfold at forces of 318 + 21 pN and 310 + 30



pN respectively. (see Fig. IV.6d., Fig. IV.6e. and Fig. IV.6f.) Therefore, the point
mutations caused a drop in mechanostability of approximately 20%. Together with
the results of the phagocytosis assay, these data indicate that the mechanostability
of Caf1 is not only essential for its anti-phagocytic capability but that its magnitude
is surprisingly close to the minimal effective value.
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Fig. V.6. Mechanical stability of Cal1 mutants. a. Close up view of a self-complemented Caf1 (cpCaf1)
monomer. The gene encoding this monomer was inserted in the middle of 4x 191 protein domains
from titin to produce the 191,-cpCaf1-191, construct. b. The 191,-cpCaf1-191protein was attached to
a gold substrate at one end and to a cantilever tip on the other. When a tensile force is applied to
Caf1 it elongates until breaking point at which it is completely unfolded. c.-e. Force unfolding curves
of 191,-cpCafiWT-191,, 191,-cpCaf145-191, and 191,-cpCaf1T7L-191,. Coloured lines represent fits of
the worm-like chain model to the data. f. Plot of extension vs. unfolding force for 191,-cpCaf1WT-191,
(green), 191,-cpCaf145-191, (purple) and 191,-cpCaf1T7L-191, (yellow). Individual unfolding experiment
are shown as individual data points coloured according to the protein used.

Discussion

Although Cafit was known to protect bacteria from phagocytosis, the specific
molecular requirements had not been defined (Du, Rosqvist, and Forsberg 2002).
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Here, we have conclusively demonstrated that the anti-phagocytic activity of Caf1 is
dependent on three factors: its low affinity for cells in general, its lack of specific
ligands for critical macrophage receptors and its high mechanical stability.

¢ Determinants of anti-phagocytic activity: Low binding to cell

surfaces

Compared to uncoated, control, E. coli, far fewer Caf1 coated bacteria were found
associated (surface bound or engulfed) with macrophages. Thus Cafl coated
surfaces interact weakly with cells in general, a phenomenon also observed
previously for a range of cell types(Du, Rosqvist, and Forsberg 2002). Furthermore,
bacteria expressing Caf1RGPS showed no increase in attachment to macrophages,
revealing that even a dense coverage of integrin ligands cannot reverse the
fundamental non-stick phenotype. This behaviour may be explained in simple
molecular terms since Cafl also demonstrates a notable resistance to self-
aggregation (Soliakov et al. 2010) and even at high concentrations the long polymers
do not gel but behave as a viscous liquid (Ulusu et al. 2017). This is reminiscent of
highly hydrated polymers such a polyethylene glycol which are used to artificially
reduce cell surface interactions. Coupled to this Caf1 has a pl of 4.5 giving it a net
negative charge at physiological pH which will repel both other Caf1 polymers and
cell surfaces which are generally negatively charged too. These parameters could
explain the low association of any Caf1 coated cells to macrophages in our assays.

e Determinants of anti-phagocytic activity: Low affinity for
macrophage receptors

Macrophage integrins are critical receptors which, when activated by specific ligand
binding, initiate the signalling pathways which drive engulfment. Ligands of the amf32



integrins include bacterial LPS which promotes recognition and engulfment of Gram
negative bacteria such as E coli whilst asB1 integrins bind the RGDS motifs of
fibronectin and vitronectin (Proctor 1987; Wright and Meyer 1985; Kao et al. 2001)
to enable macrophages to either eliminate apoptotic cells or migrate to sites of
infection to increase their bactericidal activity (Clark, Dvorak, and Colvin 1981;
Proctor 1987). The addition of RGDS to Caf1 allows the macrophages to
phagocytose the bacteria attached to their surface. This effect is specific, as this
reversal was not observed when the highly similar but inactive RGES sequence was
inserted instead. Furthermore, polystyrene beads coated in CafiRGDS can be
recognised and engulfed by macrophages, but beads coated with CafiWT or
Caf1RGES cannot. Caf1RGDS coated plastic surfaces also support the adhesion of both
macrophages and Hela cells, whereas Caf1WT and Caf1RCES do not. In summary,
these data suggest that Caf1 lacks the molecular signals that promote engulfment
and, by also masking the organism’s own PAMPs (such as LPS), prevents receptor
recognition, allowing bacteria to escape phagocytosis. In future Caf1 could be used
as a platform to discover other sequence motifs that play roles in engulfment.

e Determinants of anti-phagocytic activity: Mechanical Strength

We show here that Caf1 exhibits a high mechanical stability, in accordance with its
fold and homology to other stable fimbriae, and that single amino acid substitutions
in the N-terminal donor strand of Caf1 reduce this mechanostability by approximately
80-90 pN (20%). Such substitutions were known to lower the thermodynamic stability
of the subunit-subunit interface, causing a drop in melting temperature (Yu et al.
2012), but the effect on mechanostability was unknown. Crucially, SDS-PAGE
analysis and TEM images revealed that, despite their lower stability, the mutant
proteins still form SDS-resistant polymers, which coat the bacterium. Additionally,
we have shown that the Caf1A%! polymers formed are long, as they can be purified
using a 500 kDa molecular weight cut-off filter (corresponding to a minimum of 32
subunits with a length of >190 nm (Peters et al. 2019)). However, whilst the ~20%
reduction in Caf1 mechanostability does not affect the polymer’s structure, it entirely
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suppressed Caf1 mediated protection from phagocytosis. Polystyrene beads coated
in the Caf14% and Caf1™"t were not phagocytosed at levels any higher than Caf1WT
and Hela cells adhered to these proteins at similarly low levels to Caf1VT, indicating
that these proteins are not recognised by the macrophages any more readily than
the wild-type. Since the loss of its anti-phagocytic behaviour is not due to incomplete
Caf1 polymer formation, spontaneous polymer breakdown, increased recognition by
macrophage receptors or shedding of the Caf1 coat, it must be related to the
mechanics of the macrophage interface.

e Role of macrophage contractile forces in the anti-phagocytic
mechanism of Caf1

One potential mechanism through which this process could occur is through
disruption of the Caf1 coat by force applied by the macrophage. (Flannagan et al.
2010; Kress et al. 2007; Barger, Gauthier, and Krendel 2020) (see Fig. IV.7.) The
force could be generated as an engaged bacterium attempts to move away from a
macrophage (either by Brownian motion or bacterial motility), or as receptors bound
to the bacterial surface apply stretching forces on account of the increase in
membrane tension which accompanies stages after cup formation (Barger, Gauthier,
and Krendel 2020). Wild-type Cafil capsules could resist such forces, and allow
bacteria to escape phagocytosis, whilst weaker capsules such as A5l could be
disrupted, exposing bacterial surface PAMPs and facilitating engulfment. In favour
of this hypothesis, bacteria coated with the lower stability Caf1 mutants are readily
engulfed by macrophages, whereas polystyrene beads that are similarly coated and
have no PAMPs, are not. Furthermore, HelLa cells do not readily adhere to surfaces
coated with the lower stability Cafi mutants, but macrophages show slightly
increased levels of adhesion in these conditions compared to Caf1WT and Caf{1RGES
coated surfaces, though not as high as those found on uncoated plastic and
Caf1RGDS coated surfaces. It is possible that the macrophages are able to disrupt the
lower stability coatings and adhere to the plastic surfaces beneath, resulting in their
intermediate level of adhesion.
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Fig. IV.7. Potential mechanism for Cafl mediated bacterial escape from phagocytosis. The Caf1 coat
(green) of an encapsulated E. coli cell (tan) on the surface of a macrophage (light blue) is engaged
by macrophage receptors (purple). The macrophage exerts a force on the bacteria (downwards red
arrow). Brownian motion and bacterial motility provide forces in the opposing direction (red upwards
arrow). a. The Caf1 coat is mechanically strong and so does not break. The receptor-Caf1 interaction
is weak and releases under the strain, allowing the bacterium to escape phagocytosis. In b., the
RGDS mutation (pink dots) is incorporated into Caf1. This allows the macrophage receptors to bind
with higher affinity to the Caf1 coat, so that the bacterium can no longer escape phagocytosis and is
pulled towards the macrophage, resulting in further receptor engagement and clustering, and the
formation of a phagocytic cup. In c., the A5l mutation reduces the mechanical strength of the Caf1
coat. Therefore, when the macrophage exerts a force on the coat, it experiences a strain and breaks
to reveals the surface of the bacterium (tan). This is readily recognised by the macrophage and allows
the bacteria to be phagocytosed.

Previous studies measuring the forces that can be generated by macrophages have
produced a range of values, from the pN to the nN scale (Kress et al. 2007; El-Kirat-
Chatel and Dufréne 2016; Vonna et al. 2007; Flannagan et al. 2010; Trichet et al.
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2012; Labernadie et al. 2014). We observe that a drop in Caf1 mechanostability from
~400 to ~320 pN is enough to reverse its anti-phagocytic activity. Providing that Caf1
has, like most proteins (Taverna and Goldstein 2002; DePristo, Weinreich, and Hartl
2005), evolved a stability only marginally higher than necessary for its function, it
would appear that the stretching force exerted by the macrophage on individual
molecules of Caf1 is within this range. Furthermore, is not inconceivable that the low
adherence and high stability have co evolved to a point where the imparted force,
limited by a lack of adhesion, can be resisted by a sufficiently strong polymer. As the
macrophage likely exerts this force on several Cafl molecules at once during
attachment, the overall force exerted by the macrophage on the bacterium would be
expected to be on the nN scale. Caf1 mutagenesis coupled with SFMS thus directly
reports the mechanical stresses that occur during phagocytosis adding a new
method to probe this important area of cell mechanics (Jain, Moeller, and Vogel
2019).

Methods

Plasmids and cloning. pGEM-T (Promega) was used as the basis for all
subsequent plasmids. Caf1 and its mutants were expressed from the pT7-COP and
pT7-COPAR plasmids (Al-Jawdah et al. 2019; Peters et al. 2019), which contain T7-
dependent transcriptional units comprising either the full caf1 operon (caf1R, caf1M,
caf1A and caf1) or the operon where caf1R has been deleted (caf1M, caf1A, cafl),
which we have observed results in higher levels of Caf1 expression (Peters et al.
2019). Caf1L5RGDS ' Caf{L5RGES  Caf145! and Cafl1T’- mutants were cloned using the
sequence and ligation independent cloning (SLIC) method (Li and Elledge 2007)
with pT7-COPAR as a template, where primer and mutant protein sequences are
displayed in Chapter Il: Materials and methods pT7-COPACafi and pT7-
COPARACaf1 were generated through the substitution of codon 4 for a stop codon,
i.e. the wild-type sequence, MKKISS, was mutated to MKK-stop, hence causing a
knock-out of the gene through premature truncation of translation.



1912-cpCaf1-1912 was synthesised as a double stranded DNA insert by GeneArt
(ThermoFisher Scientific), and ligated into a linear pQE80L plasmid by the SLIC
method (Li and Elledge 2007). 1912-cpCaf14%!-1912and 1912-cpCaf177L-1912 were then
generated from this plasmid by PCR mutagenesis using the SLIC method (Li and
Elledge 2007). Primer and protein sequences are shown in Chapter II: Materials and
methods.

Protein expression. E. coli BL21(DE3) cells (NEB) were transformed with the
relevant plasmid and grown in 5 mL Terrific Broth (TB) cultures supplemented with
100 pg/mL ampicillin at 35°C for 22 h in order to express Cafl proteins. For
expression of the 1912-cpCaf1-1912 constructs, E. coli BL21(DE3) cells were
transformed with pQE8OL plasmids containing the relevant coding sequences.
Single colonies were then used to inoculate 500 mL of lysogeny broth (LB) medium.
The cultures were grown at 37°C until the ODeoo value was ~0.6, at which time IPTG
was added to the culture to a final concentration of 1 mM in order to induce protein
expression. Cultures were then grown for a further 3.5 h at 37°C, before
centrifugation at 4424 x g for 15 min at 4°C. Cell pellets were resuspended in
phosphate buffered saline (PBS) then centrifuged at 2367 x g for 10 min at 4°C. The
cell pellets were then stored at -20°C.

