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RESUMEN 

La evolución es un proceso complejo y altamente dinámico que depende de múltiples 

variables. En los organismos extremófilos la evolución se muestra en todo su esplendor al 

adaptar lo funcional mediante cambios simples pero efectivos. Las proteínas extracelulares 

de la bacteria acidófila Acidithiobacillus thiooxidans, objeto de estudio en este trabajo, 

evidencian este fenómeno. 

El propósito de esta tesis es describir las características intrínsecas de las proteínas que 

forman parte del apéndice extracelular conocido como pilum de At. thiooxidans. Esta 

descripción abarca análisis in silico y experimentales en los cuales las proteínas se exponen 

a diversas condiciones que permiten inferir las características que las hacen resilientes a las 

condiciones extremas donde este organismo se encuentra, así como comprender los 

mecanismos que facilitan la transmisión de diferentes estímulos desde el exterior hacia el 

interior de la célula. Nos enfocamos en dos proteínas: la pilina minoritaria PilV y la proteína 

adhesina PilY1, ambas ubicadas en la parte más apical del pilus y por ende, las más expuestas 

al ambiente donde At. thiooxidans  se desarrolla. En cuanto a los resultados in silico, este 

trabajo destaca: a) la propuesta del desorden y la composición de aminoácidos como posibles 

mecanismos de resistencia a ambientes extremos oxidantes y ácidos, y b) la respuesta a 

ciertos estímulos externos ocurre a través de dominios conservados que concuerdan con la 

propuesta mencionada anteriormente. Los resultados experimentales, por su parte, son 

consistentes con los análisis in silico, destacando: a) la metodología para obtener la expresión 

heteróloga de proteínas de microorganismos extremófilos, b) la confirmación de los 

resultados in silico, ya que se demostró que las características intrínsecas que poseen estas 

proteínas les permite ser funcionales dada su resiliencia a cambios de pH desde muy ácidos 

hasta básicos y c) el inicio de la caracterización del transporte de electrones a través de las 

pilinas de At. thiooxidans. 

En términos generales, la importancia de este trabajo radica en la descripción del pilus de At. 

thiooxidans desde un enfoque proteómico, lo que permitió proponer un modelo de resistencia 

al pH, extrapolable a otros géneros de bacterias acidófilas utilizadas en los procesos mineros.
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ABSTRACT 

Evolution is a complex and highly dynamic process that depends on multiple variables. In 

extremophilic organisms, evolution is showcased in all its splendor by adapting functionality 

through simple yet effective changes. The extracellular proteins of the acidophilic bacterium 

Acidithiobacillus thiooxidans, the subject of this study, demonstrate this phenomenon. 

The purpose of this thesis is to describe the intrinsic characteristics of the proteins that are 

part of the extracellular appendage known as the pilus of At. thiooxidans. This description 

encompasses in silico and experimental analyses in which the proteins are exposed to various 

conditions that allow inferring the characteristics that make them resilient to the extreme 

conditions where this organism is found, as well as understanding the mechanisms that 

facilitate the transmission of different stimuli from the exterior to the interior of the cell. We 

focus on two proteins: the minor pilin PilV and the adhesin protein PilY1, both located in the 

most apical part of the pilus and therefore the most exposed to the environment where At. 

thiooxidans develop. Regarding the in silico results, this work highlights: a) the proposal of 

disorder and amino acid composition as possible mechanisms of resistance to extreme 

oxidative and acidic environments, and b) the response to certain external stimuli occurs 

through conserved domains that align with the aforementioned proposal. The experimental 

results, on the other hand, are consistent with the in silico analyses, emphasizing: a) the 

methodology for obtaining heterologous expression of proteins from extremophilic 

microorganisms, b) the confirmation of the in silico results, as it was demonstrated that the 

intrinsic characteristics of these proteins allow them to be functional given their resilience to 

pH changes from highly acidic to basic, and c) the initiation of the characterization of electron 

transport through the pilins of At. thiooxidans. 

In general terms, the importance of this work lies in the description of the At. thiooxidans 

pilus from a proteomic approach, which allowed proposing a pH resistance model 

extrapolable to other genera of acidophilic bacteria used in mining processes. 
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CHAPTER I 

Global Introduction 

The type 4 pili in Bacteria 

Motility is a common characteristic in prokaryotes, offering each microorganism a movement 

advantage. Flagella and pili (or fimbriae) are filamentous structures involved in motility that 

differ in length, protein composition, and functions (Bardy et al., 2003). 

Pili in Gram-negative bacteria have been classified into five major classes: P pili, curli pili, 

type I pili, type IV pili, and type V pili. Type IV pili (T4P) is unique as it is found in both 

Gram-positive and Gram-negative bacteria (Fronzes et al., 2008; Melville and Craig 2013; 

Shanmugasundarasamy et al., 2022). Additionally, in Archaea, there are appendages highly 

related to T4P called archaellum (Daum and Gold 2018; Wang et al., 2020). 

Type IV pili serve a variety of functions. One of the most remarkable being twitching 

motility. This movement allows prokaryotic cells to “walk” in non-aqueous environments. 

Such motility becomes crucial when cells form colonies on solid substrates or semi-solid 

surfaces. The twitching motion involves the rapid extension, adhesion, and subsequent 

retraction of the pili, ensuring that the cell is pulled forward in the direction of the pili 

assembly. This motility is complex and multifactorial dependent, leading to diverse cell 

movements between surfaces and species (Maier and Wong 2015). 

But motility is just the top of the iceberg. The T4P is involved in adhesion to a wide variety 

of biotic and abiotic surfaces (Lu et al., 2015), DNA exchange (Rudel et al., 1995; Averhoff 

and Friedrich 2003; Ronish et al., 2022) and sensing. Thus, it plays a role in promoting 

processes such as bacterial virulence, auto-aggregation, biofilm formation, intercellular 

communication and natural transformation in bacteria (Siryaporn et al., 2014; Ossa-Henao et 

al., 2014; Tang et al., 2018; Webster et al., 2021). 

The T4P is a large complex that includes at least ten conserved core proteins for its biogenesis 

in prokaryotes. T4P has been classified into three subclasses pili’ types: IVa (T4aP), IVb 

(T4bP) and Tad pili recently designated as type IVc (T4cP). 
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The subtypes of T4P share similar architecture and biogenesis involving protein complexes 

in intracellular, periplasmic and extracellular spaces, and includes: an ATPase that provides 

energy for elongation (polymerization), one peptidase that removes the leader peptide, a 

platform complex that interacts with the ATPase, a secretin complex that directs the output 

of pili to the extracellular space, an alignment and stability multiprotein complex in 

periplasmic and intracellular spaces, the major pilin subunits forming the pili structure, and 

finally, some minor pilin subunits. Actually, the subclasses T4P has been categorized accord 

to protein enrichment mostly. The T4aP exhibits greater complexity, followed by T4bP; the 

T4cP is the simplest among T4P. Similitudes and differences in protein diversity between 

T4P subclasses are resume in Table 1 (Ayers et al., 2010; Koo et al., 2013; Melville and 

Craig 2013; Pelicic 2019; Ligthart et al., 2020; Pelicic 2023). 

Table 1. Differences between T4P pili subclasses. Modified of Pelicic (2023) and 

completed from Ayers et al., (2010) 

Protein diversity in Type 4 pili subclasses 

Extracellular proteins 

Pilus component 

T4aP 
(P. aeruginosa) 

T4bP 
(V. cholerae) 

T4cP 
(A. actinomycetemcomitans) 

Major pili PilA TcpA Flp1 

Minor pilins 

FimU TcpB TadE 

PilV None TadF 

PilW None 

None 
PilX None 

PilE None 

Non pilin located tip PilY1 TcpF 

Inner/inter membrane proteins 

Peptidase PilD TcpJ TadV 

Extension ATPase PilB TcpT TadA 

Retraction ATPase PilT/PilU None None 

Platform PilC TcpE TadB/TadC 

Alignment and stability 
complex 

PilM TcpR TadG 

PilN TcpD TadZ 

PilO TcpS None 

PilP None None 

Outer membrane proteins 
Secretin PilQ TcpC RcpA 

Pilotin PilF None RcpB/RcpC/TadD 
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Other accessory proteins can complement those ten basic proteins; one of them is a non-pilin 

protein commonly referred as adhesins (e.g PilY1, PilC1/2 or TcpF) (Table 1). This non-pilin 

is attached to the pili tip and has a larger molecular weight than the structural minor and 

major pilins. Both T4aP and T4bP possess this tip protein, but T4cP does not. The functions 

of this non-pilin in the pili structure is unclear and although in some species is reported only 

as adhesin; in other it is involved in priming the assembly together with minor pilins and 

even like promoter regulator of pili to such a degree that it is elimination is translated in loss 

of piliation (Rudel et al., 1995; Nguyen et al., 2015; Oki et al., 2022). Other additional protein 

are pilotins, which are implicated in the secretin attachment in the outer membrane (Koo et 

al., 2008, 2013). Finally, the minor pilins even presents in the three subclass of T4P, they are 

more heterogeneous in T4aP (being able contains five different), while T4cP has only two 

and T4Pb usually had one; nevertheless, this does not means that pili structure has only few 

of these, for example, the minor PilV in N. meningitides is founded intercalated with the 

major pili PilE through entire pili (Barnier et al., 2021). 

The T4aP structure and characteristics 

The T4aP is a good example of a super nanomachine. Being the most complex of T4P, has 

the particularity that possess distinct ATPases, one for elongation ATPase (PilB) and other 

for pili retraction ATPase (PilT/PilU), which depolymerizes the pili fiber (Comolli et al., 

1999; Jakovljevic et al., 2008; Chlebek et al., 2019). So actually, the retraction ATPase and 

more minor pilins are a landmark for the T4aP. 

The T4aP subtype has been widely studied in pathogenic bacteria, with pili of Pseudomonas 

aeruginosa and Myxococcus xanthus being the most well-characterized at the genetic 

expression and regulation levels, as well as the functions and structures of several pili 

proteins or complete pilus assemblies have been resolved in these pathogens. Enlisted 

proteins in Table 1 use the nomenclature with which they are named in P. aeruginosa. 

T4a pilus structural proteins 

The genes responsible for the T4aP structure are typically encoded in four different operons. 

The first operon, pilA-D, includes genes for PilA (the major pilin), PilB (elongation ATPase), 

PilC (platform cytoplasmic protein), and PilD (the peptidase). The second operon, 

pilUVWXEY1, includes genes coding for the minor pilins (FimU, PilV, PilW, PilX and PilE) 



10 

 

and the non-pilin protein (PilY1). The third operon, pilM-Q, encompasses the proteins PilM, 

PilN, PilO, PilP and PilQ, all of which are part of the alignment and stability complex in the 

inner membrane. Finally, the fourth operon, pilTU, encodes the PilT and PilU retraction 

ATPases (Alm et al., 1996; Hmelo et al., 2015). 

Major pilin PilA and minor pilins are named prepilins when they have leader signal (first six 

at ten amino acids, a type III signal peptide); they mature by action of peptidase PilD, which 

recognize and cleaved the bond between glycin (Gly)-phenilalanine (Phe), then Phe is 

methylated again by PilD that recognize glutamate (Glu) in the fifth position of mature pilin 

(Mcdonald et al., 1993). Accordingly, one manner to recognize pilins is by high conserved 

signal peptide (Giltner et al., 2010). 

Once pilins are matured in the inner membrane along with PilY1, the next process involves 

their expulsion and polymerization. This is facilitated by PilB, which undergoes 

conformational changes during ATP hydrolysis, resulting in two states (open and closed). 

These motions are then transmitted to the platform protein PilC. The growing fiber passes 

through the complex located in the intermembrane space and formed by PilM, PilN, PilO, 

and PilP; lastly, the pilus is exiting through the secretin PilQ pore (Burrows 2012; Pelicic 

2023). 

Acidithiobacillus thiooxidans 

At. thiooxidans is a gram-negative bacterium (Mahoney and Edwards 1966) usually founded 

in mine wastes, was isolated for first time by Waksman and Joffe (1921). At. thiooxidans is 

capable of oxidizing sulfur and other reduced inorganic sulfur compounds (RISCs) to obtain 

energy, using CO2 as carbon source; accordingly, At. thiooxidans is a chemolithoautotrophic 

microorganism. Because also produce sulfuric acid during RISCs biooxidation, At. 

thiooxidans is an acidophil that survives in environments with pH around 1. At. thiooxidans 

is mesophilic (optimum temperature 28 °C) and aerobic, it is rode-shape of ca. <2 μm that 

forms very small colonies (0.5 mm to <2 mm) in solid medium (Waksman and Joffe 1922; 

García-Meza et al., 2013) (Fig. 1). 
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Figure 1. Left: Temporal course of At. thiooxidans and pH changes in culture (from Waksman and Joffe 1922). Right: 

Scanning electron microscopy (SEM) image of At. thiooxidans (scale bar 5μm). Rod shape morphology is clear in this 

micrography (from García-Meza et al., 2013). 

Living at low pH is not the only prowess of Acidithiobacillus genus, they are soak up in high 

redox environment and heavy metals. The reducing power makes that cells are in constant 

electron exchange with the extracellular matrix; so, these microorganisms are considered 

bioelectrogenics (or electricigens) (García-Meza et al., 2013; Fernández-Reyes et al., 2018). 

T4aP in At. thiooxidans  

The growing interest in stems of Acidithiobacillus spp. (e.g. At. ferrooxidans -an iron-

oxidizing- and At. thiooxidans, usually are found working together in bacterial consortia) 

from its natural bioleaching process, is because are particularly applied for the release of 

more or less occluded valuable metals such as Au, Ag, and Cu from oxidizing of sulfide 

minerals like pyrite (FeS2) and chalcopyrite (CuFeS2) (Diao et al., 2014, Yang et al., 2019; 

Jiménez-Paredes et al., 2021). 

In the process of sulfide ore oxidation, intricate biochemical reactions occur at the interface 

between bacteria and minerals. The capacity of bacteria associated with minerals to control 

interfacial processes including adhesion and biofilm formation, is crucial. 

In At. thiooxidans and At. ferrooxidans, bio-oxidation and bioleaching mechanisms have 

been studied using genomic and metabolic approaches; firstly, extracellular polymeric 

substances (EPS) (Harneit et al., 2006; González et al., 2011) or diverse periplasmic proteins 



12 

 

(Chi et al., 2007) were noted (overexpressed) in these processes. On the other hand, Dispirito 

et al., (1982) already found that At. ferrooxidans had pili, but the type was not identified. All 

those works eventually led to founded that the T4P was involved not only in adhesion, but 

also in motility, biofilm formation and in electrons transfer (Li et al., 2010; Li and Li 2014; 

Tang et al., 2018), at least in At. ferrooxidans. 

Given that Acidithiobacillus genus members are genetically related, it is expected that they 

possess general similarities, and it is. In draft genome sequences, motility and biofilm 

formation genes were found (Valdés et al., 2007, 2011; Quatrini et al., 2017); among them, 

the genes for T4P, specifically the T4aP subclass, were found (Díaz et al., 2017). Second 

evidence about that Acidithiobacillus could had a T4aP is that contains PilT and PilU 

retraction ATPases (Li et al., 2013). However, T4aP involved genes had been poorly studied 

in At. thiooxidans. Indeed, the work of Li et al., (2010, 2014) and Tang et al., (2018) of At. 

ferrooxidans, assume that pilV and pilW genes are likely the major pilin subunits of T4aP; 

any study has been refused or confirmed it. Taken in count the above information about the 

T4aP in pathogenic bacteria, the assumption about what PilV or PilW are the major pilin 

could be wrong. 