Protein purification. Caf1 polymers for coating surfaces and beads were produced
as described previously(Dura et al. 2018; Ulusu et al. 2017; Peters et al. 2019). For
proteins that were used for SMFS experiments, frozen cell pellets were resuspended
in loading buffer (50 mM Tris pH 7.4, 150 mM NaCl, 20 mM imidazole) supplemented
with protease inhibitors (100 yg/mL AEBSF, 100 pyg/mL Benzamide, 0.5 pyg/mL
Aprotinin, 1 pg/mL. Pepstatin and 1 pyg/mL Leupeptin). Cells were lysed using a
OneShot cell disruptor operated at 20 kPSI of pressure. The lysate was then clarified
by centrifugation at 43667 x g for 30 min, then 39191 x g for 20 min at 4°C. 4 mL of
Nickel-NTA resin in a gravity flow column was equilibrated in loading buffer before
application of the lysate to the resin. Bound proteins were washed with 3 column
volumes of loading buffer before elution with a solution containing 50 mM Tris pH
7.4, 150 mM NaCl and 500 mM imidazole. Fractions were analysed for protein



content by SDS-PAGE, then relevant fractions pooled and applied to a ProteoSEC
S75 column (Generon), pre-equilibrated in PBS. Elution fractions were analysed by
SDS-PAGE, and fractions containing the 1912-cpCaf1-1912 proteins pooled and
concentrated using Vivaspin 6 30 kDa molecular weight cut-off centrifugal
concentrators (Sartorius). The concentration of the final samples was determined
using UV absorbance at 280 nm and samples were flash frozen using liquid nitrogen
for storage.

Transmission electron microscopy. Cultures of transformed BL21(DE3) E. coli
(NEB) were grown in TB media supplemented with antibiotic for 24 h at 35°C. Carbon
coated copper electron microscopy grids were glow discharged, then incubated with
20 pL of culture for 5 min. The bacteria were then fixed by a 5 min incubation with
20 pyL 2% glutaraldehyde. The grid was then washed 1-2 times with 20 yL water,
before a 30 s incubation in 20 pL 2% uranyl acetate for negative staining. Grids were
then visualised using a Hitachi HT7800 120kV transmission electron microscope
(EM Research Services, Newcastle University). Images were recorded in tagged
image file format (TIFF).

Coating of polystyrene beads. 100 pL of 1 ym diameter Fluroesbrite® PolyFluor®
511 polystyrene beads (Polysciences) was centrifuged at 5000 x g and resuspended
in 100 uL 50 mM sodium acetate buffer, pH 5.0. Caf1 proteins were diluted to 0.4
mg/mL in the same buffer and added to the beads in a 1:1 ratio. The solutions were
incubated on a roller for ~ 16 h at 4°C, centrifuged at 5000 x g, resuspended in the
200 pL fresh sodium acetate buffer, before centrifuging again at 5000 x g and
resuspending in 200 pL fresh sodium acetate buffer. This resulted in a solution of
2.275 x 10'% beads/mL, and successful protein coating was determined by dot blot
using a mouse anti-Caf1 antibody (Stratech) at a 1/1000 dilution and a goat anti-
mouse alkaline phosphatase conjugated secondary antibody (Proteintech) also at a
1/1000 dilution.

Phagocytosis assay. J774.A1 (mouse macrophage-like; ATCC_TIB-67) cells were
seeded (~1.1x10%) in Dulbecco’s Modified Eagle’s Media (DMEM) supplemented
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with 10% fetal calf serum (FCS) on glass coverslips 2 days prior to infection to obtain
60-70% confluence on the infection day. E. coli cultures were grown overnight in
Lysogeny Broth (LB) media (with antibiotic when appropriate) prior to determining
the ODsoo value and calculating the volume for a Multiplicity of Infection (MOI) of
100:1 (bacteria to J774.A1 macrophage). Thirty minutes prior to infection, the
macrophages were washed (37°C PBS) and incubated in DMEM only. Once
inoculated, for all strains apart from EPEC and Cfm-14, macrophages were
centrifuged for 5 min at 500 x g, 37°C and incubated for 1 h. Macrophages were then
washed (37°C PBS) and incubated in DMEM containing chloramphenicol (bacterial
protein synthesis inhibitor; 25 pg/ml final concentration) for 1 h (EPEC or Cfm) and
2hrs (for other strains) to promote bacterial uptake. Finally, the cells were washed
twice (ice cold PBS) and fixed by incubating 20 min with PBS containing 2.5% para-
formaldehyde (PFA; Santa Cruz Biotechnology), then stored at 4°C.

The percentage of bacterial internalisation was determined as previously described
(Quitard et al. 2006). Briefly, extracellular bacteria were labelled by incubating 30
min (at RT) with 1/100 rabbit anti-E. coli all serotypes antibodies (Abcam) diluted in
PBS. Following three washes with PBS, the cells were incubated for 30 min with
1/100 diluted goat anti-rabbit Alexa-555 conjugated secondary antibodies (Molecular
Probes). The cells were then washed three more times with PBS. All cell-associated
bacteria were labelled by incubating with the same primary antibody (PBS
containing 1% Triton X-100, which makes macrophage membrane permeable to
antibodies) followed by goat anti-rabbit Alexa-488 conjugated secondary antibodies
(Molecular Probes), at a 1/100 dilution. The dye 4’6-diamidino-2-phenylinodole
(DAPI - fluoresces blue) was routinely added in final antibody incubations to detect
bacterial and host DNA. Coverslips were placed onto FluorSave reagent
(Calbiochem) on glass slides (Thermo Scientific) for phase contrast/fluorescent
microscopy examination (Zeiss Axioskop Epifluorescence microscope).

Fifty macrophages were randomly selected to count the number of extracellular and
total-cell associated bacteria enabling the percentage internalisation to be
calculated. These studies were undertaken in a semi-blind manner i.e. samples were
placed in a withheld order until all counting was complete, and the percentage of
internalisation calculated.
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Phagocytosis assays involving polystyrene beads were performed similarly, with the
following differences. Cells were incubated for 2 h with 10 puL of the coated
polystyrene beads, before fixation. Extracellular beads were labelled by incubating
30 min at room temperature with a mouse anti-Caf1 antibody (Gene Tex) diluted
1/50 in PBS. Following three washes (PBS), the cells were incubated 30 min with
1/100 goat anti-mouse Alexa-555 conjugated secondary antibodies (Invitrogen-
Molecular Probes). The cells were then washed again (3 x with PBS) with all cell-
associated beads labelled by incubating with the same primary antibody diluted 1/50
in PBS containing 1% Triton X-100 to permeabilise the cells. This treatment was
followed by 1/100 goat anti-mouse Alexa-488 conjugated secondary antibodies
(Invitrogen- Molecular Probes). Percentage internalisation of the beads was then
calculated in the same way as for the bacteria.

Adhesion Assay. 1 mL solutions of 1 mg/mL of Caf1WT, Caf1RGDS Caf1RGES Caf1AS!
and Caf1T7t proteins in water were added to wells of a 24-well plastic plate (Corning),
which was then incubated at -80°C for 1 h, before freeze drying for 24 h. 1 mL of
DMEM containing 10% FCS, Penicillin-Streptomycin (Sigma-Aldrich) and 1 x 10°
J774.A1 (mouse macrophage-like; ATCC_TIB-67) or Hela cells (ATCC-CCL-2) were
added to the coated wells, as well as an uncoated well, and then incubated for 24 h
at 37°C. Pictures were taken using an EVOS bright-field imaging system (Thermo
Fisher).

Single molecule force spectroscopy. Single-molecule force spectroscopy
experiments were carried out using a commercial atomic force spectroscope (Luigs
and Neumann). The cantilevers used in the experiments were calibrated using the
equipartition theorem and they had typical spring constant of around 6 pN/nm
(Bruker OBL-10). Proteins were incubated for ten minutes over custom made gold
surfaces at a concentration of 0.1-1.0 g/L. The buffer used was HEPES 10 mM pH
7.0, NaCl 150 mM and 1 mM EDTA. Force-extension experiments were performed
at 400 nm/s. The traces obtained were collected and analyzed with a custom-written
code using the worm-like chain model for polymer elasticity. All the figures were
generated using Igor Pro (Wavemetrics) and Adobe lllustrator (Adobe).
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Data Availability

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Protein mechanical stability determines the function of a myriad of proteins,
especially proteins  from the extracellular matrix. Failure to
maintain protein mechanical stability may result in diseases and disorders
such as cancer, cardiomyopathies, or muscular dystrophy. Thus, developing
mutation-free approaches to enhance and control the mechanical stability of
proteins using pharmacology-based methods, may have important
implications in drug development and discovery. Here, we present the first
approach that employs computational High-Throughput Virtual Screening
(HTVS) and Molecular Docking to search for small-molecules in chemical
libraries that function as mechano-regulators of the stability of human CDA4.
Using single-molecule force spectroscopy we probe that these small-
molecules can increase the mechanical stability of CD4D1D2 domains over 4-
fold also modifying the mechanical integrity of the tandem. Our experiments
demonstrate that chemical libraries are a source of mechanoactive molecules
and that drug discovery approaches provide the foundation of a new type of
molecular function, i.e., mechanoregulation, paving the way towards
mechanopharmacology.



Introduction

Numerous proteins in the cell withstand mechanical loads while performing their
function (Schonfelder et al. 2018; Gupta, Toptygin, and Kaiser 2020; Seifert and
Grater 2013; Vogel and Sheetz 2006). This is especially significant for cell-surface
proteins located in the extracellular matrix, which are essential for the
communication between cells in the extracellular milieu (Dufrene and Pelling 20183;
Klotzsch et al. 2015; Yusko and Asbury 2014). Reacting to mechanical force through
conformational changes is crucial for these cell-surface proteins, translating a
physical signal into an intracellular signaling process (Lim, Jang, and Kim 2018;
Pines et al. 2012; del Rio et al. 2009), or establishing physical connection with other
cells (Pannekoek, de Rooij, and Gloerich 2019). Over 1400 cell-surface proteins
compose the human surfaceome, including integrins, adhesion molecules (ICAM)
and CD molecules (Bausch-Fluck et al. 2015), which highlights the importance of
protein mechanics in the cell. Similarly, viruses and bacteria use their own surface
proteins to establish anchoring with cell-surface molecules to initiate infection
(Gordon and Wang 2019). Again, the mechanical stability of these protein-protein
interaction plays a crucial role in the success of the infection process (Alonso-
Caballero et al. 2018; Alegre-Cebollada, Badilla, and Fernandez 2010), implying an
important function of mechanical force in viral entry and bacterial adhesion(Perez-
Jimenez et al. 2014; Wiegand et al. 2020; Mathelie-Guinlet et al. 2020). In fact, it is
known that perturbating such interaction may result in avoidance of infection
(Spaulding et al. 2018).

In the past years, efforts have been made towards designing protocols to control the
mechanostability of proteins. For instance, an elegant work by Rivas et al,
demonstrated that blocking the formation of isopeptide bonds in Streptococcus
pyogenes pilus proteins, it is possible to interfere with the pili formation (Rivas-Pardo
et al. 2018), which may result in the modification of the adhesion capabilities of the
bacterium. Also, it is well-known that mutations in strategic locations show
effectiveness in altering the mechanical stability of proteins (Perez-Jimenez et al.
2006; Li et al. 2000); nevertheless, mutations are irreversible and most often go in
the destabilizing direction. Other studies have demonstrated that antibody binding
or metal chelation can also alter the mechanical stability of proteins (Perez-Jimenez
et al. 2014; Hu and Li 2014). Altogether, these studies have provided a wealth of
information regarding protein mechanics in biological systems, however, introducing
mutations, using antibodies or metal ions may have some complications for practical
implementation as mechano-modulators.
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Here, we propose a mutation-free approach to alter protein mechano-stability
utilizing small molecules. Our technology combines High-Throughput Virtual
Screening (HTVS) of compound libraries, molecular docking, and single-molecule
Atomic Force Spectroscopy (smAFS). HTVS allows searching thousands of
compounds from virtual chemical libraries similar to procedures commonly utilized
in drug discovery (Cerqueira et al. 2009; Irwin and Shoichet 2016; Lavecchia and Di
Giovanni 2013). The molecular docking allows targeting specific regions that can
even be selected to alter the mechanics of a protein. We apply this approach to CD4
protein, a coreceptor present in T lymphocytes membrane, which is involved on
antigen recognition, but also, it is the primary receptor of HIV-1. We have identified
three small-molecules that in smAFS experiments, probe their ability to modify and
enhance CD4 mechanical stability alone or combined, thus acting as surface-protein
mechanical regulators (SUPROMERS). We propose these SUPROMER molecules
as a prove of concept of mechano-active molecules discovered by means of a drug
discovery pharmacology-based approach, bringing the possibility of a new class of
mechano-drugs. We propose that SUPROMERs might be useful molecules not only
to alter the mechanical stability of cell-surface protein, but also that of any protein
whose function relies on its mechanical integrity. Thus, SUPROMERs may be useful
to interfere with any protein-protein interaction process that occurs with the
intervention of forces, such as those happening between microbes and host cells or
cell-cell interaction.

Results

e High-Throughput Virtual Screening (HTVS) of a compound
library.

Our initial step focused on the search of small-molecules capable of binding regions
of CD4 that can potentially influence the mechanical stability of the molecule. We
designed a virtual screening search of commercially available small-molecules
available in the ZINC chemical library (https://zinc.docking.org/), using Glide
software from Schrédinger Suite (Friesner et al. 2004), that docks molecules in the
structure of CD4 (pdb:1WIP). We restricted the search and docking to domains D1
and D2 of CD4 by creating three partially overlapping grids that cover the whole
structure. (see Fig. V.1.) The first grid focussed on D1, another one D2 and a third
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one focussing on the interface of D1D2. This strategy derives from our previous
knowledge on the mechanical stability of CD4 domains(Perez-Jimenez et al. 2014),
from which we know that the continuous 3-strand shared by domains D1 and D2 and
the interface between these domains play a crucial role in the mechanical integrity
of the tandem(Perez-Jimenez et al. 2014). In fact, it was demonstrated that an
antibody named Ibalizumab (commercialized as Trogarzo) that precisely binds the
D1D2 interface (Freeman et al. 2010), has a strong mechanical effect on the stability
of CD4 D1D2 (Perez-Jimenez et al. 2014). Thus, the interface between the domains
is a clear target in our search.

Fig. V.1. View of the outer boxes of grids 1, 2 and 3 generated with the Glide grid generation module. To
properly map domains 1 and 2 of CD4 in 1WIP, as well as their interface. Grey spheres represent CA
atoms of residues SER23, LEU95 and VAL146, where grids 1, 2 and 3 where centered, respectively.

We then followed a multistep approach to retain molecules with at least one with
binding energy below a given threshold of -5 kcal/mol. This resulted in 1549
compounds with binding energies below that threshold established in the HTVS
phase. (see Fig. V.2.) depicts a schematic representation of the search protocol
which is described in the Methods section. Subsequent re-docking of the selected
compounds using the Standard Precision level of Glide (SP mode), which performs
a harder torsional refinement and sampling of the conformations, promoted
the number of compounds of interest to be narrowed down to 82. The latter
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displayed a binding energy (docking score) with values below -5 kcal/mol for at least
one of the three grids under study.

ZINC-Database
100 000 compounds

Glide-HTVS

Aas
ey
R -
3 Glide-SP
&2
6&9( 0\“\6‘-'
A co‘o?
&5 e Glide-XP
@
&
9 ..
2 Binding site
& inspection
Y
\ > ickP
o LR QuickProp
& ADMEt
& 2dor Patentscope
& f
)
)
&
A
M

Mechano.-modutet©"
Candidates

Iig. V.2. Workflow used to identify protein mechano-modulators. The key properties of an ideal
mechano-modulator were established as follows: should display a strong binding to the problem
protein, to achieve this we make use of Glide-HTVS, Glide-SP and Glide-XP; should not interfere with
the protein binding site or any relevant epitope/active site, depending on the problem protein; should
have optimal ADMEt properties; and should enjoy of a complete freedom of operation at the industrial
property level.
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A final Extra precision (XP level of Glide) docking procedure of the compounds
selected so-far, to penalize ligands that do not fit well to the receptor conformation,
filtered out all but 14 compounds. Subsequent binding site analysis excluded
ligand/poses interfering with forbidden binding sites (FBS). FBS were defined in the
CD4 structure, resides 35-52, 55-60 defined as MHC class Il binding epitope (see
Fig. V.3.) (Wang et al. 2001), retaining 8 compounds. A QuickProp ADMEt analysis
retained 5 compounds of which three enjoy freedom of operation.

In summary, three were the compounds from the ZINC lead-like subset of
compounds that fulfilled all the filtering criteria established in the present study.
These potential mechanical regulators of CD4 (ZINC65466948, ZINC00481608 and
ZINC05514670 in ZINC database) will be referred to as SUPROMER 1, 2 and 3,
(see Fig. V.4.) respectively (acronym for SUrface PROtein MEchanical Regulator).
The structures of the SUPROMERSs are shown in Fig. V.4a. SUPROMERs were
obtained either by direct purchase or by chemical synthesis.

Forbidden residues

Domain 1

Forbidden residues

Fig. V.3. Forbidden binding sites. CD4. (full length) surface and carton representation, where residues
implicated in gp120 and/or MHCII binding (“Forbidden residues”) are indicated in red.
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¢ Bindingand interaction of SUPROMERs with CD4D1D2.

An analysis of the binding energetics, binding sites, and binding modes of
SUPROMERSs to CD4 revealed that these compounds can bind to distinct regions of
the receptor with different affinities; (see Fig. V.4b.) however, some of these regions
are similar for the three small-molecules.

a b

SUPROMER 1 f E

4’ CD4-D1
Al -5.16 kcal/mol

1,90 keal/mol

CD4-D1D2

-9.20 kcal/mol )
H |
SUPROMER 3 " 4

OH o OH OH

N/”%WOH
H
OH OH ®

Fig. V.4.Structural interaction of SUPROMERs and CD4 domains. a. Chemical structure of SUPROMER
1 (ZINC65466948), SUPROMER 2 (ZINC0048160) and SUPROMER 3 (ZINC05514670) b. Surface
and cartoon representation of CD4 domains 1 and 2. In stick representation appear all the poses
derived from the XP docking procedure of (top) SUPROMER 1, (middle) SUPROMER 2, and (bottom)
SUPROMER 3.
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SUPROMER 1 may preferentially bind to the interface between domain 1 and
domain 2, with a GScore of -9.14 kcal/mol, but can also bind D1 and D2 with
GScore of 5.16 and 6.05 kcal/mol, respectively.

SUPROMER 2 may preferentially bind to domain 2, with a scoring energy of -7.38
kcal/mol. It also binds close to the interface between D1 and D2 with GScore value
-5.30 kcal/mol but in the opposite side that that of SUPROMER 1.

Finally, SUPROMER 3 binds the interface between domain 1 and 2 in the back side
of the tandem with GScore value of -9.20 kcal/mol but can also bind D2 with
GScore value of -8.0 kcal/mol and weakly to D1.

In addition, as observed in Fig. V.5., SUPROMERSs establish key interaction with
residues in CD4, mostly charged and polar residues indicating the electrostatic
nature of the interactions. Interestingly, the interaction of SUPROMER 3 near the
interface between D1 and D2 involves residues Ser79 and Glu77 in D1, which have
been also shown to be important in the interaction of Ibalizumab and CD4(Freeman
et al. 2010). Nevertheless, given the considerable smaller size of the SUPROMER
with respect to Trograzo, we do not expect many interacting residues to be common
between both molecules.

Moreover, we were surprised to see that some of the SUPROMERSs poses bind very
similar locations in CD4 domains, e.g., SUPROMER 1 and 3 in the three grids, or
poses in D1 and D2, which highlight these regions as potential druggable sites (see
Fig. V.6.)

For informative purposes on the translational potential, we have run a prediction of

multiple physically significant descriptors and pharmaceutically relevant properties
(ADME descriptors) of single conformers of SUPROMERSs using QikProp software.
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FigV.5. Detailed interaction of SUPROMERs and residues in CD4 domains. SUPROMER 1 (top)
SUPROMER 2 (middle) and SUPROMER 3 (bottom) most efficient binding modes to domain 1 tip
(left), domains 1 and 2 interface (middle) and domain 2 (right). XP GScore values (kcal/mol) are
indicated in bold below each pose. H-bonds established between each molecule and key residues in
CD4 domains are indicated with dashed lines.
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The ADME descriptors were compared with those of 95% of known drugs. As
observed, SUPROMER 1 and 2 have optimal properties with respect to
their drugability.

Fig. V.6. Representation of CD4D 1D2 structure with the three SUPROMERs bound to itin their best pose.
The three locations are the same for all of them.

In this line, an analysis of the Lipinskis rule of five(Lipinski 2004) (if # stars =0 fulfills
all the rules) implies that SUPROMER 1 and 2 have properties like 95% of those
drugs found in the market, which suggest that the search process provides small
molecules that are even potential drugs. For instance, Human Oral absorption value
equal to 3, implies that these two drugs may likely be good candidates to be orally
administered in in vivo preclinical and clinical tests. SUPROMER 3, with 6 H-bond
donors and # stars =1 is still an excellent oral candidate. We have also carried a
standard test of the cytotoxicity on HEK293 cells of the different SUPROMERSs and

174



compared it with that of Ibalizumab at different concentrations. Very similar levels of
cell viability were obtained with all SUPROMERSs and Ibalizumab. (see Fig. V.7.)
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SUPROMER1A SUPROMER2  SUPROMER3 Ibalizumab

Fig. V.7. Cytotoxicity assay using HEK 293 cells. In absence (grey) as a control and presence of
increasing concentrations of SUPROMERs and Ibalizumab. The difference of viability percentage
between control and cells in presence of 500 yM of Supromer 1A and 100 nM of Ibalizumab are
considered to be extremely statistically.
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¢ Single-molecule atomic force spectroscopy of SUPROMER
molecules.

To test the mechanical effect of SUPROMER effectors on CD4 domains we used
smAFS. We first designed a polyprotein composed of CD4, domains D1 and D2,
flanked by handles of two-domains 191 subunits from human cardiac titin, resulting
the polyprotein (191)2CD4D1D2(191)2 to which we apply a calibrated mechanical
force. (see FigV.8a.) We have successfully used this construct before to probe the
effect of force on CD4(Perez-Jimenez et al. 2014). These four 191 subunits are used
as a mechanical fingerprint, due to the well-known properties of this subdomain in
smAFS systems and have been used to study the mechanics of many other
proteins(Alonso-Caballero et al. 2018; del Rio et al. 2009). For the smAFS
experiments, we chose the so-called force-ramp mode, in which the force applied to
the polyprotein is ramped up at a constant speed of 33 pN-s'. Force-ramp
experimental data is characterized by a typical ramped staircase, in which each step
represents the unfolding process of one subdomain from the polyprotein construct.
(see FigV.8b.) In the case of the polyprotein used here, we identify 4 equal steps
from 191 domains. We have measured an initial unfolding force of 128 + 5 pN (mean
+ SEM). This initial unfolding force represents the average minimum force at which
191 domains start unfolding. For these domains we determine step size of 24.9 + 2.6
nm (mean = SD) which is in accordance with the size expected at the loading rate
that we applied(Perez-Jimenez et al. 2014). (see FigV.9.)

We also identify one or two additional steps corresponding to our protein of interest
CD4D1D2. In the case of CD4D1D2 alone, we mostly observe two unfolding steps,
although we also observed the unfolding of the tandem in a single step, which means
that both domains are being unfolded simultaneously. We determine an average
initial unfolding force of 81 + 6 pN. In the case of two-step unfolding of the tandem,
we measure step size of 7.4 £ 1.4 nm and 13.5 £ 0.9 nm for D1 and D2, respectively.
(see Fig. V.8Db.) In the case of the one step unfolding, the step size observed is 22.4
+ 1.4 nm, which is the sum of the two domains. These values are consistent with
those reported before by us(Perez-Jimenez et al. 2014).