Following the findings of Li and collaborators for At. ferrooxidans, our group sequenced and 

confirmed the expression of three genes involved in T4aP in At. thiooxidans: pilV, pilW and 

pilY1, and the translated sequence analysis revealed more similitudes with the P. aeruginosa 

and M. xanthus minor pilins that with major pilin of the same bacteria (Alfaro-Saldaña et al., 

2019). 

At. thiooxidans T4aP opens a Pandora´s box 

The combination of environmental and cellular characteristics of At. thiooxidans is unique. 

On one hand, it thrives under conditions of low pH, high redox potential and high metals 

concentration. On the other hand, At. thiooxidans “utilizes” one of the more complex Type 

IV pili structures, the T4aP, which have been confirmed by their involved in adhesion to 

sulfur minerals and twitching motility. Adding to the above features, this bacteria is 

electrogenic, presenting a set of intriguing unknowns that, when unraveled, could lead to 

even more interesting answers and open up a range of biotechnological possibilities. 
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Adaptive mechanisms in proteins of extremophiles acidophiles 

The adaptive changes in all live forms are amazing. But in unicellular organisms a lightly 

change could be the difference between live or die. At. thiooxidans lives maintaining the 

equilibrium between extremely low pH out and near neutral pH (~6.5) into the cell: this 

means that At. thiooxidans is adapted to a great intracellular and extracellular pH (protons) 

gradient (Fig. 2) (Yin et al., 2019). 

 

 

Figure 2. Changes in pH extracellular (out) and intracellular (in) in At. thiooxidans through the days, (From Yin et al., 

2019). 

In acidophiles, distinct mechanisms to thrive at low pH have been reported: potassium 

channels that generates an electrochemical gradient which enables the exit of H+ at 

extracellular space or antiporters or pumps to export protons, alterations in membrane 

structure, reduction of the membrane permeability or high of alkaline amino acids to buffered 

the cytoplasm, to name a few (González-Rosales et al., 2022): all these mechanisms have 

been evolved in acidophiles (Boase et al., 2022). However, pilus of this bacteria is not 

necessarily “protected” against pH by the defense mechanisms cited above. Then, At. 

thiooxidans pilus should possessed an intrinsic mechanism to resist acidic conditions. 



14 

 

If we consider the fact that pili is formed by proteins, then these proteins are which really 

support the environment onslaught. Acidostable proteins exists in prokaryotes and 

eukaryotes cells and their study is a model to search for biotechnological applications (de 

Champodoré et al., 2007). The effects and resistance at low pH involved proteins changes in 

total charge, superficial charges, disordered regions or hydrophobicity (Thomas et al., 1977; 

Matzke et al., 1997; Dumetz et al., 2008). One pioneer work in flagellum of At. thiooxidans 

showed that this extracellular appendage formed by flagellin subunits tolerates pH of 1.0 and 

urea at 6 M maintains their function in live cells (Doetsch et al., 1967). Hence, pilus could 

tolerate similar conditions. 

Electron transfer by the pili 

Electron transfer through pili has been reported in non-acidophilic bacteria. The most studied 

is the T4P of Geobacter sulfurreducens. The T4P implication in extracellular electron 

transfer (EET) has been confirmed (Reguera et al., 2005; Malvankar et al., 2011; Sun et al., 

2021). In addition, the T4P of Flexistipes sinusarabici, Calditerrivibrio nitroreducens, 

Desulfurivibrio alkaliphilus, Aeromonas hydrophila as well as At. ferrooxidans for citing 

some ones, have been described with EET capacity (Castro et al., 2014; Li and Li 2014; 

Walker at al., 2018). The applications possible of this conductive pili are promising; the most 

obvious is as nanowires (Sure at al., 2016) hence, tunable and high production performance 

protocols have been proposed (Malvankar et al., 2011; Ueki et al., 2019; Shu et al., 2020; 

Szmuc et al., 2023). However, the exact mechanism for electron transport through the pili 

filament remains unclear; some reports point to the presence of cytochromes along pili 

(Leang et al., 2010); the most accepted theory to explain the EET by pilus, are the presence 

of aromatics amino acids in pilins that facilitate the electron flow along pilins (Vargas et al., 

2013; Shu et al., 2019; Liu et al., 2022). Nevertheless all this evidence, is not entirely clear 

whether all T4P of electrogenic bacteria conduct electrons and if they use the same 

mechanism or exists different ones accord the environmental conditions where bacteria live. 

The PilY1 N-terminal domain role is more unclear than ever 

PilY1 was related in functions with N. gonorrhea adhesin PilC since its C-terminal is 

sequentially and structurally similar. However, the “adhesin” PilY1 implication into the pili 

implies to promote the pili biogenesis or to acts as superficies and shear sensor (Kuchma et 
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al., 2010; Johnson et al., 2011; Siryaporn et al., 2014; Parker et al., 2015; Webster at al. 

2021). Although the presence of PilY1 in T4aP is well documented in P. aeruginosa and M. 

xanthus, its tertiary structure has been solved only for its C-terminal domain (Orans et al., 

2010), while its N-terminal domain and subdomains´ structures remain unresolved. For 

example, the N-terminal von Willebrand A (vWA) like domain had been described in the N-

terminal PilY1 of P. aeruginosa, At. thiooxidans and other bacteria by homology using 

bioinformatics aproaches (Siryaporn et al., 2014, Alfaro et al., 2019, Webster et al., 2021, 

Xue et al., 2022), but its role in PilY1 and the vWA evolved through different bacteria 

species, is a mystery. 
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Significance 

The At. thiooxidans T4aP offers the opportunity to understand the intricate equilibrium 

between functionality and resilience, which motivate us to found approaches to explore the 

biochemical and biophysical process as adaptive “skills” of a protein structure exposed to an 

extreme environment. Also, to contribute insights to know how this complex nanomachine 

works facing at low pH while transfer electrons. 

The present work pretends to characterize the strategies against extreme pH changes in 

structural pili proteins, to elucidated if FimT, PilV, PilW, and PilX are minor or major pilins, 

to measure currents that could be pass through a pilin and finally, to inspect on PilY1 

functions and its role in the T4aP of At. thiooxidans. 

Objective 

Structural and biophysical insights of the minor pilins and adhesin PilY1 of At. thiooxidans 

ATCC19377. 

Specific objectives 

 To employ bioinformatics approaches to search the loci of minor pilins and PilY1 

genes of At. thiooxidans 

 To utilize bioinformatics approaches to predict the secondary and tertiary structures 

of minor pilins and PilY1 of At. thiooxidans 

 To apply bioinformatics methods to identify disorder, isoelectric point, amino acid 

composition, and pH effects in minor pilins and PilY1 of At. thiooxidans 

 The heterologous expression and purification of minor PilV of At. thiooxidans 

 To analyze the fluorescence spectrum to assess the tertiary structure before and after 

the exposure of PilV of At. thiooxidans to different pH 

 To construct a device to determine the electric current through proteins in solution 

 To evaluate the conductance of the minor pilin PilV of At. thiooxidans  

 To perform in silico analyses of the adhesin PilY1 of At. thiooxidans, its differences 

and similarities with other bacteria 
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CHAPTER II  

 

Reproduced with permission from Springer Nature (License Number 5765671018083) 

Disorder and amino acid composition in proteins: their potential role in 

the adaptation of extracellular pilins to the acidic media, where 

Acidithiobacillus thiooxidans grows 

Abstract 

There are few biophysical studies or structural characterizations of the type IV pilin system 

of extremophile bacteria such as the acidophilic Acidithiobacillus thiooxidans. We set out to 

analyze their pili-comprising proteins, pilins, because these extracellular proteins are in 

constant interaction with protons of the acidic medium in which At. thiooxidans grows. We 

used the web server Operon Mapper to analyze and identify the cluster codified by the minor 

pilin of At. thiooxidans. In addition, we carried an in-silico characterization of such pilins 
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using the VL-XT algorithm of PONDR® server. Our results showed that structural disorder 

prevails more in pilins of At. thiooxidans than in non-acidophilic bacteria. Further 

computational characterization showed that the pilins of At. thiooxidans are significantly 

enriched in hydroxy (serine and threonine) and amide (glutamine and asparagine) residues, 

and significantly reduced in charged residues (aspartic acid, glutamic acid, arginine and 

lysine). Similar results were obtained when comparing pilins from other Acidithiobacillus 

and other acidophilic bacteria from another genus versus neutrophilic bacteria, suggesting 

that these properties are intrinsic to pilins from acidic environments, most likely by 

maintaining solubility and stability in harsh conditions. These results give guidelines for the 

application of extracellular proteins of acidophilics in protein engineering. 

Introduction  

Bacteria and Archaea have filament-form appendages that serve important functions, such as 

adhesion, motility, and formation of microcolonies and colonization factors (Craig and Li 

2008; Craig et al., 2019). The type IV filament superfamily (T4F) in particular has diversified 

into systems involved in surface sensing, adhesion to biotic or abiotic surfaces, protein 

secretion, DNA uptake during natural transformation, and twitching motility (Sauvonnet et 

al., 2000; Berry and Pelicic 2015; Denise et al., 2019). Their phylogeny suggests that “they 

may have been present in the last universal common ancestor” (Denise et al., 2019), as shown 

by the fact that bacteria and archaea possess T4F systems, such as type II secretion (T2SS), 

the pili type IVa (T4aP), type IVb (T4bP), type IVc or tight adherence (Tad) pili, 

mannosesensitive hemagglutinin (MSH), the archaeal–T4P and the competence pseudopili 

(Denise et al., 2019). These systems include core homologous components of similar 

architecture, including ATPases, an inner membrane platform, and a prepilin peptidase that 

matures the pilins (in pilus) or pseudopilins (in T2SS). 

The pilus fiber of T4aP is composed of thousands of copies of the major pilin (PilA) and a 

smaller number of the so-called “minor pilins:” FimU or FimT, PilV, PilW, PilX and the 

adhesin PilY1 (in Pseudomonas spp. Myxococcus spp. and Acidithiobacillus spp. among 

other bacteria). Major and minor pilins are all evolutionarily related and show a similar 

tertiary structure; all share the same modular design, comprising of a lollipop-like shape with 

an N-terminus α-helix followed by a globular domain, but different molecular weights 
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(Pelicic 2008; Giltner et al., 2012; Denise et al., 2019). The α1-helix separates in turn into 

two segments, a transmembrane hydrophobic N-terminus region (α1-N), and a C-terminus 

part (α1-C), which extends towards the globular domain; this globular domain consists of the 

α1-C surrounded by one or two antiparallel β-sheets composed of four to seven strands 

(Jacobsen et al., 2020). 

PilY1 and minor pilins are dependent on each other for incorporation into pili; their key role 

as a priming complex that is subsequently incorporated into the pilus was showed by Nguyen 

et al., (2015) in Pseudomonas aeruginosa and by Treuner-Lange et al., (2020), who proved 

that the lack of fimTpilVWXY1 operon genes blocks pilus formation, extension and T4P-

dependent motility in Myxococcus xanthus. In addition, the authors demonstrated that PilY1 

and minor pilins provide a template for assembly of mature PilA and that this interaction 

results in a complex containing all five pilins for the pilus, concluding that FimT or FimU–

PilVWXY1 functions as a priming complex for pilus extension and a tip complex in the 

extended pilus for adhesion. Thus, T4aP are sensing “sticky” filaments, including DNA 

binding. 

Currently, there are few biophysical studies or structural characterizations of the T4aP system 

of bacteria of biotechnological interest, such as extremophile bacteria in the mining industry, 

one of which is Acidithiobacillus thiooxidans (optimal pH 1.6 to 2.5) (Hu et al., 2020). At. 

thiooxidans is a Gram-negative Pseudomonadota (synonym Proteobacteria; former, γ-

Proteobacteria) of the class Acidithiobacillia, a class that includes chemolithoautotrophs 

capable of using Fe (II) and/or reduced sulfur compounds as an electron source (Williams 

and Kelly 2013). Like other Acidithiobacillaceae, At. thiooxidans grows in hostile 

environments, since it is able to oxidize sulfur compounds from mineral deposits to sulfuric 

acid. As a result, certain metals are dissolved, given that the pH is as low as 1.0 (Shukla et 

al., 2021). Their extremophilicity is due not only to the fact that they inhabit acidic 

environments with dissolved heavy metals among other ions, but also that the environments 

have high oxidation–reduction potential (oxidizing environments) and are subject to osmotic 

stress or K+ limitation (Travisany et al., 2014). In recent years, sequences of some pilins of 

this organism have been analyzed and confirmed, and it has also been suggested that the 

T4aP of At. thiooxidans may play an important role in bacterial adhesion to mineral surfaces, 
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causing an increased rate of dissolution of (poly)metallic sulfide minerals (Alfaro-Saldaña et 

al., 2019). 

We are interested in the extracellular pilins of the acidophilic At. thiooxidans, since 

modifications in protein structures of organisms that have evolved under extreme 

environmental conditions differ in how they maintain optimal activity (Panja et al., 2020). 

For example, the molecular basis and physicochemical adaptive mechanisms of organisms 

that survive at very high temperatures have been extensively studied, showing that their 

proteins have a highly hydrophobic nucleus and a greater frequency of polar amino acids on 

their surfaces (England et al., 2003; Ma et al., 2010; Panja et al., 2020), while the majority 

of acidophilic microorganisms survive at low pH by modifying their proteins along their 

genome (Panja et al., 2020). However, little is known about the mechanisms that sustain the 

stability and function of these proteins, particularly the extracellular proteins exposed to these 

pHs, e.g., their intrinsic disorder. Intrinsically disorder proteins (IDPs) and IDP regions are 

those that lack a stable tertiary structure but carry out a wide range of biological functions 

(Bondos et al., 2021). It is known that this intrinsic disorder facilitates and regulates protein 

interactions (Galea et al., 2008; Tompa and Fersht 2009). In addition, greater intrinsic 

disorder has been described as being correlated with the proteins of aerobic bacteria adapted 

to live in many different environmental niches and with a variety of sources of nutrients, 

suggesting that disorder is an adaptation for survival in complex environments. This analysis 

also shows a greater content of intrinsic disorder in proteins found on the cell surface than 

those involved in metabolism (Pavlovic-Lazetic et al., 2011). 

We compared differences in structural disorder and amino acid composition and conducted 

a set of studies in silico of the minor pilins FimT, PilV, PilW, PilX, PilY1 and the major pilin 

PilA in neutrophilic organisms with ortholog pilins from At. thiooxidans, enabling us to 

elucidate how functional stability of proteins exposed to a protonated environment, in 

extreme conditions, is maintained. 

It is known that genes of minor pilins associated with T4aP are arranged as clusters in an 

operon in the same transcriptional direction; the existence of such a cluster reflects their 

crucial roles at the tip of the pili mediating specific functions, such as stabilizing the T4aP, 

participating in DNA binding, and cell aggregation (Sauvonnet et al., 2000; Yoshimura et al., 

2009; Jacobsen et al., 2020). These clusters show some differences between upstream and 
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downstream genes but the arrangement, where fimT/U–pilV–pilW–pilX–pilY1 genes are 

together and located in the same direction. Since no clusters or operons of minor pilins have 

been described in At. thiooxidans, we decided to search for them prior to characterizing the 

individual pilins. 