To determine the ability of the SUPROMERSs molecules to alter the mechanics of
CD4 domains we perform the smAFS experiment in the presence of SUPROMER in
a ratio 1:5, protein:SUPROMER. Starting with SUPROMER 1, we observe the same
step size but with a significant shift in the number of events for each one, with the
peak corresponding to one step unfolding, at 20.6 + 1.0 nm nm, as the more
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Fig. V.8. smAFS experiments of SUPROMERS and CD4 in force-ramp mode. a. Representation of the
(191)>-CD4D1D2-(191)2 polyprotein construct on an smAFS set-up. The 191 modules are used as
molecular fingerprint. The polyprotein is attached to a gold substrate in one end and a cantilever in
the other end. b. Typical force-ramp trace of (191).-CD4D1D2-(191), polyprotein and histogram of step
size and initial unfolding force (n=37). c. trace and histograms in the presence of SUPROMER 1
(n=56), d. SUPROMER 2 (n=29), e. SUPROMER 3 (n=29) and f. the three SUPROMERSs together
(n=46). Different colors have been used to identify each combination.
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prominent one. (see Fig. V.8c.) We also observe a slight increment in the initial
unfolding force with respect to CD4D1D2 alone, being this force 95 + 7 pN. (see Fig.
V.8c.)

In the case of SUPROMER 2 we measure a very similar step size with distribution
with initial unfolding force of 97 + 11 pN. (see Fig. V.8d.) and for SUPROMER 3,
similar step size but in this case the increment in initial unfolding force is quite
significant at 129 + 11 pN. (see Fig. V.8e.) However, the most substantial increment
in force occurs with the combined action of the three SUPROMERSs by which the
initial unfolding force shows two populations, one peaking at 152 + 6 pN, (see Fig.
V.8f.) which is similar to the mechanical effect of Ibalizumab(Perez-Jimenez et al.
2014), and a second population with higher average unfolding force of 336 + 3 pN,
which represents an increment of over four-fold with respect to CD4D1D2 alone. We
believe that this is probably the result of different combinations of SUPROMERSs in
the mix. Initial unfolding forces for all three SUPROMERSs are summarized in. Fig.
V.10.
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Fig. V.9. a. Histogram of initial unfolding force of 191 (n = 82) we measured an unfolding force of
128 + 4.5 pN. b. Histogram of step size for the unfolding of 191(n = 82) The unfolding of 191 Domain
was measured at 24.9 £ 2.6 nm.

Interestingly, if we consider the pulling speed in the force-damp experiments, we can
estimate the mechanical unfolding lifetime increment of the tandem CD4D1D2 upon
SUPROMER binding. For such calculation we take as zero reference value the
unfolding of CD4D1D2 alone. The binding of SUPROMERSs increase the lifetime of
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the folded domains, a fraction of a second for SUPROMERSs 1 and 2, up to several
seconds for SUPROMERSs 1,2 and 3 together right axis in Fig. V.10a.
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Fig. V.10. Mechanical stability and unfolding of CD4D1D2 and SUPROMER. a. Comparison of initial
unfolding forces for CD4D1D2 domains in the presence of each SUPROMER, Ibalizumab and
combination of all SUPROMERSs. The difference of initial unfolding force between CD4 and CD4 in
presence of SUPROMER 3, Ibalizumab and SUPROMER 1, 2 and 3 are statistically significant with
a P value of 0.0004, 0.0001 and 0.0001, respectively. Right axis in red represents the mechanical
unfolding lifetime increment of the tandem CD4D1D2 upon SURPOMERs binding. b. Fraction of
unfolding events for CD4D1 and D2 domains in one (triangles) or two steps (circles) for each
combination of CD4D1D2 and SUPROMERS.

A clear effect that we observed is that with the binding of every SUPROMER,
CD4D1D2 changes its unfolding pattern from two steps to just one. As shown in Fig.
V.10b. in the case of CD4D1D2, about 80% of the traces show two-step unfolding
and following a regular pattern in which D2 unfolds first. In the presence of
SUPROMER 1, about 50% of the traces show one-step unfolding of about 21 nm.
This percentage increases to over 60% for SUPROMERs 2 and 3, which is even
more than the observed effect for Ibalizumab. Interestingly, the more drastic shift is
observed when combining the three SUPROMERs molecules with a proportion of
one versus two steps of about 65% to 35%. (see Fig. V.10b.) This alteration in the
mechanical unfolding clearly proves the effect of the SUPROMERSs molecules in the
mechanical integrity of the tandem. By avoiding the two-step unfolding, the small-
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molecules are stabilizing the structure, likely reinforcing the B-strand network that
connects both domains. Considering that the three SUPROMERSs molecules seem
to bind with elevated Gscore in the region connecting D1 and D2, these results are
somehow expected.

Discussion

In the past decades, High-throughput Screening (HTS) techniques have become the
gold standard approach to drug discovery, not only in research but also in the
pharmaceutical industry. Additionally, the implementation of computational methods
for structure-based virtual screening and molecular docking has boosted the
capability of screening methods(Gerhold and Schwartz 2016; Gao et al. 2022;
Sianati et al. 2019). These methods mostly utilize protein structures where small
molecules, peptides or ligands are docked to high affinity serving as initial step for
further design or even experimental testing of alterations in a particular molecular
process. This procedure can be applied to chemical libraries of compounds,
providing a protocol for rapid testing of many molecules, thus considered a High-
throughput Virtual Screening (HTVS). In the present study, we apply a HTVS
approach to search for small molecules that serve as mechano-regulators of CD4
domains, named SUPROMERs. To the best of our knowledge, this is the first
protocol aimed to find small molecules that alter the mechanical properties of a
protein. We thus, demonstrate that a highly developed drug-discovery approach can
be repurposed for a new functionality, which is mechanoregulation.

The identified SUPROMER molecules alter the mechanical properties of CD4
making the tandem D1D2 of CD4 to behave as a single unit, which means that
structural integrity of the protein is reinforced. This is demonstrated by the unfolding
of the tandem as a single step. One of the SUPROMERS, increases the mechanical
strength of the tandem over 50%, however, the combined action of the three
molecules renders a CD4D1D2 tandem with a highly increased mechanical stability,
with numerous unfolding events reaching over 330 pN. We believe that such
increment is the results of high affinity interaction, especially in the intermediate
region holding both domains, where a long B-strand is shared between the two
domains. In fact, the three SUPROMERSs show docking poses in that region, as
demonstrated in. Fig. V.5. Interestingly, only two residues of the D1D2 tandem,
Ser79 and Asn30, are common to the interaction of the three SUPROMERS, with
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suggests that the combined interaction may entail double or even triple binding with
no competition. This could result in the large increment in mechanical stability that
we observe.

Our results represent a proof of concept of the possibility of searching molecules
that act as mechano-regulators. This is important because controlling the
mechanical stability of proteins may have important implications. It is well known that
numerous diseases are related to structural changes in proteins that may results
from mechanical perturbations. These changes may be introduced by mutations and
therefore are not easily corrigible. A good example could be mutations that cause
mechanical alterations in cardiac proteins, generating hypertrophic
cardiomyopathies(Poole 2022). Similarly, other mutations relating mechanical
stability of proteins and disease have been identified (Lewis and Grandl 2021) .
However, other biological processes such as protein transport across membrane
pathways or nuclear pores(Richardson, Kotevski, and Poole 2021; Stewart et al.
2021; Alonso-Caballero et al. 2018; Kefauver, Ward, and Patapoutian 2020), the
mechanoactivation of ion channels (Gerhold and Schwartz 2016), (Kefauver, Ward,
and Patapoutian 2020; Martinac and Poole 2018) or cancer cell development (Wirtz,
Konstantopoulos, and Searson 2011; Yankaskas et al. 2021), are associated to
protein mechanics. Therefore, having a protocol that employs the same approaches
as drug discovery techniques to alter protein mechanical stability makes this
approach very interesting in many disciplines related to cell and molecular biology.

In our case, we have chosen CD4 as potential target for protein mechanical
stabilization. The intended idea was to find small molecules whose docking pose
had a high Gscore and therefore are candidate to stabilize the protein. From over
100,000 compounds we found only three molecules with high enough affinity, but
our search criteria were purposely strict, akin to conditions used for drug discovery.
Thus, our intention of creating a pharmacology-based approach has been successful
in terms of mechanical stabilization of CD4 domains. Whether our SUPROMERSs
molecules may have an inhibitory effect of HIV-1 such as the case of Trozargo, is an
open question that is beyond the initial scope of this work; however, we hypothesize
that these molecules may be a good starting point for developing potential small-
molecule inhibitors of HIV-1, as they may restrict the molecular interactions of CD4
and gp120 binding, but also avoid conformational alterations in CD4. Also, in this
initial analysis, only domains D1 and D2 have been studied. Including D3 and D4
might be of interest for further development of mechano-modulators for inhibiting
HIV-1 entry. In fact, conformational changes in the interface between domains D2
and D3 has been suggested to play a role during infection.
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Finally, it is important to mention that this approach could also be used to decrease
the mechanical stability of proteins. Thus, targeting regions that serve as anchoring
point of mechanical elements may create a binding competition that results in
diminished stability. An example could be the B-strand complementation that occurs
between protein modules of bacterial adhesin molecules such as microbial surface
components recognizing adhesive matrix molecules (MSCRAMM) or bacterial pili.
This type of interaction between domains is extremely strong and the main
responsible for the success of many bacterial infections (Alonso-Caballero et al.
2018; Murthy et al. 2018).

We conclude that the many possibilities of mechanoregulators as molecules that
modify the mechanical stability of proteins in a controlled manner, opens new
possibilities in experimental protein studies, as virtually any protein could be the
subject of a search of such molecules. The approach is simple, it is well established,
and mostly requires knowledge about the mechanical properties and structure of the
protein under study. Hence, we demonstrate that protein mechanics brings new
molecular interactions and functionalities for drug discovery approaches not
considered before, thus expanding the applicability of these techniques.

Methods

Rational identification of CD4 surface receptor mechanical regulators:
compound selection criteria: A virtual screening protocol was set up to identify
small molecules with the ability to modify the mechanical properties of CD4. In this
sense, the key properties of an ideal CD4 mechano-modulator were established in
this work as follows: i) should display a strong (at least nanomolar) binding to CD4,
i) should not compete directly with MHCII or gp120 binding to CD4; iii) should have
optimal ADMEt properties; and iv) should enjoy of a complete freedom of operation
at the industrial property level. In addition, the commercial availability and price of
the compounds identified were also considered.

Receptor preparation: To quantify the binding affinity of known molecules to CD4,
the following procedure was followed: The structure of residues 1-178 of the human
T-Cell surface glycoprotein CD4 was downloaded from the protein data bank (PDB
ID: 1WIP) and prepared with the Protein Preparation Wizard of Schrddinger suite.
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The pre-processing was carried out with default methods and H-bond refinement
was carried out with default pH value 7. Three distinct Glide Grid files with an
enclosing box of ca. 46 A were created using the above-mentioned structure,
centered on Ser23, Leu95 and Val146, respectively, which properly cover CD4-D1,
CD4-D2 and the CD4-D1D2 interface, respectively.

Ligand preparation and docking: Molecules (ligands) to be screened were
downloaded from the ZINC Database, a free database of commercially available
compounds for virtual screening. Approximately 100.000 compounds of the lead-
like subset of the ZINC databasewere prepared for docking using LigPrep 5, with the
OPLS_2005 force field. To set the ionization and tautomerization state of
compounds at a pH range of 6-8, Epik v16207 was used, with a maximum number
of 4 generated structures. The binding affinity of 100000 lead-like prepared
compounds was estimated through a three steps docking protocol summarized as
follows: a) a High Throughput Virtual Screening (HTVS) Glide procedure of all the
compounds and a subsequent filtering-off of those that did not display a single pose
with a binding affinity (docking score) above a predefined lower-limit value of -5
kcal/mol; b) an Standard Precision (SP) level Glide docking procedure applied to
those compounds overcoming the HTVS filter and a subsequent selection of those
compounds displaying consistent binding affinities (docking scores) above -5
kcal/mol in all their poses for at least one site; ¢) an extra precision (XP) Glide
docking and selection of top binders (10%).