Materials and methods 

Analysis and identification of the cluster codified by the minor pilin of At. thiooxidans 

Sequences of major and minor pilins of At. thiooxidans ATCC-19377 (NCBI ID: 930) were 

obtained from the GenBank BioProject PRJNA534527 (Locus SZUV01000001.1) described 

by Camacho et al., (2020). To identify the minor and major pilins, a cluster analysis was done 

using the Operon Mapper (https://biocomputo. ibt.unam.mx) (Taboada et al., 2018), which 

also provides information about clusters of orthologous genes (COG) and Kegg orthology 

(www.genome.jp/kegg). For comparison purposes, we also identified the operon of P. 

aeruginosa PAO1 (NCBI ID: 208964; BioProject: PRJNA57945; Locus NC002516.2) using 

the same bioinformatics resource; this operon was already described in the PAO1 strain 

(Belete et al., 2008). The major and minor pilins of other acidophilic and neutrophilic bacteria 

(Table S1) were obtained following a protein Basic Local Alignment Search Tool (BLAST) 

analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

The analyses of PilV, PilW, PilX and PilY1 of At. thiooxidans were done using their 

sequences previously confirmed by Alfaro-Saldaña et al., (2019), while for FimT we used 

the annotated sequence from Camacho et al., (2020). The accession numbers are summarized 

in ST1. 

Computational characterization of the pilins 

Structural disorder was predicted using the VL-XT algorithm on the PONDR® server 

(http://www.pondr.com/) (Xue et al., 2010). Composition Profiler (Vacic et al., 2007) 

(http://www.cprofiler.org/) was used to analyze the amino acid distribution. The server 

enabled the analysis of the enrichment or reduction of amino acids in relation to proteins 

found in nature to be carried out. This calculation was done using the amino acid composition 

of the proteins in the SWISS-PROT 51 data base (Bairoch et al., 2005) as a reference. The 

distribution obtained was combined with the distribution of the intrinsically disordered amino 

acids in the DisProt 3.4 data base (Sickmeier et al., 2007) and they were graphed together. 
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Molecular weight and isoelectric point were calculated with the Expasy Compute pI/MW 

tool (https://web.expasy.org/ compute_pi/). The charge distribution of pilins was calculated 

with the κ parameter using CIDER (Holehouse et al., 2017; 

https://pappulab.wustl.edu/CIDERinfo.html). 

The structural analysis was carried out by submitting the pilin sequences into ColabFold 

(Mirdita et al., 2022). ColabFold is a fast, easy to use program that speeds up the prediction 

of protein structures by combining a rapid search of the MMseq2 homology with Alphafold2 

(Jumper et al., 2021). The Protein-sol program (Hebditch and Warwicker 2019) 

(https://protein-sol.manchester.ac.uk/) was used to evaluate the stability of the pilins in an 

acid environment. In this program, the stability of the folded state and the charge on the 

proteins is calculated as a function of pH. The program uses the Debye-Hückel formula to 

calculate the pKas and, therefore, also the pH-dependent contribution to the stability of the 

folded state. All sequences used in this study were obtained from GenBank (ST1), after 

identifying the clusters/operons associated with the minor pilins. Notably, the sequences of 

PilV, PilW, PilX and PilY1 of At. thiooxidans ATCC-19377 are confirmed; that is, they are 

not annotated (Alfaro-Saldaña et al., 2019; this work). 

Results and discussion 

Minor pilin proteins encoded by gene cluster in At. thiooxidans 

We identified two gene clusters in At. thiooxidans ATCC- 19377 that encode minor pilins 

(FimT, PilV, PilW, PilX) and the adhesin PilY1, as our further analysis reveals. We selected 

one of these clusters after performing COG, remaining orthologous groups (or ROG, since 

each ROG has at least three orthologous and conserved genes during evolution and are not 

shared by chance) (Taboada et al., 2010), Kegg orthology, and BLAST analyses of the 

reported genes in each cluster, e.g., the presence of conserved domain such as the von 

Willebrand factor A (vWFA) domain, the calcium-binding motif in PilY1, and other 

conserved regions found by multiple sequence alignments of pilins such the hydrophobic N-

terminal region (Orans et al., 2010; Berry and Pelicic 2015; Alfaro-Saldaña et al., 2019; 

Treuner-Lange et al., 2020). At. thiooxidans and P. aeruginosa are Gram negative 

Proteobacteria of the classes Acidithiobacillia and γ-Proteobacteria, respectively. Williams 

and Kelly (2013) demonstrated that “Acidithiobacillia form a monophyletic clade that is 

sister to γ-Proteobacteria,” after a multiprotein phylogenetic analysis. Our results showed 
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that the fimUpilVWXY1 operon of P. aeruginosa that encodes for its core minor pilins is like 

fimT-pilVWXY1 of At. thiooxidans (Fig. 3), as well as being like that of other species of the 

genus Acidithiobacillus and conserves the core structure, where four pilin genes and pilY1 

are consecutive. 

Our results show that the minor pilin genes fimT, pilV, pilW, pilX and pilY1 are clustered in 

a polycistronic manner similar to the operon for the minor pilins fimU-pilVWXY1Y2E of P. 

aeruginosa and the third cluster of M. xanthus (Treuner-Lange et al., 2020); however, 

downstream of the pilY1, the genes for pilY2 and pilE of P. aeruginosa do not appear in At. 

thiooxidans. Differences between genes upstream or downstream of the minor pilins reflect 

differences between species and the different environments in which they are found. 

According to Pelicic (2008), the minor pilin gene cluster is conserved in species of various 

genera that possess T4aP, whether phylogenetically close or distant, and the homologous 

genes are often found at the same genomic location in more than 150 sequenced species of 

various phyla, mainly in β-, γ- and δ-proteobacteria, such as Neisseria, Pseudomonas and 

Myxococcus, respectively. 

 

 

Figure 3. Putative organization of the At. thiooxidans minor pilin gene cluster. At. thiooxidans minor pilin gene cluster 

compared with the P. aeruginosa operon. Although there are marked differences in the upstream and downstream genes, it 

is notable that the four minor pilins of At. thiooxidans are in the same conformation with respect to the adhesin pilY1 (darkest 

purple), while fimT (cyan) from At. thiooxidans seems to be the fimU homolog of P. aeruginosa. The At. thiooxidans cluster 

also contains the pilC (blue) upstream of fimT. The pilV (medium dark purple), pilW (medium purple) and pilX (light 

purple) genes have the same location and direction as their P. aeruginosa counterparts. 

Special structural features of major and minor pilins from At. thiooxidans 

The structural plasticity of the proteins results in molecular stability against stress induced 

by the pressure of natural selection (Panja et al., 2020). Several recent studies show that 

structural disorder is common in various proteomes, and that the content of this disorder is 
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usually an indicator both of their evolution and their adaptation to their environment 

(Uversky 2017). On the other hand, the role of structural disorder in adaptation to the 

environment can be illustrated by the fact that both extremophile Archaea and Bacteria 

contain more structural disorder than their neutrophilic counterparts (Uversky 2017). Taking 

this into account, we decided to undertake an analysis of intrinsic order of the major and 

minor pilins and of PilY1 from At. thiooxidans, and of their counterparts in Pseudomonas 

aeruginosa PAO1, although for At. thiooxidans it should be considered that only the 

expression of PilY1, PilW, PilV and PilX has been studied (unpublished data). 

The predictions of structural disorder for each amino acid sequence were made using the VL-

XT algorithm of the PONDR® predictor (Xue et al., 2010). The first minor pilin analyzed 

was FimT from At. thiooxidans compared to FimU from P. aeruginosa. The presence of 

disordered regions was predicted for both proteins, but for FimT, the disorder is found in the 

middle part of the protein (residues 89 to 115), while for FimU the disorder is predicted both 

for the N-terminus and for the C-terminus. The latter is a smaller portion of the sequence 

(Fig. 4a). 

To better understand the nature of these disordered regions, we decided to calculate the 

composition of the amino acids (enrichment or reduction) using Composition Profiler (Vacic 

et al., 2007). In FimU, the most extensive disordered region is enriched in alanine and 

glutamine (A and Q), while the smallest region is enriched in glutamine and serine (Q and 

S). The FimT disordered region is enriched in Q and threonine (T) (data not shown). Only 

the amino acids A, Q, and S are considered to promote disorder, while the amino acid T is 

not considered to promote either order or disorder (Dunker et al., 2001). Knowing the 

predicted disordered regions did not clarify the significant differences between the two 

proteins, so we decided to analyze the amino acid composition of the complete proteins. This 

analysis showed that FimU is only enriched in A (Fig. 4b), while FimT, in addition to being 

enriched in A, is also enriched in Q, T, and tryptophan (W). Interestingly, there is a general 

reduction in amino acids with positive and negative charge, with a significant reduction in 

aspartic acid, lysine and histidine (D, K and H) (Fig. 4b). 
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Figure 4. Prediction of intrinsic disorder and amino acid composition ogf FimT of At. thiooxidans and FimU of P. 

aeruginosa. a Intrinsic disorder profile of FimT (purple) and FimU (light blue) generated by the PONDR®predictor using 

the VL-XT algorithm. Values above 0.5 indicate a high probability of disorder. b Amino acid distribution of FimT (purple) 

and FimU (light blue) relative to the SWISS-PROT database; data are shown combined with the distribution of amino acids 

found in intrinsically disordered proteins (black). Enrichment (>0) or reduction (<0) in composition is also shown; amino 

acids are arranged in increasing order of disorder-promoting ability (light–dark gradient). 

It is known that FimU is not essential for the formation or incorporation of the PilVWXY1E 

complex in the pili of P. aeruginosa, but rather that it has a role as a stabilizing subunit, since 

it can interact with the major pilin PilA and the minor pilin PilV and with PilE (Nguyen et 

al., 2015). In the case of the PilVWX and PilY1 proteins, however, each one depends on the 

other for incorporation into the pili, since it is suggested that these minor pilins could form a 

complex with PilY1, since no pilins are present if PilY1 is absent (Nguyen et al., 2015). 

The analyses of disorder in the minor pilins PilV, PilW and PilX show a similar trend to 

FimT and FimU except that now the pilins of At. thiooxidans have more regions that tend 

towards disorder than the pilins of P. aeruginosa (Fig. 5). 

The PilV of both bacteria seem to conserve the tendency to be disordered at their respective 

N-terminus; however, the At. thiooxidans protein has a long segment in the middle of its 

sequence of about 56 residues that is more likely to be disordered, probably because it is 

proline-enriched (P) according to the Composition Profiler analysis (Fig. 5a). This segment 

is characterized by PONDR® as a region that may transition from disorder to order in the 

event of some change, such as binding to a partner (Xue et al., 2010). We then decided to 

analyze the amino acid composition of the complete proteins, finding that the PilV from At. 

thiooxidans is significantly enriched with the amino acids T and glycine (G), and 

substantially enriched with the amino acids S, Q and asparagine (N) (Fig. 5b). Interestingly, 

we observed the same pattern of reduction in charged amino acids as in FimT, except that 
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the reduction is significant for arginine (R), K, D, and glutamic acid (E). PilV from P. 

aeruginosa is only significantly enriched in S and substantially enriched in cysteine (C) and 

methionine (M), and charged amino acids are reduced in H and E (Fig. 5b). 

The next pilin evaluated was PilW from At. thiooxidans. We found that it has six regions that 

tend to be disordered, and it is the latter that has the greatest number of amino acids (58 

residues). In contrast, PilW from P. aeruginosa has only three regions with a slight tendency 

to disorder (Fig. 5c). The amino acid composition analysis showed that PilW from At. 

thiooxidans is significantly enriched in the amino acids N, Q, S, and T, and again significantly 

reduced in K, E, and D, and substantially reduced in R. PilW from P. aeruginosa is only 

significantly enriched in Q and reduced in H (Fig. 5d). 

In general, the tendency in amino acid composition was also maintained in PilX from At. 

thiooxidans. The analysis indicated that it is significantly enriched in T and, interestingly, in 

the non-polar amino acid valine (V), substantially increased in Q and N, and significantly 

reduced in K and D and substantially in R and E (Fig. 5f). A similar result was found for PilX 

from P. aeruginosa, which is also enriched in T but differs in also being enriched in N. 

Charged amino acids show a significant reduction in K and D and a substantial reduction in 

H (Fig. 5f). Interestingly, the disorder analysis did not show any region that might be a 

potential transition from disorder to order for either of the two proteins (Fig. 5e).  

It was mentioned above that PilVWX and PilY1 depend on each other for incorporation into 

the pili. Unlike the minor pilins, PilY1 is a soluble protein with a type I peptide signal 

followed by a poorly conserved N-terminus region and a well-conserved C-terminus PilY1 

domain with a modified beta propeller-type structure (Orans et al., 2010). It is known that 

PilY1 is important in Pseudomonas spp. for the formation of T4aP, since it is suggested that 

it stimulates the formation of this system in addition to promoting adhesion to host cells 

during infection (Treuner-Lange et al., 2020). 
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Figure 5. Prediction of intrinsic disorder and amino acid composition of PilV, PilW and PilX. Intrinsic disorder profile of 

PilV (a), PilW (c) and PilX (e) of At. thiooxidans (purple) and P. aeruginosa (light blue) generated by the PONDR® 

predictor. Amino acid distribution of PilV (b), PilW (d) and PilX (f) from At. thiooxidans (purple) and P. aeruginosa (light 

blue) relative to SWISS-PROT database; data are shown combined with the distribution of amino acids found in intrinsically 

disordered proteins (black). 

The analysis of structural disorder of PilY1 from At. thiooxidans shows many segments with 

a tendency to disorder, although only three of these are predicted to have regions with 

transitions from disorder to order (Fig. 6a). The first consists of 132 amino acids which 
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include residues 41–172, the second contains 89 amino acids that correspond to residues 640–

729 and the third consists of 44 amino acids that go from residue 1042 to 1176. In the case 

of PilY1 from P. aeruginosa, it also contains some segments with a tendency to disorder, but 

none are predicted to have transitions from disorder to order (Fig. 6a). PilY1 from At. 

thiooxidans is significantly enriched in the amino acids A, N, G, S, T, and in tyrosine (Y) 

(Fig. 6b). PilY1 from P. aeruginosa is also significantly enriched in the same amino acids, 

as well as in D, Q, and W. Significantly reduced amino acids in PilY1 from At. thiooxidans 

are R, D, C, E, H, K, L, and isoleucine (I), and in PilY1 from P. aeruginosa only C, E, H, L, 

K, M, and V (Fig. 6b). 

 

Figure 6. Prediction of intrinsic disorder and amino acid composition of PilY1. a Intrinsic disorder profile of PilY1 of At. 

thiooxidans (purple) and PilY1 of P. aeruginosa (light blue) generated by the PONDR® predictor. b Amino acid distribution 

of PilY1 of At. thiooxidans (purple) and PilY1 of P. aeruginosa (light blue) relative to the SWISSPROT database; data are 

shown combined with the distribution of amino acids found in intrinsically disordered proteins (black). 

In At. thiooxidans, both the enriched polar amino acids (S, T, N, and Q) and reduced charged 

amino acids (K, R, D, and E) seem to be a distinctive characteristic of the minor pilins of this 

organism. The analysis of structural disorder is similar to that of FimU and FimT, since the 

profile of PilA from At. thiooxidans is more ordered in the N-terminus region than that of 

PilA from P. aeruginosa. Apart from this, the profile is similar in the two proteins, with that 

of At. thiooxidans tending more to disorder. In general, this behavior was observed in the 

majority of the proteins analyzed (Fig. 7a). The amino acid composition of PilA from At. 

thiooxidans was significantly enriched only in A and T, and significantly reduced in R and 

D, and substantially reduced in H, while there were no marked differences in K or E as in the 
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minor pilins. For PilA from P. aeruginosa, significant enrichment was only found in A, I, 

and T, but a substantial reduction only in the charged amino acids (Fig. 7b). 

 

 

Figure 7. Prediction of intrinsic disorder and amino acid composition of PilA. a Intrinsic disorder profile of PilA of At. 

thiooxidans (purple) and of P. aeruginosa (light blue) generated by the PONDR® predictor. b Amino acid distribution of 

PilA of At. thiooxidans (purple) and of P. aeruginosa (light blue) relative to the SWISSPROT database; data are shown 

combined with the distribution of amino acids found in intrinsically disordered proteins (black). 

When compared to folded counterparts, IDPs and IDP regions have a biased sequence 

composition, being enriched in charged and disorder-promoting amino acids and depleted in 

order-promoting ones. It has been described that the conformational ensembles of IDPs are 

influenced by the net charge per residue (Mao et al., 2010). Moreover, the distribution of 

charged residues affects the average size and shape of these proteins, since charge clustering 

induces remodeling of the conformational ensemble, promoting compaction (Bianchi et al., 

2022). To determine whether there is a difference in charge distribution in addition to the 

decrease in charged amino acids in the major and minor pilins, we calculated the κ parameter 

with the CIDER webserver (Fig. 8). 

The κ values of the pilins from At. thiooxidans are slightly higher than the pilins of P. 

aeruginosa, except for PilA (Fig. 8). Therefore, opposite charges of the pilins from P. 

aeruginosa are more evenly distributed along the sequence, while only PilV from At. 

thiooxidans show a greater charge segregation. Therefore, we can conclude that although the 

pilins of At. thiooxidans have fewer charged residues, these are not segregated. 
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Figure 8. Comparative analysis of the κ parameter of the major and minor pilins of At. thiooxidans and P. aeruginosa. The 

values of κ range between 0 and 1. A κ value of 0 represents an evenly mixed distribution of positive and negative charges 

within a long linear sequence. On the other hand, a κ value of 1 signifies the complete segregation of oppositely charged 

residues in the sequence. 

The majority of known globular structures in pilins share the same folding (C-terminus 

domain), even though the amino acid sequences of these pilins are so diverse that even 

structurally similar proteins have few identical sequences (Cehovin et al., 2010). 

Taking this into account, we decided to explore the possibility that the enrichment of polar 

amino acids and reduction in charged amino acids as well as structural disorder, may be a 

characteristic of the pilins of bacteria that grow in acid environments, and to carry out the 

same comparison with non-acidophilic bacteria. An analysis was carried out of the amino 

acid composition and predictions of structural disorder of all the minor pilins from some 

bacteria of genus Acidithiobacillus and some acidophilic bacteria of Acidiferrobacter and 

Acidobacteria. These were compared with the pilins of non-acidophilic mesophilic bacteria 

Acidovorax sp., P. aeruginosa and Escherichia coli EDL933, E. coli K-12 and a non-

acidophilic (thermophile) extremophile, Thermus thermophilus. It should be noted that like 

At. thiooxidans, the amino acid sequences of the minor pilins analyzed were of genes from 

the same cluster in all these organisms (Table S1). Using 19 sequences of PilY1, Alfaro-

Saldaña et al., (2019) obtained a phylogenetic tree that showed that the Acidithiobacillus 

genus forms a cohesive cluster with other bacteria from acid mine drainage or mine tailings 
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(e.g., Th. bhubaneswarensis, Ac. thiooxidans, Ga. acididurans, Sulfuriferula sp.); this 

cohesive group was clearly separated from neutrophiles as P. aeruginosa. Now, in this work, 

we have provided data that shed light on why the primary structure of certain PilY1 differs 

in relation to their environment. Similar results were obtained with other pilins (data not 

shown). 

The results of the comparison of amino acid composition were comparable to the previous 

set of comparisons described above. In general, significant enrichment in amino acids S, T, 

N, and Q and a significant reduction in K, R, E, and D were conserved in the pilins from the 

bacteria that grow in acid environments compared to their nonacidophilic counterparts (Fig. 

S1). A direct consequence of the amino acid composition of a protein sequence is that it 

determines its isoelectric point (pI) as a function of the combination of values of the 

disassociation constant (pKa) of its constituent amino acids. Two amino acids, D and E, have 

a negative charge, and three amino acids, K, R, and H, have a positive charge at a neutral pH, 

and are determined by their pKa values. Therefore, an integral property of proteins, such as 

their pI, is a result of the discrete acidic and basic pKa values of the lateral chains of their 

amino acids (Tokmakov et al., 2021). We, therefore, decided to calculate the pI of the minor 

pilins and compare it to their acidophilic and neutrophilic counterparts. We found that the 

majority (≥ 70%) of the pilins of acidophilic organisms have a low pI, while approximately 

60% of pilins of neutrophilic organisms have a higher pI (Fig. S2). This interesting 

correlation (acid environment and low pI of minor pilins) is consistent with previous reports 

that acid-stable proteins generally have low pI (Sharma et al., 2012; Reed et al., 2013). It has 

recently been reported that distributions of protein pI values (complete proteome) are 

multimodal in different species, and the hypothesis has been proposed that this multimodality 

is associated with various different subcellular environments and local distributions of pI. As 

a consequence, in a low pH (acid) environment, pI would tend to be acid (low) (Tokmakov 

et al., 2021). 

Regarding the analysis of structural disorder (represented as mean disorder scores), the 

previously observed trend persists, indicating that pilins from acidophilic organisms tend to 

exhibit more structural disorder compared to their non-acidophilic counterparts (Fig. S1). 
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Physicochemical factors of the amino acid composition of the pilins of At. thiooxidans 

As a next step, we decided to investigate the implications of the special amino acid 

composition of the pilins of this extremophile bacteria. We recall that this organism lives in 

an extremely low-pH environment; that is, essentially a highly protonated environment. 

It is known that it is the surfaces of the proteins that are responsible for their stability in 

extreme environmental conditions; keeping this in mind, we observed that the enriched amino 

acids (S, T, N, and Q) in the pilins from At. thiooxidans have the characteristic of being 

preferentially located on the surfaces of proteins in general (Sillerud and Larson 2005). In 

addition, it has been reported that enrichment of the amino acids S and T is characteristic of 

acid-stable proteins, since these amino acids contain a hydroxyl group on their lateral chains 

(Michaux et al., 2010; Højgaard et al., 2016). Another important characteristic that we found 

was the reduction in charged amino acids, previously described for acid-stable proteins, such 

as the α-amylase of the acidophilic bacteria Alicyclobacillus acidocaldarius (Matzke et al., 

1997). It is suggested that having fewer charged residues decreases the probability that the 

protein will become unstable due to elimination of the ion bridges from 

protonation/deprotonation at extreme pH values (Jelesarov and Karshikoff 2009). It is, 

therefore, suggested that enrichment of amide residues such as N and Q will enable acid-

stable proteins to maintain stability and structure in spite of lacking charged residues 

(Højgaard et al., 2016). 

To visualize and contrast these characteristics lent by the amino acid composition of At. 

thiooxidans pilins, we decided to obtain the three-dimensional structure of its PilV 

(AQP39907.1) and compare it with its counterpart PilV of P. aeruginosa (NP_253241.1) 

(Fig. 9). Even though PilV of At. thiooxidans is predicted to have a largely disordered region, 

this protein appears to share the same 3D structure as PilV from P. aeruginosa. This has been 

previously observed with Dichelobacter nodosus FimA, which has a largely unstructured α/β 

loop (region that links the conserved N-terminal α-helix with the globular domain in pilins) 

and still shares the same overall structure with its equivalents Neisseria gonorrhoeae GC 

pilin and P. aeruginosa PilA (Hartung et al., 2011; Giltner et al., 2012). It is important to 

note the difference between the charged residues of the two pilins: PilV from At. thiooxidans 

has four E but no D, as well as two R and one K in its sequence, which indicates a reduced 
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surface charge (Fig. 9a). In contrast, PilV from P. aeruginosa contains 12 D, 7 E, 9 R and 13 

K in its sequence, most of which are distributed on its surface (Fig. 9b). 

 

 

Figure 9. Composition of the surface of acidophilic and non-acidophilic PilV. Representation of surface charged residues 

of PilV of a At. thiooxidans and b P. aeruginosa, showing arginine R and lysine K residues in blue, and aspartic and glutamic 

acid residues in red; also shown are hydroxyl (serine and threonine) residues in green and amide (glutamine and asparagine) 

in orange from the PilV of c At. thiooxidans and d P. aeruginosa.  

The hydroxyl residues (S and T) and amide residues (N and Q) of PilV from P. aeruginosa 

(numbers of residues: 20 S; 7 T; 4 N; and 7 Q) are generally located in isolation along the 

length of the surface (Fig. 9d), while for the PilV from At. thiooxidans (number of residues: 

15 S; 15 T; 11 N; and 10 Q), these residues form patches that cover a large part of the surface 
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of the protein (Fig. 9c). It is interesting to note that the ratio T:S is 1.0 in the globular part of 

the PilV from At. thiooxidans, which is larger than the same ratio calculated for the PilV from 

P. aeruginosa (0.4). A larger ratio suggests a better formation of β-sheet, which leads to a 

more rigid folding (Hakulinen et al., 2003; Kellock et al., 2022). We suggest that it is due to 

these properties that the pilins of At. thiooxidans, and probably those of other acidophilic 

bacteria, have the ability to maintain their structure and function in hostile environments. 

These properties of enrichment in hydroxyl and amide residues and low surface charge 

density have been previously described for the cellulose of a xylanase B of Cellulomonas 

fimi (PDB code 1EXG), where it was shown that this protein has resilience in a broad range 

of pH values (2 to 11). 

We also have this pH resilience in the context of these pilins: acidophiles can grow at pH < 

3 maintaining their intracellular pH at around 6.5 (Fig. 10) (Cox et al., 1979; Hu et al., 2020). 

The synthesis of T4aP implies that the pilins of the filament (PilA and FimTPilVWXY1) 

transit from a circumneutral to an acidic environment (Fig. 10). Major PilA and minor 

FimTPilVWX are synthesized as prepilin with a signal peptide in cytoplasm, a circumneutral 

region; the transferred prepilin has a negative charge that attracts “the positively charged 

alignment protein subunits in the growing pilus length” (Proft and Baker 2009). The signal 

peptide is predicted to be fully unstructured, and is cleaved between G and F1, and 

methylated at its new N-terminus by a prepilin peptidase (PilD). Assembly of the mature 

pilins is carried out by the action of the ATPase pilin (PilB). PilD and PilB are on the 

cytoplasmic side of the inner membrane; the mature pilins line up and the filament grows in 

the alignment complex (PilMNOP) present in periplasmic region with a pH of 2.5–3.0 (Chi 

et al., 2007; Hu et al., 2020), to the outer membrane secretion system (PilQ) (McCallum et 

al., 2019). Then, the filament emerges from the cell, where it is exposed to an acid 

environment, pH < 3. 
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Figure 10. Representation of general organization of T4aP proteins in At. thiooxidans. The proteins that make up the pili 

structure mature in the cytoplasm (neutral pH); however, the T4aP of At. thiooxidans must maintain its structure and function 

even in a highly protonated environment (extracellular pH below 2 and periplasmic pH ca. 3). Our results suggest that this 

resilience occurs due to surface characteristics in its major pilin (PilA in red), minor pilins (FimT in magenta, PilV in green, 

PilW in pink and PilX in blue), and the adhesine PilY1 (orange). 

Having the qualities described (acid-stable, resilient proteins) could be important for the 

pilins in biotechnology and/ or biotherapeutic applications due to surface or interface 

properties. We, therefore, set out to analyze the stability of the folded state and net charge of 

the cellulose binding domain of xylanase B, and found that it is very similar to that predicted 

for PilV from At. thiooxidans. The stability values of the folded state of these two proteins 

are almost equal in a broad pH range (2–8) and range of ionic strengths (0.0005 to 0.3 M) 

(Fig. S4). This can also be seen in the graphs of pH against energy (Fig. S5) and against 
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charge (Fig. S6), which show that these proteins maintain their stability and maintain little 

net charge, since their transitions from the midpoint are difficult to distinguish. In contrast, 

the same analysis for PilV from P. aeruginosa shows greater protonation (Fig. S7b) and less 

stability in its folded state (Fig. S6a) at acid pH levels, and stability transitions (Fig. S7c) and 

charge transitions (Fig. S7d) more similar to those of the FAB (fragment antigen-binding) 

domains. Although neutral stability values may be maintained for the cellulosebinding 

domain, these results are sufficient to show that this protein maintains its stability and 

function (Højgaard et al., 2016), suggesting that PilV may have a similar behavior, and that 

the same holds for the remaining pilins (data not shown). A more detailed analysis enabled 

us to find another example of resilience to pH, which is the case of the CH1 domain of the 

FAB segments. These have the distinctive feature of having the same amino acid composition 

(enrichment and reduction) as the pilins of At. thiooxidans, as well as a tendency to structural 

disorder (Hebditch et al., 2017, 2020), which adds to the robustness of our study. 

 

Conclusion 

In summary, bioinformatic analysis of the genes associated with the T4aP tip of At. 

thiooxidans confirms that as in other prokaryotic species, they are in the same cluster and 

probably form an operon, indicating their importance. Regarding the proteins, we have found 

remarkable characteristics in the major (PilA) and minor pilins (FimTPilVWX) as well as in 

the adhesin (PilY1) of At. thiooxidans, which are conserved in the same proteins in the genus 

Acidithiobacillus, in other genera and possibly in other pilins of acidophilic bacteria. The 

most important characteristics associated with its functional stability can be summarized as: 

(1) the enrichment of hydroxyl and amide residues on its surface, and (2) the reduction of 

charged residues. These two characteristics suggest a high resilience to extreme pH 

(experimental validation pending), which give us guidelines for its application in protein 

engineering. 
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Fig. S1 Mean disorder scores and amino acid composition profile of the minor pilins of acidophilic and non-acidophilic 

bacteria. A comparison of mean disorder (left panels) and amino acid composition (right panels) was done using the minor 

pilins (a) FimT/U, (b) PilV, (c) PilW, (d) PilX and (e) PilY of acidophilic (black and gray) and non-acidophilic bacteria 

(red), according to the SWISS-PROT database. Amino acid residues are classified into three groups: aliphatic, aromatic and 

charged. Error bars represent the corresponding standard error in mean disorder scores. 

 

Table S1 Accession numbers of minor pilins used in this work 

Organism FimT* PilV* PilW* PilX* PilY1* 

At. thiooxidans TQN50488.1 AWP39907.