Forbidden binding sites: The compounds overcoming the mentioned energy
barriers, we subjected to a second analysis focused on the identification of their
binding regions, aimed at discarding drug-candidates that would competitively
interfere with either MHCII or gp120 binding. In this line, two distinct regions with
“forbidden residues” were defined in the CD4 structure, a region defined by residues
35-52, 55-60 and 164-165 (MHCII binding epitope) and a region around residues 29,
35, 43-47 and 59 in D1 tip (gp120 binding epitope). First region, MHCII, is related
to natural function of CD4, therefore no interaction of SUPROMERSs is desired. In
the case of gp120, potential future experiments using viral elements would not
interact with SUPROMERs molecules thus focusing only on mechanical effects.

Final selection criteria: The ADMEt properties of the non-competitive and efficient
CD4 binders identified so far, were estimated using the Quick prop module of the



Schrédinger software (Schrédinger Release 2017—4: Canvas, Schrédinger, LLC,
New York, NY, 2017). Also, the conclusions derived from a deep analysis of the
patentability of these compounds, their market price and availability were key to
select the final molecules to be tested as novel CD4 mechano-modulators.

Protein expression: Gene encoding (191)2-CD4D1D2-(191)2 chimeric polyprotein
construct was designed and optimized for expression in E. coli (Life Technologies).
Here two additional cysteine residues were added in the C-terminus, which helps for
sample immobilization on the gold surface. Standard DNA manipulation protocols
were used to clone the construct into the pQE8O0L expression plasmid (Quiagen).
C41 strand competent cells E. coli (Novagen) were used for protein expression.
Transformed competent cells were grown in 750mL of LB media at 37°C until an
OD600 of around 0.6 was reached. Then protein expression was introduced by 1mM
of IPTG and further incubation at room temperature for 4 hours. Cells were then
centrifuged, and a gentle cell lysis protocol was used to avoid damage to the
expressed polyproteins. The sample was then purified first by HisTag affinity
chromatography using a gravity column filled with HisPur Cobalt resin (Thermo
Fisher) and second by size exclusion chromatography using a Superdex 200 HR
column (GE Healthcare). The final elution buffer was HEPES 10mM pH 7.0, NaCL
150mM and EDTA 1 mM. The sample was further concentrated using ultrafiltration
Amicon 3Kk filters (Millipore). The final protein concentration was estimated to be
around 1 mg mL-1 using a Nanodrop (Thermo Scientific). Then the samples were
snap frozen in liquid nitrogen and stored at -80°C.

Single molecule force spectroscopy: All single-molecule force spectroscopy force
ramp experiments were performed on an Atomic Force Spectrometer AFS-1 (Luigs
Neumann). Biolever cantilevers from Olympus/Bruker were used with a spring
constant of around 6 pN nm'. The spring constant was measured before each
experiment using the equipartition theorem within a software built-in procedure. Data
was recorded between 0.5 to 4 kHz for the force ramp measurements. For
experiments the force was ramped at 33pN-s-! until 485 pN (starting from 10 pN
pushing F < 0). At this point it was holder to this force for 5 seconds to ensure the
191 subdomain unfoldings. All AFM experiments were carried out at room-
temperature (~24 °C) in HEPES buffer at pH 7.0. Typically, 40 ul of the protein
sample (~uM concentration) was left around 20 minutes for adsorption on a fresh
gold coated surface, using gold evaporation (Oerlikon UNIVX350). After the
adsorption time the sample was then rinsed of the gold surface by the HEPES buffer
to remove unbounded protein sample just before starting the measurements. In the
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experiments in presence of different SUPROMER these molecules were added to
the HEPES buffer in a ratio 1:5 (protein:SUPROMER)

Cytotoxicity assay: After two weeks of TZM Ib passage, our cell cultures were
ready to try a cytotoxicity assay using our SUPROMER. We used a colorimetric
assay using MTT, which measures the metabolic activity by a reduction that takes
place in the mitochondria of viable cells. In those cells, this reactive change its color
from yellow to purple, measured at 590 nm. To do that, our cell culture was grown in
a P96 well plate. When cell coverage was optimum, the assay began. Every well
was treated with different concentrations of SUPROMER and Ibalizumab, After the
convenient incubation time, media from every well was discarded, and a 100 ml of a
mixture of FBS-free media and MTT solution (ratio 1:1) was added to every well, we
let incubate at 37°C for 3 hours. After incubation, 150 ml of MTT solvent was added
to each well, incubated, wrapped in foil, and shaken on an orbital shaker at RT for
15 minutes. Finally, absorbance at 590nm of each well was measured in Victor
equipment.



Data availability

Data supporting the findings of this study are available from the corresponding
author upon request.
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Microbial infections are one the leading cause of death worldwide. Bacteria
causing diseases such as pneumonia, tuberculosis, and cholera are some of
the major threats. There is an increasing concern in relation to bacterial
infections due to the virulence and resistance to antibiotics of many bacterial
strains, such as Methicillin-resistant Staphylococcus aureus (MRSA). Hence,
the fight against this type of infections requires new avenues of research for
the development of novel treatments, which will involve innovative
approaches such as nanotechnology and biotechnology. Here, we investigate
the mechanical stability of protein FnBPA, an MSCRAMM (Microbial Surface
Components Recognizing Adhesive Matrix Molecules) from Staphylococcus
aureus that, as a first stage in its infection process, attaches to Human
Fibronectin. We examine its mechanical stability using single-molecule atomic
force microscopy, but we go further by connecting single-molecule to single-
bacterium, creating a novel technique which combines microscopy with
magnetic tweezers, generating a magnetic field that controls the movement of
our desired magnetic-like bacteria, and measuring the force applied to the
bacteria at any given time. This technique opens a door to researchers to
examine the strength of a bacterium's attachment and how to modulate it to
prevent bacterial infection.
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Introduction

Infections caused by microorganisms, such as pneumonia, tuberculosis, and
cholera, continue to be a primary cause of death on a global scale. (Bearman and
Wenzel 2005) The increasing virulence and antibiotic resistance observed in
numerous bacterial strains, including Methicillin-resistant Staphylococcus aureus
(MRSA), which causes thousands of fatalities annually, (Klein, Smith, and
Laxminarayan 2007; Whitby, McLaws, and Berry 2001) is of particular concern. This
worldwide issue necessitates new research and the creation of novel treatments.
The inadequacy of traditional cell and molecular biology approaches in combating
microbial infections has necessitated the development of novel techniques such as
nanotechnology and biotechnology. In this context, the emerging discipline of
mechanomedicine offers potential solutions by examining how mechanical forces
influence the behavior of cells and proteins, particularly in relation to disease.
(Naruse 2018)

Proteins in the extracellular matrix, which are subject to mechanical forces, mediate
cellular interactions. (Chiquet 1999; Meng et al. 2011) For instance, bacterial
infections depend on the adhesion of virulence factors known as adhesins, which
are cell-wall-anchored (CWA) proteins that facilitate the attachment of bacteria to
target organisms. (Geoghegan and Foster 2017; Foster et al. 2014) Endocarditis, an
infection of the interior lining of the heart primarily caused by gram-positive bacteria
such as Staphylococcus aureus, coagulase-negative Staphylococcus, and
Streptococci and Enterococci species, is an example of a bacterial infection.
(Asgeirsson, Thalme, and Weiland 2018) Endocarditis has a high global incidence
and mortality rate, and its removal frequently necessitates surgery due to antibiotic
resistance, especially in the case of MRSA. Additionally, these microorganisms are
able to infect cardiac devices. (Asgeirsson et al. 2018)

Bacteria must travel through the circulation and attach to heart valves using adhesins
in order to cause endocarditis. MSCRAMM (Microbial Surface Components
Recognizing Adhesive Matrix Molecules) refers to a particular class of CWA proteins
implicated in endocarditis. (Foster et al. 2014) The MSCRAMMs fibronectin binding
A (FnBPA) and clumping factor A (CIfA) (Herman-Bausier et al. 2018) are among
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the most important. These virulence factors are multidomain proteins; FnBPA
contains intrinsically disordered fibronectin binding repeats (FnBRs). FnBRs form
antiparallel strands along a triple B-strand, using a tandem B-zipper mechanism to
connect multiple Fibronectin type | domains. (Josse, Laurent, and Diot 2017; Lower
et al. 2011)

In this work, we investigated Staphylococcus aureus attachment through FnBPA
using single-molecule and single-cell techniques. Atomic Force Microscopy (AFM)
was used to investigate the molecular mechanics of adhesion by engineering protein
constructs that enable precise determination of the protein interactions involved in
bacterial attachment. In order to transition to the cellular level, we developed a novel
technique developed involving magnetic beads attached to individual bacteria. This
method enables the generation of magnetic-like bacteria,(Yan et al. 2012) allowing
for the control of their adhesion by applying a magnetic field with a magnetic
tweezers apparatus (Tanase, Biais, and Sheetz 2007) while imaging with bright field
or fluorescence microscopy. By applying calibrated forces, we can determine each
bacterium's adhesion strength.

Using AFS and magnetic tweezers, we examined the MSCRAMMSs of pathogenic
strains at the single-molecule and single-cell levels, respectively. The objective is to
establish a relationship between the strength of their adhesins and their ability to
cause infection, casting light on the mechanics of bacterial adhesion and its role in
pathogenesis.

Results

e Single-molecule atomic force spectroscopy of FnBPA
attachment to Fibronectin

For our AFM studies, we engineered a polyprotein in which the protein fibronectin-
binding repeat 1 (FNBR1) is linked via the sequence (GGGSGGGS) to the human
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protein fibronectin type | subdomains 2-5 (Fnl 2-5) (PDB code: 2CG7 and
1FBR)(Bingham et al. 2008), as depicted in Fig. VI.1.

Force extenstion = 30 nm
Force ramp =25 nm

Linker
GGGSGGGS

(8.4nm + 60aa)-1.65nm
Linker
GGGSGGGS

FnBR1

Fig. VI.1. Construct for single-molecule force experiments. a. Representation of the polyprotein (191)2-
Fnl2-5-linker-FNBR1-(191). with the zipper folded between both proteins. b. When the setup applies
force to our polyprotein the first event consists of the rupture of the zipper bonding which is weaker
than any unfolding event, the extension increment due to this event is approximately 30nm.
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(191)2-Fnl2-5-linker-FNBR1-(191)2 is the construct formed by sandwiching our
construct between two pairs of 191 domains of human cardiac titin. When a
polyprotein is subjected to mechanical force, the 191 domains serve as mechanical
handles. (see Fig. VI.1.) Importantly, the mechanical properties of 191, such as
unfolding force and contour length (ALc), are well characterized and can be
distinguished using force spectroscopy.(Peters et al. 2022; Manteca et al. 2017)

Thus, 191 functions as a molecular fingerprint for adequate trace selection when it is
difficult to identify the protein's mechanical properties. This is especially crucial in
the case of the zipper rupture between Fnl2-5 and FnBR1 due to its low mechanical
resistance, which may result in a featureless signal under force.

First, we conducted force-extension experiments in which our polyprotein was
extended at a constant rate of 40 nm s'. In these experiments, the unfolding of the
molecule typically produces a sawtooth pattern because the unfolding of each
domain consists of a stage of increasing force while the domain resists the applied
tension, followed by a sudden drop in the registered force due to the process of
unfolding. The analysis with the worm like chain (WLC) model reveals a mechanical
stability of approximately in the range of 119+9 pN, although it is dependent on the
unfolding speed, and a ALc of 28+1 nm, which is consistent with what is described
in the literature.(Perez-Jimenez et al. 2006) (see FigVI.2.) In contrast, there is no
discernible sawtooth pattern for the vast majority of zipper ruptures. This indicates
that zipper rupture has a very low mechanical resistance and unfolds at very low
forces, so it is practically undetectable during force-extension experiments.