1 

AWP39906.

1 

OQ410719 AWP39905.

1 

At. ferrooxidans WP_257482

162.1 

WP_257482

161.1 

WP_257482

160.1 

WP_257482

159.1 

WP_257482

158.1 

At. ferrivorans CDQ09111.

1 

CDQ09112.1 CDQ09113.1 CDQ09114.1  

At. ferridurans WP_215877

965.1 

WP_226828

902.1 

WP_226828

945.1 

WP_215878

555.1 

 

At. albertensis WP_075322

774.1 

WP_077218

455.1 

WP_075322

775.1 

WP_242947

738.1 

WP_075322

776.1 

At. caldus WP_215865

398.1 

WP_215865

399.1 

MBU276319

3.1 

WP_215870

274.1 

WP_215874

089.1 

Acidiferrobacter spp. 

SP3/III 

WP_110136

415.1 

WP_168185

556.1 

WP_168185

557.1 

WP_110136

416.1 

WP_110136

417.1 

Acidobacteria bacterium MCA159132

4.1 

MCA159132

3.1 

MCA159132

2.1 

MCC729587

4.1 

  

Acidovorax sp. MBP754580

0.1_ 

MBP754579

9.1 

MBP754579

8.1 

MBP754579

7.1 

PJI95759.1 

Thermus thermophilus 

HB27 

AAM55482.

1 

AAM55483.

1 

AAM55484.

1 

AAM55485.

1 

 

Pseudomonas aeruginosa 

PAO1 

NP_253240.

1 

NP_253241.

1 

NP_253242.

1 

NP_253243.

1 

NP_253244.

1 

Escherichia coli EDL933 WP_000857

037.1 

WP_001276

465.1 

WP_001144

311.1 

WP_001078

379.1 

 

Escherichia coli K-12 NP_417303.

1 

NP_417300.

1 

NP_417302.

1 

NP_417301.

4 

  

* Equivalent minor pilin in P. aeruginosa PA01 
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Fig. S2 The pI distribution of minor pilins. Scatter plot of minor pilins based on calculated pI and molecular weight from 

Acidithiobacillus (black), other acidophilic bacteria (gray) and non-acidophilic bacteria (red) reported in Table S1. 

Acidithiobacillus species show the lower values of pI (up to 75%) followed by other acidophilic bacteria (up to 70%), while 

non-acidophilic bacteria have the highest values of pI (60%). 
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Fig. S3 Stability heat maps obtained with the protein-sol server (https://protein-sol.manchester.ac.uk/). Calculated fold state 

stability for (a) cellulose-binding domain from xylanase B of Cellulomonas fimi, and (b) PilV of At. thiooxidans 
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Fig. S4 Charge heat maps obtained with the protein-sol server (https://protein-sol.manchester.ac.uk/). Charge heatmap 

calculated for (a) cellulose-binding domain from xylanase B of Cellulomonas fimi, and (b) PilV of At. thiooxidans 
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Fig. S5 Protein stability plot obtained with the protein-sol server (https://protein-sol.manchester.ac.uk/). Calculated fold 

state stability for cellulose-binding domain from xylanase B of Cellulomonas fimi (left panel), and PilV of At. thiooxidans 

(right panel) at different pH (2–8) and ionic strengths (a) 0.05, (b) 0.15, and (c) 0.3 M. FAB dataset corresponds to structures 

in the PDB with fragment antigen-binding regions. 
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Fig. S6 Calculated charge plot obtained with the protein-sol server (https://protein-sol.manchester.ac.uk/). Charge calculated 

for cellulose-binding domain from xylanase B of Cellulomonas fimi (left panel), and PilV of At. thiooxidans (right panel) at 

different pH (2–8) and ionic strengths (a) 0.05, (v) 0.15, and (c) 0.3 M. FAB dataset corresponds to structures in the PDB 

with fragment antigen-binding regions. 
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Fig. S7 Pseudomonas aeruginosa PilV protein stability and calculated charge obtained with the protein-sol server 

(https://protein-sol.manchester.ac.uk/). Stability and charge heatmaps (a and b) and plot (c and d) calculated for PilV of P. 

aeruginosa. 
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CHAPTER III 

 

Understanding a core pilin of the type IVa pili of Acidithiobacillus 

thiooxidans, PilV 

Abstract 

Pilins are protein subunits of pili. The pilins of type IV pili (T4P) in pathogenic bacteria are 

well characterized, but anything is known about the T4P proteins in acidophilic 

chemolithoautotrophic microorganisms such as the genus Acidithiobacillus. The interest in 

T4P of At. thiooxidans is because of their possible role in cell recruitment and bacterial 

aggregation on the surface of minerals during biooxidation of sulfide minerals. In this study 

we present a successful ad hoc methodology for the heterologous expression and purification 

of extracellular proteins such as the minor pilin PilV of the T4P of At. thiooxidans, a pilin 

exposed to extreme conditions of acidity and high oxidation-reduction potentials, and that 
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interact with metal sulfides in an environment rich in dissolved minerals. Once obtained, the 

model structure of At. thiooxidans PilV revealed the core basic architecture of T4P pilins. 

Because of the acidophilic condition, we carried out in silico characterization of the 

protonation status of acidic and basic residues of PilV in order to calculate the ionization 

state at specific pH values and evaluated their pH stability. Further biophysical 

characterization was done using UV-visible and fluorescence spectroscopy and the results 

showed that PilV remains soluble and stable even after exposure to significant changes of 

pH. PilV has a unique amino acid composition that exhibits acid stability, with significant 

biotechnology implications such as biooxidation of sulfide minerals. The biophysics profiles 

of PilV open new paradigms about resilient proteins and stimulate the study of other pilins 

from extremophiles. 

Introduction 

Pili are polymers of pilins, dynamic semiflexible filaments anchored to and extending from 

the cellular membrane of most Bacteria and Archaea. They are about 4-9 nm in diameter and 

4-5 µm long but can be extended by up to several more micrometers by adding additional 

units (polymerize) and retracted (depolymerize) by removing units. These units are 

generically named pilins [1–4]. Extension or retraction can occur at a rate of >1000 subunits/s 

[5]. The complex pilin assembly process employs a proteinaceous machinery that uses the 

energy required for assembly and disassembly provided by two cytoplasmic ATPases 

associated with the transmembrane complex of the pilus[1,6]. Thus, the basic pilins are: a 

major pilin, adhesion pilin, minor pilins, and assembly and retraction ATPases [5,7]. Pili play 

a number of different roles in cells, such as motility, chemotactic migration, surface sensing, 

surficial twitching motility, detection of neighboring cells, microcolony and biofilm 

formation, secretion of colonization factors, resistance to mechanical stresses >100 pN [8,9], 

cell aggregation, stabilization of extracellular polymeric substances (EPS), adhesion to 

surfaces or to host cells [10], and enabling extracellular electron transport [11–14] and DNA 

uptake and lateral gene transfer [9], among other functions. 

Various types of pili have been described according to their mechanisms of assembly, pilin 

structure, and morphology [1]. The type IV pili (T4P) are the most common filaments or 

fimbriae [15] and have been grouped based on the aminoacidic homology of the pilins, which 
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are relatively conserved in Gram-negative bacteria [16,17], including chemolithoautotrophic 

acidophiles such as Acidithiobacillus ferrooxidans and At. thiooxidans [11,18–20]. All T4P 

share domain structures and preserved sequences such as the conserved N-terminal motif in 

major and minor pilins, which is a type III signal peptide [1,6,21]. This motif is cleaved off 

by one peptidase before the mature protein is incorporated into the pilus structure [22] and it 

has become the landmark for pilus structure proteins [23,24]. 

The structure of T4P and their pilins in pathogenic bacteria are well characterized; however, 

little is known about the T4P proteins or pilins in acidophilic microorganisms such as the 

genus Acidithiobacillus. The interest in At. ferrooxidans and At. thiooxidans is because of 

their role in bioleaching during metal removal in landfills and mining. To access the free 

electrons from sulfide minerals such as pyrite (FeS2), chalcopyrite (CuFeS2) or sphalerite 

(ZnS), both acidithiobacilli require contact with the mineral surface, which allows 

individuals to begin to form biofilms. Previous research has shown that the pili of At. 

ferrooxidans are involved with recruitment of cells and bacterial aggregation to the surface 

of pyrite, and a significant up-expression of pilins involved in cell adhesion and pili 

biogenesis has been detected [12,18]. Also, for At. ferrooxidans, T4P enable electron 

transference in addition to their adhesion properties [11,13]. Like At. ferrooxidans, surface 

colonization and adhesion by At. thiooxidans should be mediated by pili and enhanced by 

EP. Thus, a better understanding of the role of pilins during the colonization of mineral 

surfaces can improve the mineral bioleaching processes employed to recover Cu, Ni, Zn, Co 

and/or Au, or to improve sulfur removal from solid sources, and even energy generation in 

microbial fuel cells [25,26]. It is important to note that all of these bioleaching processes 

occur at low pH values (0.5-2.5) and under high oxidant conditions. 

In some proteobacteria such as Pseudomonas spp. and Geobacter spp., PilV is a minor pilin 

or outer membrane protein necessary for pilus biogenesis and stabilization [27,28]. PilV acts 

after pilus assembly along with other minor pilins (e.g., PilW, PilX, PilY1), forming a core 

assembly initiation subcomplex that primes pilus assembly by lowering the energy barrier 

necessary for major pilins to emerge from the membrane, in which PilV interacts with FimU, 

which then interacts with major PilA [28,29]. PilV includes the consensus motif or signal 

peptide sequence GXXXXE, as well as a highly conserved N-terminal domain in bacterial 
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T4P pilins, whose functions are inner membrane insertion, signal processing, and pilin 

polymerization to form a central helical core of the pilus filament [27,30]. PilV has been 

described in At. ferrooxidans as a “prepilin-type N-terminal cleavage/methylation domain-

containing protein”, domain that belongs to the PilV superfamily. An extracellular structure, 

the T4P pilus assembly protein involved in cell motility, e.g., lower expression PilV mRNA 

in At. ferrooxidans, affects motility and attachment to the substrate [31]. What is interesting 

is that the PilV of Acidithiobacillus species has been little described and analyzed. PilV of 

At. thiooxidans shares up to 93% homology with PilV of At. ferrooxidans in its mature form 

[20]. Recently we found that PilV is in a cluster fimT-pilW-pilV-pilX-pilY1 similar to the 

minor-pilins cluster of P. aeruginosa [32]. It is clear that pathogenic and acidophilic bacteria 

have type IV pili (T4P); therefore, their pili are in contact with different external 

environments. It is possible that among all types of pili in different microorganisms, the pilins 

share shape and size properties. However, at the same time, they should present differences 

at the surface level that enable them to adapt to thousands of different external conditions. 

In the realm of acidophilic prokaryotic organisms, maintaining homeostasis assumes 

paramount importance for their survival. Numerous studies have concentrated on elucidating 

intracellular and extracellular mechanisms of resistance to low pH, with references to recent 

work by Feng et al., [33], Boase et al., [34], and González-Rosales et al., [35]. However, 

scant attention has been paid to the adaptations of extracellular protein structures, such as 

T4P, which remain vulnerable to low pH due to their exposure outside the cell. Recent studies 

have hinted at potential mechanisms for acid protection in T4P. In acidophilic thermophilic 

Archaea, the prevalence of amino acids like serine and threonine is thought to provide acid 

protection, potentially via O-glycosylation sites, as proposed by Wang et al., [36]. On the 

other hand, bacterial T4P also exhibit features that suggest acid stability, characterized by a 

composition rich in polar amino acids and a low proportion of charged amino acids, as 

discussed in a recent study by Páez-Pérez et al., [32]. Similar trends in amino acid 

composition have been observed in pili-like structures in At. ferrooxidans, most likely 

reflecting a responsive variation linked to the protein stabilization at low pH [37]. These 

findings shed light on the fascinating adaptations of extracellular protein structures in 

acidophilic microorganisms, offering insights into their ability to thrive in challenging acidic 

environments. 
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Currently there are no reports regarding cloning and heterologous expression of major or 

minor pilins from species of Acidithiobacillus despite their being acidophiles, nor are any 

reports of in silico or experimental analysis pilins from acidophiles, e.g., the acid stability of 

their pilins. Here we introduce such analyses with the premise that the pilin PilV is due to a 

particular amino acid composition indicating a reduction in charged amino acids. This was 

computationally evaluated using molecular dynamics and stability predictions, which 

showed acid stability, likely due to low surface charge. Also, in this work, PilV of At. 

thiooxidans was expressed and purified for the first time. Through molecular cloning 

techniques, recombinant proteins were obtained by in vitro expression systems. Cloning was 

done using the TOPO-TA system (vector pGEM-T Easy), and its insertion into E. coli 

JM109; the pilV obtained from the pGEM-pilV construct was ligated into the expression 

vector pET-32b(+), then expressed in E. coli BL21-CodonPlus (DE3) and purified with 

nickel affinity and anion exchange chromatography. The stability of the protein at different 

pH was then evaluated by monitoring its solubility using UV-Vis and fluorescence 

spectroscopy. 

Material and Methods 

Culture of Acidithiobacillus thiooxidans and synthesis of cDNA pilin 

Cells of type strain At. thiooxidans ATCC 19377 were aerobically cultured at 29±1°C in 

ATCC-125 medium (with g/L: 0.4 (NH4)2SO4, 0.5 MgSO4·7H2O, 0.25 CaCl2, 3 KH2PO4, 

0.005 FeSO4·7H2O; 10 of sterilized S0; pH 2.0 adjusted with concentrated H2SO4). The 

cultures were incubated for 28 days to obtain ca. 1×108 cells/mL. At this cellular density, the 

cells were concentrated and washed at 800 ×g for 1 min to remove the S0, and at 21100 ×g 

for 1 min using saline phosphate buffer PBS; in g/L: 8 NaCl, 1.44 Na2HPO4, 0.24 KH2PO4 

(J.T. Baker, USA), and 0.2 KCl (Sigma, USA; pH 7.4). The bacterial pellet was preserved 

until its use. mRNA was extracted by the TRIzol® (Invitrogen, USA) method following the 

protocol provided by the manufacturer and the cDNA was obtained using M-MLV 

retrotranscriptase (RT, Invitrogen).  

Design of primers and PCR 

Primers were designed based on the sequence of a non-redundant PilV protein 

(AWP39907.1; GenBank, ncbi.nlm.nih.gov/genbank) of At. thiooxidans ATCC 19377 
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(NZ_SZUV01000001.1:273124-274257; GenBank), using Vector NTI Express (Thermo 

Fisher Scientific). The primers were then synthesized by T4 Oligo (México) as follows: pilV 

forward: 5′-CTCACTCTCATTGACTATGATCG-3′; pilV reverse, 5′-

TCAGTATCCCACGATGGTTTG-3′. We obtained the PCR-amplified region of 444 bp of 

pilV. 

The pilV mRNA was amplified using GoTaq DNA Polymerase (Promega, USA) according 

to the protocol provided by the manufacturer. The PCR cycling conditions were: Initial 

denaturation (95°C, 1 min), 35 cycles consisting of denaturation (95°C, 1 min), primer 

annealing (55°C, 1 min), and extension (72°C, 1:20 min); followed by a final extension step 

(72°C, 5 min). PCR products were analyzed by electrophoresis in 1% (w/v) agarose gels 

(Sigma, USA) and purified by gel extraction with the Wizard SV Gel kit and PCR Clean-Up 

system (Promega, USA). 

Cloning of pilV 

The purified pilV product of PCR was ligated into the pGEM-T Easy cloning vector 

(Promega, USA) at the following proportions: 5 µL of buffer ligation 2X, 1 µL of pGEM-T 

Easy vector, 1-3 µL of PCR product, 1 µL of T4 DNA ligase (Promega, USA), and DNAse-

free water, incubated 1 h at room temperature. After ligation, the E. coli JM109 competent 

cells (Promega, USA) were transformed according to the protocol provided by the 

manufacturer. E. coli strains were inoculated at 37°C into Luria-Bertani (LB) medium 

supplemented with ampicillin (100 µg/mL; Sigma-Aldrich, USA), IPTG (Isopropylthio-β-

D-galactoside) (0.5 mM; Invitrogen, USA) and X-Gal (5-bromo-4-chloro-3-indolyl-β-d-

galactopyranoside) (50 µg/mL; Roche, Germany). 

Minipreps of transformed cells were carried out using the QIAprep Spin Miniprep Kit 

(Qiagen, Germany), followed by sequencing analyses using the universal M13 primers of the 

pGEM-T Easy vector, to confirm the correct direction of pilV insertion. The sequences of the 

inserts were analyzed at LANBAMA (National Biotechnology Laboratory, IPICYT, 

México). The recombinant plasmid was named pGEM-pilV. 

The pGEM-pilV and the pET‑32b(+) vector (Novagen, USA) were digested with EcoRI 

(Invitrogen) at 37°C for 1 h and the enzyme was then inactivated by incubating at 65°C for 
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15 min; the resulting fragments were separated by electrophoresis in 1% (w/v) agarose gels 

and purified by gel extraction (Wizard SV Gel and PCR clean-up system; Promega, USA). 

Subcloning the pilV fragment into pET-32b(+) expression vector 

We chose pET-32b(+) as the expression vector because it provides a higher level of 

expression than other systems and because the proteins are fused with a thioredoxin (Trx) 

that favors protein solubility, avoiding the formation of inclusion bodies [38]. The pilV 

fragment was subcloned into the pET-32b(+) vector (Novagen, Germany) using T4 DNA 

ligase (Promega, USA) with an insert:vector ratio of 3:1; the reaction was carried out at room 

temperature for 1 h. The resulting pET32-pilV construct was sequenced for verification, and 

then transformed into E. coli Top10 (Invitrogen, USA) according to the manufacturer’s 

protocol. The cells were incubated on ice for 30 min followed by a thermal shock in a water 

bath at 42°C for 30 s. The cells were then incubated at 37°C for 24 h in LB medium. The 

transformed cells were then collected and cultured in solid LB medium supplemented with 

ampicillin (50 µg/mL; Sigma-Aldrich, USA), at 37°C for 16 h. The pET32-pilV construct 

was extracted from the transformed cells by means of minipreps and digested with EcoRI as 

previously described. The presence, integrity, and orientation of the inserts were verified by 

PCR using the universal T7 primers and sequencing (LANBAMA, IPICYT, México). The 

correctly oriented clones were stored at -20°C until use. 

PilV expression and purification 

The fusion protein was expressed in E. coli BL21-CodonPlus (DE3) cells (Agilent 

Technologies, Inc. 2015) as follows: first, fresh bacterial colony harboring the recombinant 

vector was inoculated into 500 mL of LB medium with 100 µg/mL ampicillin, 75 µg/mL 

streptomycin and 34 µg/mL chloramphenicol and incubated at 37°C until it reached an 

absorbance of 0.8 at 600 nm (OD600). Then the inductor (IPTG) was added to a final 

concentration of 1.0 mM; the culture was orbitally incubated at 16°C overnight, and lastly, 

the cells were harvested by centrifugation at 4200 ×g for 10 min [39] and the pellet was stored 

at -20°C until use. 

Bacteria were resuspended in 30 mL of buffer A (50 mM HEPES pH 7.0, 100 mM NaCl and 

0.1 mg/mL lysozyme) and disrupted by sonication (amplitude 50%; pulse on 15 s; pulse off 

45 s). Soluble and insoluble fractions were separated by centrifugation at 15000 ×g for 30 
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min at 4°C and aliquots from the supernatant and pellet were used to determine recombinant 

protein expression by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) using Coomassie brilliant blue (BioRad, Switzerland) for staining. The recombinant 

fusion protein was found in the insoluble fraction. 

The insoluble fraction was resuspended in buffer B (20 mM Tris-HCl pH 8.0, 2% (v/v) Triton 

X-100 and 1 M urea) and stirred for 30 min, then centrifuged at 15000 ×g for 30 min at 4°C, 

recovering the fusion protein from the supernatant. 

The His6 tagged fusion protein was purified by a one-step procedure. The supernatant was 

loaded onto a column with His60 Ni-Superflow resin (Takara, USA) equilibrated with buffer 

B. The column was washed with three column volumes (CVs) of buffer C (20 mM Tris-HCl 

pH 8.0, 2% Triton X-100 and 100 mM NaCl). Subsequently the column was washed 

extensively with buffer C supplemented with 20 mM imidazole. Elution of the recombinant 

protein was carried out in one step with three CVs of buffer C supplemented with 300 mM 

imidazole. 

To verify protein expression and purification, SDS-PAGE was carried out with 12% 

acrylamide gels using established procedures [40]. 

Gels for western blot (WB) were transferred to 0.45 μm nitro-cellulose membrane (Bio-Rad, 

Switzerland) at 300 mA for 1 h. The membranes were blocked for 1 h in PBS 1× with 5% 

(w/v) non-fat milk and 0.01% Tween 20, and then incubated at 4°C overnight with mouse 

6x-His Tag (1:1000; Invitrogen, USA). After this, the membrane was washed (three times, 

each time for 10 min in agitation) with TBS 1× with 0.01% Tween 20, incubated with mouse 

Anti-His-HRP secondary antibody (1:5000; Invitrogen, USA) for 1 h, at room temperature 

and washed as previously described. 

In order to obtain free PilV in solution, digestion was carried out with thrombin protease, for 

which we used recombinant thrombin from Sigma-Aldrich according to the manufacturer’s 

instructions.  

After digestion, the sample was desalted in 25 mM Tris pH 8.0, 150 mM NaCl, 2% Triton 

X-100, and applied to an anion exchange column (Pierce™ Strong Anion Exchange Spin 

Columns), which was extensively washed with the same buffer. Subsequently, the protein 
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was eluted with a buffer containing 25 mM Tris-HCl pH 8.0, 300 mM NaCl, and 2% CHAP. 

The protein was quantified by measuring absorbance at 280 nm, and it was stored at 4°C until 

further use. 

Structure prediction and structure alignment analysis 

For prediction of the PilV structures of At. thiooxidans ATCC 19377 and other bacteria 

(Thermus thermophilus HB27, Pseudomonas aeruginosa PAO1 and Geobacter 

sulfurreducens PCA), the AlphaFold2 program ColabFold V1.5.2 was used 

(https://alphafold.ebi.ac.uk/) following the instructions recommended by Jumper et al., [41]. 

The complete amino acid sequence of pilins, including the propeptide, were submitted and 

analyzed with default parameters to run in each prediction. Using PilV structures obtained in 

PDB format generated by AlphaFold2, its structures as well as structure alignment analyses 

and the percent of similarity (two by two) were visualized and computed using UCSF 

Chimera 1.16 (www.cgl.ucsf.edu/chimera/) [42]. 

Disorder, secondary structure, and transmembrane topology prediction 

Structural disorder was predicted using the PONDR® server (http://www.pondr.com/) [43], 

employing the VL-XT algorithm, PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) [44], and 

DeepTMHMM (https://dtu.biolib.com/DeepTMHMM/) [45]. 

Protonation and deprotonation of PilV at different pH 

The protonation status of acidic and basic residues in the PilV protein was analyzed using 

the PDB2PQR web server (https://server.poissonboltzmann.org/pdb2pqr). The PDB2PQR 

uses the PROPKA algorithm together with the PARSE force field to calculate the ionization 

state of the protein at specific pH values. So, the submitted PilV structure was modified by 

incorporating protons, which were added according to the ionization states of the titratable 

groups at pH 2, 3, 4, 5, 6, 7 and 8. The Protein-sol program [46] (https://protein-

sol.manchester.ac.uk/) was used to evaluate the pH stability of PilV. This program computes 

the stability of the folded conformation and the charge characteristics of the proteins as pH 

varies. It employs the Debye-Hückel formula to determine the pKa, thus accounting for the 

pH-dependent impact on the stability of the folded state. 
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Molecular dynamics simulation 

Molecular dynamics (MD) simulations of the different protonation states of PilV that had 

been generated were carried out using the WebGRO program, based on GROMACS 

(https://simlab.uams.edu/index.php). To assess the stability of PilV, four main parameters 

were evaluated: RMSD (root mean square deviation), RMSF (root mean square fluctuation), 

Rg (radius of gyration) and total number of hydrogen bonds. The force field used was 

GROMOS96 43a1. Simple Point Charge (SPC) was selected as the solvent model (triclinic 

water box). This system was neutralized by adding sodium or chlorine ions depending on the 

total charges. Protein energy minimizations were performed using the steepest descent 

method in the presence of solvent, with a maximum of 5000 steP. MD simulations were 

carried out in the presence of 0.15 M NaCl using a constant temperature (300 K) and pressure 

(1.0 bar). Approximately 1000 frames were generated each simulation. The simulation time 

was set to 50 ns. 

pH-dependent PilV aggregation 

To measure precipitation propensity, PilV was suspended in 10 mM sodium phosphate buffer 

at the specified pH. After centrifugation for 20 min at 20000 ×g, the absorbance at 280 nm 

was measured using a Nanodrop spectrophotometer. Samples were kept at room temperature 

between measurements. Extinction coefficients obtained from ExPASy ProtParam 

(https://web.expasy.org/protparam/) [47] were employed to convert absorbance into protein 

concentration.  

Exposure of PilV to different pHs and denaturing conditions 

The PilV protein was diluted to 5 μM using different buffers at various pH values (2.0, 3.6, 

5.0, and 8.0) and equilibrated at room temperature. The following buffers (100 mM each) 

were used: glycine-HCl (pH 2.0), acetate (pH 3.6 and 5.0) and sodium phosphate buffer (pH 

8.0). 

A 5 μM PilV sample was diluted in 8 M urea and incubated at room temperature for 60 min. 

For heat denaturation, another 5 μM PilV sample was diluted in water and incubated at 90°C 

for 15 min. 
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Fluorescence spectroscopy  

The fluorescence emission spectra of PilV (5 μM) at various pH levels and denaturing 

conditions were measured using a Cary Eclipse Fluorescence Spectrophotometer from 

Agilent Technologies in a quartz cuvette with a 1 cm path length. The samples were excited 

at 280 nm, and the fluorescence spectra were recorded within the range of 300–400 nm. Both 

the excitation and emission slit widths were fixed at 5 nm. The samples were incubated in 

the dark at room temperature for 5 min before recording the fluorescence emission spectra. 

All values are the mean of three independent measurements. 

Results 

Inserts obtained after cloning protocol 

After cloning, the pGEM-pilV construct was transformed in E. coli JM109 cells. The 

recombinant plasmid was then extracted and analyzed, and the electrophoretic analysis 

showed fragments of 400 bp of pGEM-pilV (Fig. 11). The presence of the recombinant 

plasmid was confirmed a second time by PCR using M13 primers, amplifying the pGEM-

pilV; we obtained a fragment of 800 bp (Fig. 11). Thus, cloning was successful and the 

construct was independently subcloned into the recombinant plasmid pET-32b(+). 

 

Figure 11. Gene cloning and expression construct. Lane 1: detection of pGEM-pilV of about 400 bp after digestion. Lane 

2: pilV PCR as positive control (400 bp). Lane 3: Negative control. Lane 4: amplicon of pilV after PCR using M13 primers. 

Lane 5: amplicon of empty vector pET32b(+) (ca. 700 bp). Lane 6: amplicon of vector pET32b-pilV (ca. 1100 bp). M: 

molecular weight marker. 
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Subcloning pilV into pET‑32b(+) expression vector 

The pilV insert was subcloned into the expression vector pET-32b(+). Then the plasmid 

DNAs were extracted and purified (miniprep) and PCR were done using T7 primers. The gel 

analysis showed the corresponding bands of the plasmids with the pilins and of pET-32b(+) 

without any pilin insert (Fig. 11). Then the inserts were sequenced, and the obtained 

sequences were translated. Comparing the translated sequences of pilV from the 

corresponding plasmids with the reported GenBank sequence of PilV (AWP39907.1) 

confirmed that the mature proteins are identical (data not shown). 

Expression and purification of PilV 

Initially, attempts were made to express the PilV protein as a fusion protein together with the 

Trx protein in E. coli BL21 (DE3) strain; however, there was no correct expression of this 

despite changing different parameters (e.g., expression time, temperature, and inducer 

concentration; data not shown). So, we decided to analyze whether pilV had a “bias codon”. 

This analysis showed us that pilV has 6 low-use codons that correspond to 3 prolines (CCC), 

2 isoleucines (AUA), and one arginine (CGA). Considering this, we decided to use the E. 

coli BL21-CodonPlus (DE3)-RIPL cells, obtaining a correct expression of the fusion protein 

with an expected theoretical weight of 33 kDa (Fig. 12A). 

The solubility tests indicated that the fusion protein is in the insoluble fraction, probably due 

to an interaction of the α-helix of the N-terminal region of PilV with the cell membrane since 

this α-helix is transmembranal according to the MEMSAT-SVM analysis from PSIPRED 

and DeepTMHMM. Therefore, we decided to use the Triton-X100 detergent at a percentage 

of 2% v/v, managing to solubilize the fusion protein (Fig. 12B), to then perform a nickel 

affinity chromatography, since the fusion protein has a 6x-His tag before the thrombin 

cleavage site between the Trx protein and PilV (Fig. 12C). The results show that in fractions 

6-9, the fusion protein elutes at the expected molecular weight, which is confirmed by WB 

(Fig. 12D). These fractions were combined and desalted to be digested with thrombin 

protease and to have PilV without the Trx tag (Fig. 12E). 

Using the thrombin assay at a concentration of at least 1 U/mL of sample, a good quantity of 

PilV can be obtained for its later purification. 
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A screening was conducted to determine the NaCl concentrations at which Trx does not bind 

but PilV does, resulting in 150 mM NaCl. Consequently, the protein sample was desalted 

into buffer (25 mM Tris-HCl pH 8.0, 150 mM NaCl, 2% Triton X-100) before washing the 

column with 25 mM Tris-HCl, 150 mM NaCl, 2% CHAPS, and finally the protein was eluted 

using the same buffer supplemented with 300 mM NaCl (Fig. 12F). 