We conducted force-ramp experiments to better understand the mechanical zipper
rupture between Fnl2-5 and FnBR1. Due to the intervention of a feedback loop that
compensates for changes within a sub 1 ms time interval, this method provides
precise control over the applied force. Thus, this protocol makes it possible to scan
a wide spectrum of unfolding forces while controlling the applied force. The force
protocol begins by applying a 10 pN force to the cantilever against the gold substrate.
The cantilever is then slowly pulled away from the protein at a loading rate of 10 pN
s’1, providing sufficient resolution to detect the zipper rupture at low forces but also
at high forces, sufficient to unfold Fnl2-5 and 191.



zipper 191

rupture unfoldign
30nm 28nm

50 100 150 200
Extension (nm)

Fig. V.2. Single-molecule force-extension experiments. Force-extension trace including the
characteristic sawtooth pattern for the titin domains, and the initial featureless signal for zipper
rupture. Stretching is conducted at a speed of 40 nm s-1.

This type of experiment typically detects discrete steps with force-dependent length
extensions for two-state proteins, which can be explained by models of polymer
elasticity such as the Worm-like chain or freely-jointed chain. (Oberhauser et al.
2001) At forces below 60 pN, we observed a sigmoidal pattern for zipper rupture.
(see FigVI1.3. and FigV1.4.) Followed by the step events corresponding to Fnl2-5 with
an extension of 13 nm and titin unfolding with an extension of 24nm. The initial
change in extension corresponds to the expected extension of 26 nm for zipper
rupture in this range of force, indicating that this sigmoidal behavior corresponds to
the rupture.
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FigVL.3. Single-molecule force-ramp experiments. Time series for the measured extension (top) and
force (bottom) in a force ramp experiment at 10 pN/s. The inset highlights the signal corresponding
zipper rupture.

The sigmoidal curves that we report have been observed in the smFS literature
before. (Reifs et al. 2023) In Fig. VI.4. we show the average of several traces, from
whose derivative we estimate a mid-unfolding force F1/2 for this zipper rupture
between Fnl2-5 and FnBR1 of 6 pN. Which is consistent with the unfolding force for
beta zippers observed in the literature. (Rohs, Etchebest, and Lavery 1999;
Brockwell et al. 2003)

In the literature, the binding of these proteins has been investigated using a
different force vector, which allows the study of this rupture in a shear mode, which
surprisingly reveals rupture forces on the order of 1nN. (Geoghegan and Dufréne
2018)
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Extension (nm)

Force (pN)

Iig. VI.4. Mid unfolding force of zipper rupture. Average force extension curve from multiple traces for
zipper rupture between Fnl2-5 and FnBR1 (n=25). The inset is the first derivative of the sigmoidal fit.

e Magneticlike-bacteria obtention

In order to transition to the cellular level, a novel technique involving magnetic beads
attached to an individual bacterium was utilized. This method permits the production
of magnetic-like bacteria, these bacteria can be controlled by a magnetic field
generated by a magnetic tweezers apparatus while all the process is recorded
thanks to bright field or fluorescence microscopy. (see Fig. VI.5.)

In order to produce magnetic-like bacteria Dynabeads M-270 previously
functionalized with the human protein fibronectin was used. These magnetic beads
were incubated with the bacteria SH1000 + FNnBPA, which specifically bonded to this
magnetic bead via the studied attachment.

To verify this hypothesis, a modest experiment was conducted which consist
on measuring the colony forming units (CFU) of two different bacteria: SH1000,
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staphylococcus aureus strain which lacked MSCRAMMS genes, and SH1000 +
FnBPA, which contained a plasmid that included the FnBPA gene.

SH1000 Magnetic
+FnBPA bead

&_ ©/ : Magnetic tip

—

10pm

Fig. VI.5. Magnetic tweezers apparatus. An actual image of our magnetic tweezers apparatus, the
image illustrates the magnetic-like bacterium trajectory to the magnetic tip. The inset shows the
attachment of the bacteria SH1000 + FnBPA to the Dynabead M-270.

Both cultures were grown to an optical density of 0.2, which is optimal for FnBPA
gene expression,(Saravia-Otten et al. 1997) and then their CFU were measured
before and after an incubation step with Dynabeads M-270 (0.5 mg) in order to
calculate the recovery percentage in both cases, which was 15.7% in the case of
SH1000 + FnBPA and 1.1% in the case of SH1000. This demonstrates that the
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attachment of the bacteria to the magnetic bead is specific and is due to the binding
of FnBPA to the human fibronectin present in the magnetic bead surface.

To test our magnetic tweezers apparatus, we designed an experiment in which
magnetic-like bacteria are exposed to a protocol of magnetic pulses consisting of
cycles of 1.4s at 2.5V applied to the magnetic tip (electromagnet) and a quenching
time of 1.4s as well. The magnetic-like bacteria's movement was recorded, and its
velocity is depicted in Figure VI.6. in addition to the applied voltage protocol. As can
be seen, both protocols precisely overlap, with the bacteria's movement being null
when no voltage is applied to the tip. This demonstrates that the movement of the
magnetic-like bacteria is caused exclusively by the magnetic field generated by the
magnetic tip.

10 =

7 -

[
5 -
4 -
3 -

Velocity (ums™)

||
10 20 30 40 50 60
Time (s)

Fig. VI.6. Testing our magnetic-like bacteria. This graph shows the magnetic-like bacteria velocity
when a voltage pulse protocol is applied to the electromagnet.
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o Magnetic tweezers calibration using magnetic-like bacteria

To calibrate the magnetic tip, which is, after all, an electromagnet to which we can
apply controlled voltages, we must be able to translate the voltages that we apply
into the corresponding force applied to our magnetic-like bacterium. To accomplish
this, magnetic-like bacterium trajectories were recorded across the entire voltage
range (0.1V-2.5V). Using Stokes' Law (Tanase et al. 2007; Ramms et al. 2013)
Equation VI.1 and the velocity of the bacterium's trajectory, it is possible to calculate
the drag force or, equivalently, the magnetic force applied to it.

Drag Force = 6 - -1« Ugps - V (VI.1)

Stokes law. Being r, magnetic bead radius, Llass, absolute viscosity, and v, the velocity of magnetic
bead

Knowing the magnetic force applied to our bacteria at each point of its trajectory and
also its distance from the magnetic tip, Fig. VI.7. was elaborated, which shows the
relationship between magnetic force and distance from the tip as a function of the
applied voltage.

But a phenomenon was observed when working at closer distances to the magnetic
tip, and hence higher values of magnetic force. The error of this calibration increased
and the trend was not obvious. This is due to two main factors, the low obturation
velocity of the cam inserted in the confocal microscopy, and the precision of bead
tracking during this faster portion of the trajectory. We chose to skew these
calibration curves between 40 and 110 um from the magnetic tip for this purpose.
(see Fig. VI.7. and Fig. VI.8.)
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Fig. VI.7. First approach to calibration curves. This graph shows the relationship of magnetic force
applied to the magnetic-like bacteria depending on its distance to the magnetic tip.

In the range of 40-110 um the trend of our calibration curves is clear, increasing the
magnetic force applied proportionally when the applied voltage increase. Reaching
values of force of 1.6 nN at a maximum voltage in distances to the magnetic tip close
to 40 um. This is the functional window of our apparatus, within which we can
precisely calculate the magnetic force applied to our magnetic-like bacteria. (see Fig.
V1.8.)
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Fig. VI.8. Calibration curves of magnetic force atdifferentvoltages. This graph shows the magnetic force
applied to the magnetic-like bacteria at different voltages depending on the distance to the magnetic
tip. Lines represent represents the fit of our data to power function meanwhile points is our original
data set

e Single bacterium attachment measurements

Now that we have everything that we require to carry out actual measurements of
bacterial attachment, we will measure the adhesion force of our magnetic-like
bacteria as well as the Dynabead, checking the adhesion force of our samples to a
surface that does not include its protein target, we had use BSA as a negative
control.
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To accomplish this, we will subject our samples to a voltage ramp applied to the
electromagnet in which the voltage increases from 0 to 2.5V in 20s, measuring the
voltage value and the distance between the sample and the magnetic tip and using
our calibration curves, aceasily they detach force can be determined.

The attachment force of the magnetic-like bacteria was 248+27 pN, whereas that of
the Dynabeads was 215+27 pN. According to t-test, in which the two-tailed P value
equals 0.5455 by conventional criteria, there is no statistically significant difference.
Indicating that there is no specific bond between the samples and the BSA-
functionalized surface, as expected.

When we applied the same protocol explained above to human fibronectin-
functionalized glass slides, we observed two distinct behaviors: one in which the
bacteria detached at the same force values as our negative control, (no attachment)
and another in which we were unable to detach the bacteria.

Our SH1000 + FnBPA bacteria are attached to the glass slide surface functionalized
with human fibronectin and to the magnetic bead which is also functionalized with
human fibronectin via the same specific binding. Both interactions are identical and
stronger than the point forces that our apparatus can achieve.(Prystopiuk et al. 2018)
(see Fig. VI.9.)

In order to solve this, we have applied a continuous force protocol at maximum
voltage, but we are unable to conduct this experiment properly due to technical
issues. When we apply maximum voltage to the magnetic tip, there is a drift that
makes accurate measurement impossible. So, we have to resolve these technical
issues in order to perform the detachment measurements properly.
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Fig. VI.9. Magnetic-like bacteria attachment. Our SH1000 + FnBPA bacteria are attached by the same

specific binding to the glass slide surface functionalized with human fibronectin, and also to the
magnetic bead which it is also functionalized with human fibronectin.
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Discussion

In the past decades, single-molecule force experiments have suffered a huge
development but their connection with the single cell is not a very transited way. Very
relevant information could be obtained from this type of connections, especially in
the bacterial attachment and bacterial infection process nowadays it is become more
relevant than ever, the increase of bacteria resistance to antibiotics is alarming and
the development of new strategies to overcome these resistances is crucial. So, for
this reason, we believe that this new methodology could shed light on infection
processes and the finding of new anti-attachment strategies in order to avoid
bacterial infections.

Our results pave the way to study the single bacterium attachment force, first, we
must solve the technical issues with the magnetic tweezers apparatus in order to
actually measure the detachment force, but when these issues will be overcome
these results will open a door to find peptides or small molecules using High-
throughput Screening (HTS) techniques to find mechano-regulators able to
modulate bacterial attachment, altering the mechanochemistry attachment of the
proteins making them weaker, thus potentially preventing infections. We have
developed this methodology in previous works. Chapter V: High Throughput search
of small molecules for controlling the mechanical stability of proteins, present in this
thesis.

The idea of controlling the nanomechanics of bacterial attachment proteins as a way
of fighting infections can lead to a novel class of treatments. Our final results, when
technical issues will be solved will contribute to establishing a new research area of
mechanopharmacology, which aims to undertake one of the major challenges of our
society, fighting against microbial infections.
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Methods

Protein expression and purification. Gene encoding (191)2-Fnl2-5-linker-FnBR1-
(191)2 chimeric polyprotein construct was designed and optimized for expression in
E. coli (Life Technologies). Here two additional cysteine residues were added in the
C-terminus, which helps for sample immobilization on the gold surface. Standard
DNA manipulation protocols were used to clone the construct into the pQE80L
expression plasmid (Qiagen). C41 strand competent cells E. coli (Novagen) were
used for protein expression. Transformed competent cells were grown in 1L of LB
media at 37°C until an OD600 of around 0.6 was reached. Then protein expression
was introduced by 1mM of IPTG and further incubation at 37°C for 4 hours. Cells
were then centrifuged, and a gentle cell lysis protocol was used to avoid damage to
the expressed polyproteins. The sample was then purified first by HisTag affinity
chromatography using a gravity column filled with HisPur Cobalt resin (Thermo
Fisher Scientific) and second by size exclusion chromatography using a Superdex
200 HR column (GE Healthcare). The final elution buffer was HEPES 10mM pH 7.0,
NaCL 150mM and EDTA 1 mM. The sample was further concentrated using
ultrafiltration Amicon 3k filters (Millipore). The final protein concentration was
estimated to be around 1 mg mL-" using a Nanodrop (Thermo Scientific). Then the
samples were snap-frozen in liquid nitrogen and stored at -80°C.