 

Figure 12. Expression and purification of PilV of At. thiooxidans. (A) Heterologous expression of PilV in E. coli BL21-

CodonPlus (DE3)-RIPL with the pET32-pilV vector. M: molecular weight. Lane 1: protein profile before induction. Lane 

2: protein profile after induction. (B) Solubilization of PilV with detergent. Lane 1: soluble fraction. Lane 2: fraction 

solubilized with detergent. (C) Purification of PilV by nickel affinity chromatography. Lane 1: solubilized fraction. Lane 2: 

unbound fraction. Lane 3: proteins eluted with buffer C. Lanes 4 and 5: protein eluted with buffer C supplemented with 10 

mM imidazole. Lanes 6 to 9: proteins eluted with buffer C supplemented with 300 mM imidazole. (D) WB detection of 

fractions eluted with 300 mM imidazole. (E) Cleavage of the Trx-PilV fusion protein with thrombin protease. M: molecular 

weight. Lane 1: fusion protein without protease (-). Lanes 2: cleaved fusion protein after incubation with thrombin protease 

(+). Trx: 13.9 kDa and PilV: 19.2 kDa. (F) PilV protein obtained after purification by anion exchange chromatography. M: 

molecular weight. Lane 1: purified PilV. 
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Structural model of PilV of At. thiooxidans 

The predicted structure of PilV of At. thiooxidans obtained using AlphaFolfd2 shows the 

typical characteristics of pilin: a hydrophobic α-helix of stick-like shape in its α1-N (Leu-13 

to Gly-44), a less hydrophobic α1-C (Asn-45 to Phe-71), and β-sheets joined with head-like 

loops and two terminal cysteines (Cys-130 and Cys-132) flanking a putative D-region; these 

two Cys are very close (Figs. 13A and 13A') and hinder the formation of the typical C-

terminal disulfide bond (Figs. 13B and 13C'). The C-terminal head-like structure includes the 

characteristic short αβ-loop (between α1-C and the first β-sheet) of amino acids (Asn-72 to 

Ala-115) (Fig. S1). 

Once the PilV model of At. thiooxidans was selected, we aligned the structure against the 

corresponding structures of Th. thermophilus HB27, P. aeruginosa PAO1 and Ge. 

sulfurreducens. The PilV of At. thiooxidans overlaps PilV of P. aeruginosa (Fig. 13C) and 

of Ge. sulfurreducens better, with which it has 15.92% identity (RMSD between 61 pruned 

atom pairs of 1.030 Å across all 153 pairs: 9.067) and 16.67% identity (RMSD between 78 

pruned atom pairs of 0.889 Å; across all 130 pairs: 5.471) respectively. Interestingly, the 

alignment of PilV of Ge. sulfurreducens and At. thiooxidans shows a major identity and 

superposition in both the stick-like and head-like shape structures (Fig. 13D). The PilV of At. 

thiooxidans and Th. thermophilus showed the lowest identity and superposition, 7.64% 

(RMSD of 34 pruned atom pairs is 0.831 Å; across all 137 pairs: 18.501). 

PilV behavior at different pH 

To investigate the behavior of the protein at different pH values, it is necessary to evaluate 

the protonation state of the titratable groups under conditions in which the electrostatic 

environment changes. After obtaining the different states of protonation of PilV at pH 2, 3, 

4, 5, 6, 7 and 8, molecular dynamics simulations were carried out for each pH at 300 K 

temperature (26.8°C).  
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Figure 13. Predicted structure of PilV. (A) PilV of At. thiooxidans (cyan color) obtained by AlphaFold2 and compared 

through superposition with: (B) “prepilin-like protein” of Th. thermophilus HB27 (orange; GenBank: AAM55483.1); (C) 

“type 4 fimbrial biogenesis protein PilV” of P. aeruginosa PAO1 (yellow; NP_253241.1); (C') shows its D-region, and (D) 

“type IV pilus minor pilin PilV” of Ge. sulfurreducens PCA (magenta; AAR34389.2). PilV structures were overlain (two 

by two) using UCSF Chimera. Red arrow in (A) indicates the putative D-region, amplified in (A') to show the two Cys 

residues separated by Pro-131. 

The RMSD for PilV indicates a deviation of 1 to 1.5 nm at all modeled pH, after 45 ns. These 

changes in the initial structure may be due to the fact that the hydrophobic N-terminal of PilV 

is exposed to the solvent, causing self-folding to decrease the contact area and exposure to 

the polar medium (Fig. 14A). This is verified in the RMSF graphs: the first 40 residues 

outside the globular domain of PilV have higher RMSF than the rest of the protein, due to 

the rate of fluctuations comparable at all the pH tested (Fig. 14B). In addition, it is observed 

that the region of residues 65-120, predicted as disordered, has a greater fluctuation rate. 

The Rg analysis shows that PilV at different pH tends to compact (lower Rg), except at pH 

5.0, where a small portion of the N-terminal folds in on itself. This analysis leads us to infer 

that PilV remains stable at different pH and shows resilience to pH changes (Fig. 14C). The 

number of intra-protein H-bonds, and therefore the stability of the protein in PilV, is 

maintained at the different pH, except for pH 5 (Fig. 14D). 
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Figure 14. pH-MD simulations of PilV of At. thiooxidans. (A) RMSD. (B) RMSF. (C) Rg. (D) Hydrogen bond plot of PilV 

at different pH. 

For a deeper understanding of the stability of PilV at different pH, surface electrostatics were 

analyzed in silico; the data were obtained with the APBS-PDB2PQR program. The surface 

charge of PilV remains homogeneous at different pH (Fig. 15A); it is observed with few 

regions that indicate ionizable groups, probably because this protein has 4 glutamic acid, 2 

arginine and one lysine. The protein acquires little surface charge at pH <4.0 and remains 

neutral at pH >4.0 (Fig. 15B). Therefore, having low surface charge, it maintains structural 

integrity, even with different values of ionic strength (Fig. 15C). The pH that gives stability 

of the folded state show homogeneity. 
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Figure 15. Computational characterization of PilV. (A) Visualization of the surface charge of PilV is achieved by 

incorporating amino acid protonation states calculated based on pH using PDB2PQR and APBS. (B) Heatmap of predicted 

average charge for PilV at different pH and ionic strengths. (C) Heatmap of predicted protein stability in the folded state, 

considering the interactions between ionizable head groups in J/residue for PilV at different pH and ionic strength values. 

Considering that the results from molecular dynamics and folded state stability analyses 

demonstrate resilience to a range of pH values, we decided to experimentally assess these 

conditions. To do so, we evaluated the solubility of PilV at pH 2, 5, and 8 by monitoring the 

protein concentration over time through UV-Vis spectroscopy, measuring the absorbance at 

280 nm. Following incubation of the recombinant PilV at a concentration of 1 mg/mL for a 

period of up to 24 h, we did not observe any precipitation, and the protein remained stable at 

pH 2, 5 and 8 (Fig. 16). 
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Figure 16. The precipitation behavior of PilV. The precipitation was examined by assessing its likelihood to form 

precipitates under three distinct pH conditions. The measurements were carried out in triplicate and then normalized to the 

average value obtained at the 1-hour mark. The initial protein concentration used was 1 mg/mL. 

In conditions of extreme pH, the primary factor causing the protein to unfold is the repulsion 

between charged groups within the protein molecule, modifying salt bridges and hydrogen 

bonding formed between the side chains, leading to denaturation and subsequent aggregation 

and precipitation due to exposure of the hydrophobic core. For some proteins, the equilibrium 

between these internal repulsive forces and hydrophobic interactions (and potentially 

electrostatic disulfide cross-links and metal-protein interactions) is delicate enough that the 

protein may undergo partial unfolding or, in the most extreme scenarios, retain its folded 

structure [48]. So, if protein lacks charged amino acids, it may have fewer charged groups 

available for electrostatic interactions. As a result, the electrostatic repulsion within the 

protein may be reduced in extreme pH conditions. This reduction in charged groups could 

result in the equilibrium between repulsive and stabilizing forces shifting in favor of the 

latter. 

Using intrinsic fluorescence to measure PilV stability upon different pH and denaturing 

conditions 

Tryptophan fluorescence is commonly used to measure the stability of proteins by monitoring 

conformational changes. The fluorescence intensity and the maximum wavelength of 

tryptophan emission are used as signals to measure the stability of proteins. This method is 

particularly useful for monitoring the unfolding of proteins and can be employed to study the 

effect of pH and temperature on protein conformational changes [49]. 
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Changes in the tertiary structure of PilV were monitored by analyzing changes in the intrinsic 

fluorescence emission. Intrinsic fluorescence spectra of PilV at different pH are shown in 

Fig. 17A. Regarding the maximum fluorescence intensity of PilV at different pH values, it 

was 330 nm for pH 3.6, 5, 8, and 333 nm for pH 2 indicating a characteristic feature of folded 

proteins (Fig. 17B). It's worth mentioning that the fluorescence intensity is very similar 

across the range of pH values, except for pH 5, which exhibits a slight decrease, but probably 

the microenvironment around aromatic residues was relative unchanged in different pH 

levels (Fig. 17A). To gain more insight into the structural stability of PilV, we denatured the 

protein with high concentration of urea (8 M) firstly, and then we incubated it at high 

temperature (90°C). For both conditions, the fluorescence spectrum shows a red shift with 

maximum intensities of 335 and 340 for urea and temperature, respectively (Fig. 17B), 

indicating that the tertiary structure of PilV destabilized due to unfolding (Fig. 17A). 

Remarkable, during denaturation with urea, there is an increase in fluorescence intensity, a 

phenomenon that has already been observed in other proteins, most likely due to the removal 

of other tryptophan quenching as the protein unfolds [50]. Finally, it is important to say that 

PilV has 2 tryptophan residues in its sequence [32]. 

 

Figure 17. Intrinsic fluorescence spectra of PilV. (A) Emission spectra pf PilV at different pH and denaturing condition 

(chaotropic agent and high temperature, separately). An excitation wavelength of 280 nm was used and monitored emission 

in the range of 300-400 nm. (B) Max emission λ plotted with respect to pH and denaturing conditions. 
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Discussion 

Seminal reports about T4P have been based on studies only in mesophile and pathogenic 

bacteria such as P. aeruginosa, by studying the homolog expression of the pilins. Although 

the homologous expression has many technical complications and flats. It is easier to analyze 

than heterologous T4P of bacteria from extreme natural environments. Understanding of the 

latter remains poor because it is more difficult to find culture media and suitable conditions. 

Heterologous expression is therefore the best option for characterizing extremophiles. 

However, it is crucial to be mindful of the inherent challenges associated with this approach, 

including protein stability, folding, and functional assays in non-native hosts. 

In this work we present the methodology developed to achieve heterologous expression and 

acquire pure PilV, as well as the results obtained. Various methodologies were followed and 

some vector expression systems were assayed, namely the two-step cloning that enables the 

construct pGEM-pilV to be independently subcloned into the recombinant plasmid pET-

32b(+). 

Improving yields is an important issue in the production of recombinant proteins. One of the 

determining factors is the incubation temperature; we observed that low temperature yields 

certain advantages such as obtaining a soluble recombinant protein, avoiding the formation 

of inclusion bodies. This significantly improves protein quality, as was previously observed 

by Mühlmann et al., [51] and Bartolo-Aguilar et al., [52]. Our results show that PilV is better 

expressed at 16°C; despite also being expressed at 37°C, we chose to express PilV at the 

lower temperature to obtain a well-folded protein. 

We succeeded in standardizing the appropriate purification technique for PilV protein, 

obtaining a yield of 2.0 mg of solubilized protein in a liter of culture after 2 purification steP. 

Pilin PilV was expressed mainly in the insoluble fraction and recovery after detergent 

solubilization, likely because an interaction between the hydrophobic α-helix of the N-

terminal of PilV and the bacterial membrane is broken: PilV can be considered a transiently 

peripheral protein, as pilus assembly involves the transport of pilins through the membrane; 

first, pilin precursors present in the cytoplasm are transported to the outer membrane through 

the SecA translocon [53], then peripheral membrane protein can associate with the membrane 

in a variety of ways. For example, the mitochondrial enzyme dihydroorotate dehydrogenase 
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(DHODH) has an N-terminal transmembrane helix to ensure correct orientation of the 

substrate binding site towards the membrane; of these, DHODH requires detergent micelles 

to stabilize it before further experimental characterization such as native mass spectrometry 

[54]. 

The expression and purification of PilV of At. thiooxidans enables techniques such as protein 

crystallization to be developed, to expand knowledge about this pilin; e.g., to elucidate its 

structure and function. However, currently the use of simulations is transforming molecular 

research through modeling systems for the initial approach. Thanks to this, it is possible to 

advance in molecular characterization and subsequently recreate experiments to validate the 

predicted characteristics. Consequently, and since our cloning was successful (Fig. 11), we 

decided to model the PilV sequence using a structure approach to seek homology between 

the PilV of At. thiooxidans and three other distant taxa, taking advantage of the powerful tool 

AlphaFold2 to make predictions of protein structure [41] since pilins share a similar basic 

modular structure (Figs. 13A and 13D). Our predicted model of PilV of At. thiooxidans 

resulted in such a “lollipop-like” structure, confirming that the predicted structure is like 

other pilins (Fig. 13). 

We aligned the structure of At. thiooxidans PilV with the corresponding PilV of two classes 

of Proteobacteria, the Gammaproteobacteria P. aeruginosa and the Deltaproteobacteria Ge. 

sulfurreducens; we also compared it with PilV of the extremophile Th. thermophilus, phylum 

Deinococcus-Thermus. The selected species have the PilV domains known as extracellular 

T4P pilus assembly proteins involved in cell motility [55] as minor pilins [56]. Despite the 

existence of variable regions, the PilV model of At. thiooxidans and the selected species 

confirm the canonical basic architecture of T4P pilins. The primary structure of the compared 

PilV proteins have low similarity, <16.67%; nevertheless, the results of superimposed PilV 

structures or tertiary structure (Fig. 13) exhibit a greater overlap along the N-terminal α-helix, 

with the lowest identity because of the variable regions beyond the first 25 amino acids, 

commonly observed in evolutionarily distant species [5]. 

It is known that the greatest structural difference in the minor pilins is the versatile αβ-loop 

region that connects the α1-C helix to the β-sheet, as well as the D-region or the disulfide-

bonded loop enclosed by the C-terminal disulfide bond that is found in some species [7] (Fig. 
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13C'). Disorder analysis shows that the entire αβ-loop region is located precisely at the peak 

of the most disordered region of PilV of At. thiooxidans, but it could transition into an ordered 

state [32]. Additionally, it has been observed that the αβ-loop is involved in the proper 

assembly of pilins and exhibits a slow structural dynamic (μs to ms) [57], suggesting its role 

in protein-protein interactions. In both major and minor pilins, the D-region typically consists 

of 10 to 20 amino acids forming a loop (Fig. 13) [6]. It is proposed that this contributes to 

the structural stability of the globular domain, and it is often found connected to the last β-

sheet of the tail [58], stabilizing the interactions between structural pilins [59] or exposed for 

surface binding and pilus assembly [60]. It should be noted that these disulfide bridges are 

disrupted under reducing conditions, leading to the rapid disintegration of the pilus structure 

[61]. 