Single molecule force spectroscopy: All single-molecule force spectroscopy force
ramp experiments were performed on an Atomic Force Spectrometer AFS-1 (Luigs
Neumann). Biolever cantilevers from Olympus/Bruker were used with a spring
constant of around 6 pN nm'. The spring constant was measured before each
experiment using the equipartition theorem within a software built-in procedure. Data
was recorded between 0.5 to 4 kHz for the force ramp measurements. For force-
extension experiments, the elongation was done at a constant velocity of 40 nm s™'.
For force-ramps experiments the force was ramped at 10pN-s' until 485 pN (starting
from 10 pN pushing F < 0). At this point it was holder to this force for 5 seconds to
ensure the 191 subdomain unfoldings. All AFM experiments were carried out at room-
temperature (~24 °C) in HEPES buffer at pH 7.0. Typically, 40 ul of the protein
sample (~uM concentration) was left around 20 minutes for adsorption on a fresh
gold coated surface, using gold evaporation (Oerlikon UNIVX350). After the
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adsorption time the sample was then rinsed of the gold surface by the HEPES buffer
to remove unbounded protein sample just before starting the measurements.

Dynabeads M-270 functionalization: In order to prepare and functionalize
magnetic beads (Dynabeads M-270; Invitrogen) with human fibronectin protein,
several steps are required. Initially, 5 mg of magnetic beads should be washed with
PBS using a magnetic rack for efficient pelleting. Following the washing step, the
beads need to be incubated in a MES solution containing 0.1M EDC and 0.7M NHS
for one hour at 20°C. Once the incubation is completed, the magnetic beads should
be washed twice with pH 6.5 PBS. Subsequently, 150-250 g of the desired protein,
human fibronectin, should be added to the beads, which are then incubated
overnight at 20°C. To terminate the functionalization process, a saturated solution of
glycine (20 mg) is introduced and left for 30 minutes. The functionalized magnetic
beads are then washed twice with PBS before being resuspended in 1 mL PBS for
further use.

Magnetic-like bacteria production: To bind our functionalized magnetic beads with
human fibronectin to Staphylococcus aureus SH1000 + FnBPA bacteria, we start by
growing the bacteria until they reach an O.D. of 0.2. Once the desired O.D. is
achieved, we mix 1 mL of the bacteria with 100 uL of functionalized magnetic beads
(0.5 mg) and incubate the mixture at room temperature with gentle agitation for a
maximum of 2 minutes. Care should be taken to avoid extended incubation to
prevent nonspecific binding. The goal is to bind the bacteria to the bead through
FnBPA present on the bacteria's cell wall and human fibronectin protein on the
bead's surface. The mixture is then washed three times with PBS, taking care to
pipet slowly to preserve the bacteria-bead bond. Finally, the bacteria and magnetic
bead tandem are resuspended in 1 mL of PBS, resulting in magnetically responsive
bacteria.

Glass slide functionalization: In order to prepare the adequate surface needed for
further we must begin by depositing the peptide onto the surface of a NHS-glass
slide (24x74mm) and allowing it to incubate overnight in a water-saturated
atmosphere. The slide is then washed twice with PBS (phosphate-buffered saline)
followed by a wash with PBS-T (PBS with Tween-20 0.5%). Next, the coverslip is
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blocked with 10% BSA (bovine serum albumin) in PBS-T for a duration of 2 hours.
After the blocking step, the slide is washed three times with PBS-T.

Magnetic tip calibration: To prepare the sample for measurement, a glass slide
(24x74mm) and a gasket (Sigma Aldrich) are used as the sample holder. The gasket
is pressed onto the slide after applying vacuum grease to the bottom. For force
calibration, the same magnetic beads (Dynabeads M-270; Invitrogen) used in
experiments are employed.

To initiate magnetic tip force calibration, the magnetic tip is installed in the confocal
microscope LSM 710. A high viscosity reference liquid called DMPS
Dimethylpolysiloxane is used. The DMPS is mixed with dynabeads inside the gasket.
The gasket is then inserted into the sample holder. The objectives used was 63X
and 100X, focusing on the magnetic beads. The tip is adjusted up or down to be in
the same focus as the beads.

The calibration process begins by starting the Time Series brightfield acquisition and
applying a desired voltage. Over time, the bead approaches and reaches the tip. The
acquisition of Time Series images is then stopped, and the images are saved. The
saved .Ism file can be analyzed using Imaged software with the Nano Tracking plugin
to estimate the coordinates and distances traveled by the magnetic beads towards
the tip.

In the analysis, conversion pixel-um factors, absolute viscosity, magnetic bead
radius, and sampling time are taken into account. Matlab files are executed to
estimate the drift of the tip, calculate bead velocity, and derive the distance between
the bead and the tip. Using Stokes' equation, the force is calculated based on
velocity and viscosity. The distance and force vectors are saved as, and a force-
distance curve is plotted. The curve is fitted with a power equation.

The measurements are performed in triplicate for the range of voltages applied by

the magnetic tip. A standard curve is constructed to correlate magnetic tip voltage,
distance, and force. This standard curve allows the determination of the magnetic
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force applied to the sample during actual measurements of bacteria attachment
forces.

Attachment force measurements: The methodology to measure bacterial
attachment force consist of sandwiched our studied bacteria between the magnetic
bead and the glass slide. That is, SH1000 + FnBPA bacteria are attached to the
glass slide surface functionalized with human fibronectin and to the magnetic bead
which is also functionalized with human fibronectin via the same specific binding.
Breaking the attachment can occur either by detaching the bacteria-magnetic bead
tandem from the glass slide or by separating the bacteria from the magnetic bead.
Both scenarios yield valid results.

Once we focus on a magnetic bead with a bacterium attached, we apply a ramp
protocol to the magnetic tip. The voltage applied to the tip increases linearly with
time (from 0 to 2.5V in 20s) while recording the process. By noting the precise
moment when the bacteria detach from either the glass surface or the magnetic
bead, we can calculate the applied voltage. Using the distance between the
magnetic-like bacteria and the magnetic tip, we extrapolate the magnetic force
applied to the bacteria using the established standard curve.
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Chapter VII:

Discussion






In the present thesis | have studied the mechanics of four proteins using smFS by
AFM. | have studied very labile proteins such as the Engrailed Homeodomain
(EnHD) and highly resistant proteins such as Caf1, uncovering the molecular
aspects behind such different mechanical behavior. The AFM technique provides
access to a wide range of mechanical force, from a few pN to nN, which cannot be
easily matched by any SMFS technique in use today. | have demonstrated that the
range of cooperativity and mechanical resistance that can be studied by this
technique extends from the most labile fast-folding proteins to the most resistant
ones, allowing us to study protein mechanics across the entire biologically relevant
protein mechanics spectrum.

The present work demonstrates that the AFM technique can be used to capture and
study labile proteins such as EnHD. | have observed a novel mechanical unfolding
behavior captured as sigmoid signature when extending the protein at a controlled
starting force of a few pN, which | interpret as multiple events of protein folding and
unfolding. This has allowed me to investigate features such as the plasticity of
transition state mechanics, a characteristic EnHD protein feature that defined its low
cooperativity. In the opposite spectrum, | have been able to study the high
cooperativity of the highly resistant protein Caf1.

The AFM technique permits the investigation of physical phenomena, such as the
downhill folding of fast-folding proteins. Nevertheless, | have also studied the
mechanical properties of other systems and related them to biological processes,
such as the viral and bacterial infection processes. In the two systems presented in
this thesis, CD4 and Caf1, | have observed that the battle between pathogens and
hosts has undergone a process of evolution and adaptation of the protein's
mechanical properties to overcome the host's defense systems and, in turn, defend
itself against the virulence of pathogens. And in most scenarios, the differences that
suppose the victory and the proliferation of the pathogenic organism are due
to minimal modification that entails subtle differences.
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In this thesis, | propose that the infection process of viral and bacterial infection is a
purely mechanical process or one in which protein mechanics plays a significant
role. Pathogens must first adhere to a cell and an organism in order to infect it.
Alternatively, in order to defend the organism against a microbial infection, the
immune system must interact with the pathogen via processes such as
phagocytosis, which have a crucial mechanical significance.

For a virus or bacterium to adhere to the surface of its target cell, it must interact with
its surface proteins and withstand the mechanical forces to which it is exposed in its
environment, such as the Brownian movements of the medium or the flows of blood
and other fluids shear forces. Proteins have been shaped to resist these mechanical
stresses likely by small margins. It is reasonable to assume that when a variant
capable of resisting these mechanical interactions emerged, it would proliferate
relative to the rest of its congeners, thus allowing a better adaptation.

On the other hand, the case of pathogens surviving the immune system can provide
us with a different perspective on the mechanical nature of evolution that certain
organisms may have undergone. For example, Yersinia pestis has developed
polymers that protect it from phagocytosis by macrophages. This is because these
polymers are non-adhesive and resistant to mechanical stress. And once more, this
resistance is just marginal in order to evade the phagocytosis process of the
macrophage, as | have observed that point mutations that reduce their mechanical
stability by only 20% are sufficient to turn this evasion ineffective.

For these reasons, | have centered the following steps of this thesis on the
modulation of the mechanical stability of proteins, instead of the modification of their
genetic sequence and structure, which has already been extensively studied. | have
developed a search strategy for small molecules with mechano-regulatory capability.
This methodology allows us to search for molecules that could potentially be used in
vivo to regulate the folding and unfolding mechanics and dynamics of already
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expressed and functional proteins. | have used methodologies such as high-
throughput screening and molecular docking, which are commonly employed by the
pharmaceutical industry in the search for and development of new drugs. To the best
of my knowledge, this is the first of approach that using drug-discovery approaches,
targets the mechanical stability of proteins.

Knowing the mechanical properties of proteins involved in infection processes and
potentially being able to intervene them, would allow us to approach therapies
against infections from a mechanical perspective, advancing the concept of
mechanopharmacology and allowing the treatment of antibiotic-resistant bacteria.
As it is well-known, the rise of antibiotic-resistant bacteria is alarming, and the
development of alternative or combined therapies to replace antibiotics is becoming
increasingly important.

| have demonstrated the utility of this methodology by identifying three molecules
that modulate the mechanical stability of the CD4 protein, doubling its stability. It has
been reported that the monoclonal antibody Ibalizumab prevents the entry of the HIV
virus due to a stabilization of the CD4 protein, (Perez-Jimenez et al. 2014) it prevents
its unfolding by the virus, a crucial step in the mechanism of virus entry. Whether
these three molecules have a similar effect on viral entry is an open question beyond
the scope of this thesis, but it certainly opens a new line of research.

| have focused the last efforts of this thesis on the development of a technique that
allows us to quantitatively measure the adhesion force of bacteria at the level of a
single cell, allowing us to study all these infection processes not only at the molecular
level but also at the cellular level. Once this technique has been completed, | will be
able to determine the precise binding forces of various pathogens to their target cells
and, combined with the previously described method, search for mechano-
regulators that will allow us to modulate these interactions and thereby prevent
bacterial adhesion.
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This thesis studies protein mechanics across its entire spectrum and not just their
physical properties, but also opening the frontiers that connect protein physics with
biological processes and developing useful methodologies for controlling the
mechanics of proteins in biologically relevant systems connected to diseases.
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Reagents:

I.

II.

III.

VI.

VII.
VIII.

IX.

XI.

XIIL

XIIIL

XIV.

XVI.

XVII.
XVIIL

E. coli XL1-Blue: (Agilent) https://www.agilent.com/en/product/mutagenesis-
cloning/competent-cells-competent-cell-supplies/competent-cells-for-routine-
cloning/xI1-blue-competent-cells-233099

E. coli C41: (Sigma)
https://www.sigmaaldrich.com/GB/en/product/sigma/cmc0017

Mix & Go! Transformation Kit: (Zymo Research)
https://www.zymoresearch.com/products/mix-and-go-e-coli-transformation-kit
SOC media: (Invitrogen) https://www.fishersci.es/shop/products/invitrogen-s-o-c-
ready-to-use-medium/11528896

Carbenicillin disodium salt: (Fisher)
https://www.fishersci.es/shop/products/gibco-carbenicillin-disodium-
salt/11568616

GeneJET miniprep kit: (ThermoFisher)
https://www.thermofisher.com/order/catalog/product/K05037?SID=srch-srp-K0503
IPTG: (Sigma) https://www.sigmaaldrich.com/GB/en/substance/iptg23830367931
Laemmli sample buffer: (Bio-rad) https://www.bio-rad.com/es-es/sku/1610747-4x-
laemmli-sample-buffer?ID=1610747

Tris-Glycine-SDS, 10x Solution: (Fisher)
https://www.fishersci.com/shop/products/tris-glycine-sds-10x-solution-
electrophoresis-fisher-bioreagents-2/p-29189

Coomassie Blue: (Thermo Scientific)
https://www.thermofisher.com/order/catalog/product/20278

Protease inhibitor: (Millipore)
https://www.merckmillipore.com/ES/es/product/Protease-Inhibitor-Cocktail-Set-111-
EDTA-Free-Calbiochem,EMD_BIO-539134

Syringe filter 0.8 mm: (Sartorius)
https://www.ddbiolab.com/frontoffice/article/150492

Syringe filter 0.45 mm: (Agilent) https://www.agilent.com/en/product/sample-
preparation/filtration/syringe-filters?gclid=CjwKCAjwrqgSBhBbEiwAIQegGmcnj8-
60JOdok3ulbVQkekNrsj_c10_ofiHEQ372th52NNiC-
NpJBoCKkT8QAvVD_BwE&gclsrc=aw.ds

Syringe filter 0.22 mm: (Sartorius)
https://www.sigmaaldrich.com/GB/en/product/supelco/16534k?gclid=CjwKCAjwrg
gSBhBbEiwAIQegGggdPnD850aSohyZDAUUJDKkmymM-
zwoc8UaCSzcaQYqlZ5bscOjt1BoCxEAQAVD_BwE

HisPur Cobalt Resin: (Thermo scientific)
https://www.merckmillipore.com/ES/es/product/Protease-Inhibitor-Cocktail-Set-I11-
EDTA-Free-Calbiochem,EMD_BIO-539134

HisPur Nickel Resin: (Thermo scientific)
https://www.thermofisher.com/order/catalog/product/252157?SID=srch-srp-25215
Imidazole: (Sigma) https://www.sigmaaldrich.com/GB/en/product/sigma/i5513
Hydrogen peroxide 100 volumenes > 30% w/v: (Fisher)
https://www.fishersci.es/shop/products/hydrogen-peroxide-30-w-v-100-volumes-
extra-pure-sir-2/10687022
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XIX.

XXII.

XXII.

XXVI.

Instruments:

Electrophoresis system: (Bio-rad) https://www.bio-rad.com/es-
es/category/second-dimension-mini-format-electrophoresis-
systems?ID=1d552427-b697-4946-9486-a8724a0d 1fcd

Nanodrop 2000L spectrophotometer: (Thermo scientific)
https://www.thermofisher.com/order/catalog/product/ND-2000

Centrifuge 5910R: (Eppendorf) https://online-shop.eppendorf.es/ES-
es/Centrifugacion-44533/Centrifugas-multiproposito-1007 184/Centrifuge-5910Ri-
PF-963296.htm!

Centrifuge high-speed Sorvall Lynx 6000: (Thermofisher)
https://www.thermofisher.com/order/catalog/product/75006590

Gel Documentation System XR+: (Bio-rad) https://www.bio-rad.com/es-
es/product/gel-doc-xr-gel-documentation-system?ID=0494WJE8Z

AKTA pure fast protein liquid chromatography (FPLC): (GE Healthcare)
https://www.cytivalifesciences.com/en/us/shop/chromatography/chromatography-
systems/akta-pure-p-05844

HiLoad 16/600 Superdex 200pg: (Cytiva)
https://www.sigmaaldrich.com/GB/en/product/sigma/ge28989335

Buffers:

XXVII.
XXVIII.

XXIX.
XXX.
XXXI.
XXXII.

244

Extraction Buffer: (pH 7, Sodium phosphate 50 mM and NaCl 300 mM)

Elution Buffer: (pH 7, Sodium phosphate 50 mM, NaCl 300 mM and Imidazole
500mM)

Running buffer: (Tris-Glycine-SDS 1x)

Staining buffer: (

Washing buffer: (80% Milli-Q water, 10% Ethanol, 10% Acetic acid v/v)
HEPES Buffer: (pH 7.2, NaCl 150 mM and EDTA 1 mM)



Sequences appendix:

e |9 12-CD4-I9 12

LIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOWKLKGQPLTASPDCE
ITEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELIEVEKPL
YGVEVEVGETAHFEIELSEPDVHGOWKLKGQPLTASPDCEITIEDGKKH
ILILHNCQLGMTGEVSFQAANAKSAANLKVKERSRSGSSKKVVLGKKG
DTVELTCTASQKKSIQFHWKNSNQIKILGNQGSFLTKGPSKLNDRADS
RRSLWDOGNFPLITKNLKIEDSDTYICEVEDQKEEVQLLVEGLTANSD
THLLOGOQSLTLTLESPPGSSPSVQCRSPRGKNIQGGKTLSVSQLELQD
SGTWTCTVLONQKKVEFKIDIVVLAFQKASSRSLIEVEKPLYGVEVEV
GETAHFEIELSEPDVHGOWKLKGQPLTASPDCEITEDGKKHILILHNC
QLGMTGEVSFQAANAKSAANLKVKELIEVEKPLYGVEVEVGETAHFET
ELSEPDVHGOWKLKGOPLTASPDCEITEDGKKHILILHNCQLGMTGEV
SFOAANAKSAANLKVKERS

e |9 12-C‘¢1f1WT-I9 1 P)

MRGSHHHHHHGSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOWKL
KGOPLAASPDCEITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANL
KVKELRSLIEVEKPLYGVEVEFVGETAHFEIELSEPDVHGOQWKLKGQOPL
AASPDCEITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANLKVKEL
RSPARITLTYKEGAPITIMDNGNIDTELLVGTLTLGGYKTGTTSTSVN
FTDAAGDPMYLTEFTSQODGNNHQEFTTKVIGKDSRDEDISPKVNGENLVG
DDVVLATGSQDFEFVRSIGSKGGKLAAGKYTDAVTVITVSTGSGNGADLT
ASTTATATLVERSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGQWK
LKGOPLAASPDCEITIEDGKKHILILHNCQLGMTGEVSFQAANTKSAAN
LKVKELRSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOWKLKGQP
LAASPDCEITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANLKVKE
LCC
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e |9 12-Caf1 A51—I9 1 P)

MRGSHHHHHHGSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOWKL
KGOPLAASPDCEITEDGKKHILILHNCQLGMTGEVSFQAANTKSAANL
KVKELRSLIEVEKPLYGVEVEFVGETAHFEIELSEPDVHGOQWKLKGQOPL
AASPDCEITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANLKVKEL
RSPARITLTYKEGAPITIMDNGNIDTELLVGTLTLGGYKTGTTSTSVN
FTDAAGDPMYLTEFTSQODGNNHQEFTTKVIGKDSRDEFDISPKVNGENLVG
DDVVLATGSQDFEFVRSIGSKGGKLAAGKYTDAVTVITVSTGSGNGADLT
ASTTATATLVERSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGQWK
LKGOPLAASPDCEIIEDGKKHILILHNCQLGMTGEVSFQAANTKSAAN
LKVKELRSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOQWKLKGQP
LAASPDCEITIEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANLKVKE
LCC

19 12-Caf1 T7L-I9 1 2

MRGSHHHHHHGSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOWKL
KGOPLAASPDCEITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANL
KVKELRSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOQWKLKGQOPL
AASPDCEITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANLKVKEL
RSPARITLTYKEGAPITIMDNGNIDTELLVGTLTLGGYKTGTTSTSVN
FTDAAGDPMYLTEFTSQODGNNHQEFTTKVIGKDSRDEDISPKVNGENLVG
DDVVLATGSQDFEFVRSIGSKGGKLAAGKYTDAVTVITVSTGSGNGADLT
ISTTATATLVERSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGQWK
LKGOPLAASPDCEITIEDGKKHILILHNCQLGMTGEVSFQAANTKSAAN
LKVKELRSLIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOQWKLKGQP
LAASPDCEITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANLKVKE
LCC



e 101 2-EIIHD-I9 1 P)

LIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOWKLKGQPLAASPDCE
ITEDGKKHILILHNCQLGMTGEVSEFQAANTKSAANLKVKELSSLIEVE
KPLYGVEVEVGETAHFEIELSEPDVHGOWKLKGOPLAASPDCEITIEDG
KKHILILHNCOQLGMTGEVSEFQAANTKSAANLKVKELRPRTAFSSEQLA
RLKREFNENRYLTERRROQOLSSELGLNEAQIKIWEFONKRAKISSLIEV
EKPLYGVEVEVGETAHFEIELSEPDVHGOWKLKGQPLAASPDCEITIED
GKKHILILHNCQLGMTGEVSFQAANTKSAANLKVKELSSLIEVEKPLY
GVEVEVGETAHFEIELSEPDVHGOWKLKGQPLAASPDCEITEDGKKHI
LILHNCQLGMTGEVSFQAANTKSAANLKVKELSSCC

o 1913-Fnl(2-5)-FnBR1-191»

LIEVEKPLYGVEVEVGETAHFEIELSEPDVHGOWKLKGQPLTASPDCE
ITEDGKKHILILHNCQLGMTGEVSFQAANAKSAANLKVKELLIEVEKP
LYGVEVFVGETAHFEIELSEPDVHGOQWKLKGQPLTASPDCEIIEDGKK
HILILHNCQLGMTGEVSFQAANAKSAANLKVKELRSRSAEETCFEFDKYT
GNTYRVGDTYERPKDSMIWDCTCIGAGRGRISCTIANRCHEGGQSYKT
GDTWRRPHETGGYMLECVCLGNGKGEWTCKPIAEKCFDHAAGTSYVVG
ETWEKPYQGWMMVDCTCLGEGSGRITCTSRNRCNDQDTRTSYRIGDTW
SKKDNRGNLLQCICTGNGRGEWKCERHTSGGGSGGGSnekngpiignn
kfeykedtiketltggydknlvttveeeydsRSLIEVEKPLYGVEVFV
GETAHFEIELSEPDVHGOQWKLKGQPLTASPDCEITEDGKKHILILHNC
QLGMTGEVSFQAANAKSAANLKVKELLIEVEKPLYGVEVFVGETAHFE
IELSEPDVHGOQWKLKGQPLTASPDCEIIEDGKKHILILHNCQLGMTGE
VSFQAANAKSAANLKVKELSSCC
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Listof
abbreviations






AFM
AFS
AIDS
AmpR
Caf1
CIfA
CmR
CWA
DTS
En-1
En-2
EnHD
FBS
FBRs
FC
FJC
FnBPA
FnBPB
FR
FRET
FX
HIV-1
HTVS
IPTG
MCS
MHC
MRSA
MSCRAMM
MT
oT
PD
PZA
SMFS
SUPROMER

Atomic force microscopy

Atomic force spectroscopy

acquired immunodeficiency syndrome
Ampicillin resistance gene

capsular antigen fraction 1

Clumping factor A

Chloramphenicol resistance gene
Cell wall anchored proteins

Distance to transition state
Engrailed-1

Engrailed-2

Engrailed Homeodomain

Forbidden binding sites

Fibronectin binding repeats

Force clamp

Freely-jointed chain

Fibronectin binding protein A
Fibronectin binding protein B

Force ramp

Foster resonance energy transfer
Force extension

Human immunodeficiency virus-1
High-throughput virtual screening
Isopropyl-B-D-thiogalactoside

Multiple cloning site

Mayor histocompatibility complex
Methicillin-resistant Staphylococcus aureus
Microbial surface recognizing adhesive matrix
Magnetic tweezers

Optical tweezers

Photodetector

Piezoelectric actuator
Single-molecule force spectroscopy
Surface-protein mechanical regulators
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T3SS Type Ill secretion system
WLC Worme-like chain
Yop Yersinia outer membrane protein
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