Surprisingly, although PilV of At. thiooxidans possesses two Cys in its C-terminal, they do 

not form a disulfide bond with each other due to their close position (130 and 132) and the 

presence of a Pro residue between them (Pro131; Fig. 13A'). When two consecutive Cys 

residues are separated by a Pro residue, it can lead to the formation of a small disulfide loop, 

but the formation of a disulfide in Cys-Cys requires prior formation of an unfavorable cis 

peptide bond between the cysteines, and prolines have only limited ability to adopt the cis 

configuration [62]. Like PilV of At. thiooxidans, the PilV of Ge. sulfurreducens do not show 

a D-region, while the PilV of P. aeruginosa and Th. thermophilus do have D-region (Cys164 

to Cys177 and Cys170 to Cys185, respectively), forming a disulfide bond. These results 

confirm that the D-region in minor pilins is variable and not always present [6]. Similar to 

FimA of D. nodosus, in our PilV model we found two hydrogen bonds joined to the last β-

sheet with Cys 130 (data not shown) [63]. This could imply that hydrogen bonds are 

responsible for the intermolecular interactions. 

Considering this information, we can assume that disulfide bonds are not formed in D-region 

between the two cysteines of PilV of At. thiooxidans but rather with the cysteines of another 

minor pilin (PilW, PilX or PilY1) or that they serve as a surface sensor or complex because 

D-region is exposed to the surface; e.g., a divalent metal of metal sulfide such as pyrite (FeS2) 

forming a Cys-S-Fe complex as suggested by Rojas-Chapana and Tributsch [64]. Moreover, 
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according to Ye et al., [65] the electron transferred is through the disulfide bridges, promoting 

the transfer of S species to the sulfur-oxidant bacteria. 

Previously we reported that the pili of At. thiooxidans exhibit characteristics that would make 

them resilient to changes in pH and reducing environments [32]. Here, specifically for the 

PilV pilin, we evaluated specific regions of the tertiary structure that are known to be in 

contact with the external environment. In the case of the segment corresponding to the αβ-

loop (from Asn-72 to Ala-115), we found that compared to the same region of PilV in P. 

aeruginosa, the degree of intrinsic disorder has opposite values. The αβ-loop of At. 

thiooxidans shows a high tendency towards disorder, whereas that of P. aeruginosa shows a 

strong tendency towards order. For the case of the same region of PilV in Th. thermophilus, 

something very similar occurs in the central structure of the loop; however, at the ends, a 

pronounced tendency toward disorder is observed. In the case of PilV of Ge. sulfurreducens, 

due to the size of their αβ-loop (24 amino acids) it is not possible to determine a disorder 

region, however the middle αβ-loop region shows a tendency to disorder (Fig. S2). For the 

αβ-loop segments in particular, these results confirm our previously reported data [32]. 

We have proposed a model by which the extracellular pilins of At. thiooxidans can maintain 

their stability and functionality at different pH to which pilins are exposed (from their 

synthesis in the cytoplasm to their incorporation into the pili and coming into contact with 

the extracellular medium). Until the present study, the effect of pH on the minor pilins had 

not been investigated nor, to the best of our knowledge, has any previous computational study 

investigated the behavior of PilV at different pH. Here, the computational characterization 

was performed using molecular dynamics, and the analysis revealed the stability of PilV at 

different pH. Other proteins become unstable to changes of pH due to ionizable side chains 

and Coulomb repulsion between the polar groups of the charged heads of amino acids (e.g., 

Asp, Glu, His, Lys, and Arg) [66–68]. Analysis of the amino acid composition of PilV of At. 

thiooxidans indicates a significant decrease in charged amino acids, which most likely 

confers acid stability. Indeed, the electrostatic repulsion between residues with the same 

charge is one of the main factors affecting protein structure, stability, and function [69–71]. 

If we observe the surface charge at different pH values, we notice that overall PilV maintains 

a low net charge and very similar values for the stability of the folded state. We did not carry 
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out further analyses under more basic pH. These predictions were initially confirmed by 

measuring the protein’s tendency to precipitate, which indicated that it remains soluble even 

with significant changes of pH (Fig. 16). Further biophysical characterization using intrinsic 

tryptophan fluorescence provides information about the local microenvironment of the 

tryptophan residue, which responds very sensitively to any change in the protein's tertiary 

structure. The maximum fluorescent intensity of PilV at different pH values is around 330 

nm, suggesting that this residue stays in a hydrophobic environment. There is only a red shift 

when the protein is exposed to a high concentration of urea or when it is incubated at a high 

temperature, indicating that the tryptophan residues' microenvironment changes from a non-

polar to a solvent-exposed environment during the unfolding of the protein. 

In summary, despite the existence of various methods of protein cloning and purification, 

few reports have been published on acidophilic chemolithoautotrophs, which are of interest 

due to their extracellular protein present in protonated microenvironments that do not 

resemble heterologous organism such as E. coli. We proposed such method for cloning and 

heterologous expression. To date, there have been very few reports in the literature reporting 

the study of pilins from non-pathogenic bacteria. It is crucial to begin characterizing pilins 

from different organisms, as they can provide us with guidance for applying their key 

adaptability characteristics in various conditions. As demonstrated by our study of pilin PilV, 

we suggest that due to its unique amino acid composition, it exhibits acid stability, which 

could have significant implications in medicine and in biotechnology such as bioleaching of 

sulfide mineral. For instance, identifying stabilizing substitutions; some proteins may find 

stabilizing amino acid substitutions by comparing their sequences with homologs from 

acidophilic microorganisms. A bioinformatics approach makes it possible to explore 

experimental conditions that close the gap and guide the characterization toward realistic 

achievements. 
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 Supplementary information of Chapter III 

 

Fig. S1. Predicted tertiary structure of minor pilin PilV of At. thiooxidans showing its regions. The α-helix is divided in two 

sections: the most hydrophobic segment α1-N (blue) and less hydrophobic α1-C (green). The αβ-loop is in orange and the 

putative D-region in magenta. 

 

Fig. S2. PONDR scores indicate disorder prediction of PilV pilins from At. thiooxidans (purple), P. aeruginosa (light blue), 

T. thermophilus (orange) and G. sulfurreducens (brown). The dotted lines indicate the segments corresponding to αβ loop. 

The VL-XT algorithm on the PONDR® server was used, values above 0.5 indicate a tendency for disorder. 
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Abstract 

Thirty years since the first report on the PilY1 protein in bacteria, only the C-terminal domain 

has been crystallized; there is no study in which the N-terminal domain, let alone the 

complete protein, has been crystallized. In our laboratory, we are interested in characterizing 

the Type IV Pili (T4P) of Acidithiobacillus thiooxidans. While continuing our experimental 

work, we have decided to begin the in silico characterization of PilY1 and other pilins of the 

T4P of this acidophilic bacterium. Here, it is presented a description of the particularities of 

At. thiooxidans PilY1 protein through predictor software and homology data. Our results 

suggest that PilY1 from At. thiooxidans may have the same role as has been described for 

other proteins (non-pilins) associated with T4P in neutrophilic bacteria; also, its C-terminal 

interacts (interface interaction) with the minor pilins PilX, PilW and PilV. The N-terminal 

region comprises domains such as the vWA and the beta-propeller folding, involved in 

signaling, ligand-binding, and protein-protein interaction. In fact, the vWA domain has 

intrinsically disordered regions that enable it to maintain its structure over a wide pH range, 

not only at extreme acidity to which At. thiooxidans is adapted. 

 

Key Words: acidophile, PilY1 interaction, vWA domain, protein structure, protein 

disorder, circular dichroism spectra  
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Introduction 

Acidithiobacillus thiooxidans has a significant role in the acidophilic bioleaching process 

(Yin et al. 2019; Jiménez-Paredes et al. 2021; Kamizela et al. 2021). The conditions and 

adaptive mechanisms which the Acidithiobacillus genus has developed to maintain the 

integrity of its cellular functions (pH < 3, high redox potentials) provide a good model for 

studying the resilience of extracellular proteins. For bioleaching, cell adherence and biofilm 

formation are key factors. Biofilm formation involves surface sensing and the production of 

extracellular polymeric substances (EPS) (García-Meza et al. 2013), exchange of flagellar 

and pili motility, and multiple cellular signaling cascades and gene regulation (Díaz-

Beneventi et al. 2018). Previous studies have shown that Type IV Pili (T4P) are involved in 

biofilm formation in Acidithiobacillus ferrooxidans and At. thiooxidans (Díaz et al. 2017; 

Tang et al. 2018). Functional and biochemical assays as well as tertiary structure analyses of 

several pilins of T4P of various prokaryotic pathogens have been carried out, but not for 

Acidithiobacillus sp. 

Based on information obtained from bacteria of clinical or biotechnological interest, more 

than a dozen different key proteins forming part of the T4P structure and system are currently 

known, e.g. proteins called major pilins (PilA forming the stem of the pilum) and minor pilins 

on the pili tip (FimU, PilV, PilW, PilX, PilY/PilC). In At. thiooxidans, a cluster with a 

structure similar to the canonical operon found in Pseudomonas aeruginosa, which primes 

the T4P pilus, has been identified. This cluster encodes four minor pilins fimT, pilV, pilW, 

and pilX, in the same orientation with respect to pilY1 (Páez-Pérez et al. 2023). PilY1 is a 

high molecular weight protein associated with the pili tip and also found in extracellular 

membrane (Burdman et al. 2011; Lou et al. 2015; Giltner et al. 2010; Craig et al. 2019). 

Specifically, PilY1 was identified by Alm et al. (1996) in Pseudomonas aeruginosa and 

described as a PilC2 gonococcal homologue due to the fact that the C-terminal domain of 

both are similar. The 127 kDa PilY1 protein was found in membrane and in sheared pili, and 

the deletion of the pilY1 gene triggers loss of twitching motility and the disruption of pili 

biogenesis in mutants, suggesting a priming role in pili assembly. Therefore, the authors 

suggested that PilY1 participates before and during pilus assembly and is part of pili (Alm et 

al. 1996). One year earlier, Rudel et al. (1995) reported PilC2 and identified it as the T4P tip 
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adhesin from purified pilus in the genus Neisseria; they indicated that the PilC adhesion 

property is essential for cell adherence and subsequent infection. The C-terminal similarity 

and its location at the pili tip were the reasons why PilY1 was also defined as an adhesin. 

The PilY1 C-terminal is a conserved domain and folds into an eight-beta-propeller structure 

(usually named Neisseria PilC beta-propeller domain) similar to that predicted in PilC2, 

which interacts with the minor pili complex. Additionally, this C-terminal domain of PilC2 

and PilY1 contains an EF-hand Ca-binding motif where the release of Ca serves as a signal 

for the regulation of pili retraction, affecting PilT ATPase (Morand et al. 2004; Clapham 

2007; Orans et al. 2010; Treuner-Lange et al. 2020). 

The N-terminal of PilY1 is not conserved, but diverse bacteria contain a domain that 

participates in crucial roles such as sensing, cell recognition, or adhesion. This domain 

includes the von Willebrand A-like factor (vWA) and the metal ion-dependent adhesion site 

(MIDAS) motif (Siryaporn et al. 2014; Alfaro-Saldaña et al. 2019; Webster et al. 2021; 

Sacharok et al. 2023). The vWA “is structurally similar to the A2 domain of the human vW 

factor, a force-sensing glycoprotein important in stopping bleeding” (Webster et al. 2022). 

In bacteria, this domain is involved in migration, mechanosensing, signaling, adhesion, and 

biofilm formation (Webster et al. 2022; Islam et al. 2023), while the MIDAS motif resembles 

the cellular adhesion role of the vWA in α-β integrin chains (Gotwals et al. 1999; Springer 

20006). 

PilY1 contributes not only to the structure of pili but also to signaling cascades that regulate 

twitching motility, pilus biogenesis and retraction, and bacterial behavior on surfaces such 

as cell adhesion processes through molecular binding, sulfur bridges, hydrogen bonds, 

electrostatic forces, and sense of shear force (Tuson et al. 2013; Siryaporn et al. 2014; Luo 

et al. 2015; Nguyen et al. 2015; Laventie and Jenal, 2020; Webster et al. 2021). To date, 

PilY1 has been well studied in pathogens (Kuchma et al. 2010; Orans et al. 2010; Cruz et al. 

2014; Hoppe et al. 2017; Marko et al. 2018; Webster et al. 2021; Herfurth et al. 2022; Xue et 

al. 2022), but its investigation in extremophiles such as acidophiles has been limited to the 

reporting of their expression (Makarova et al. 2016; Alfaro-Saldaña et al. 2019). In fact, only 

the tertiary structure of the PilY1 C-terminal domain is currently known (Orans et al. 2010), 

and no information regarding the N-terminal or full-length structure has been reported. In 
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recent reports, we confirmed, sequenced, and analyzed PilY1 of At. thiooxidans (Alfaro-

Saldaña et al. 2019). Our primary and secondary structure analyses revealed that PilY1 amino 

acid composition and disorder region are associated with pH resilience and stability (Páez-

Pérez et al. 2023). Here, we conduct in silico analyses of the predicted tertiary structure of 

PilY1. First, we describe the conserved C-terminal and its homology with P. aeruginosa and 

Neisseria PilC2, enabling us to delineate a potential interaction interface with the minor 

pilins. We then describe the N-terminal domain of At. thiooxidans, focusing on the vWA. 

The tertiary structure analyses and sequence alignments were conducted comparing vWA’ 

PilY1 and its homologues in neutrophilic bacteria and eukaryotes. Further computational 

characterization shows that despite the complexity of this protein, it is designed to withstand 

the hostile environment where At. thiooxidans thrives. 

Methodology 

Structure prediction and sequence analysis of PilY1 

The sequence for the PilY1 protein of At. thiooxidans ATCC 19377 was AWP39905.1. The 

sequences for PilY1 of P. aeruginosa PAO1AAA93502.1, as well as AFA53726.1 for PilC 

of Neisseria meningitides were used for comparisons. Sequences were obtained from 

GenBank (https://www.ncbi.nlm.nih.gov/genbank/). 

Secondary structure and structural disorder of PilY1 were predicted using, respectively, the 

FELLS server (http://old.protein.bio.unipd.it/fells/) (Piovesan et al. 2017) and the PONDR® 

server (http://www.pondr.com/), applying the VL-XT algorithm (Xue et al. 2010). 

Predictions of tertiary structure of the PilY1 and its vWA domain from At. thiooxidans, P. 

aeruginosa PAO1 and N. meningitides were obtained using the AlphaFold2 program 

ColabFold V1.5.2 (https://alphafold.ebi.ac.uk/) following default recommendations (Jumper 

et al. 2021; Mirdita et al. 2022). The complete amino acid sequence of PilY1 and PilC2 and 

the sequence of vWA without the signal peptide of both PilY1 were submitted and predicted 

with default parameters in each prediction run, yielding PDB files of each structure and the 

predicted local distance difference test (pLDDT). The C-terminal domain of PilY1 crystal 

structure (3HX6) (Orans et al. 2010) was obtained from the RCSB Protein Data Bank (RCSB 

PDB) (https://www.rcsb.org/). Tertiary structure alignments and domain localization were 
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visualized and computed using UCSF Chimera 1.16 (www.cgl.ucsf.edu/chimera/) (Pettersen 

et al. 2004). 

To align the tertiary predicted structure of PilC2 with similar proteins, we used FoldSeek 

Server (https://search.foldseek.com/search) (van Kempen et al. 2023). This software 

compares tertiary structures with protein that have similar shapes, giving us quantitative data 

about TM-align and RMSD scores. 

SignalP-6.0 (https://dtu.biolib.com/SignalP-6) was employed to identify the presence of a 

signal peptide in PilY1 and PilC2 (Teufel et al. 2022). The calcium binding motifs were 

predicted using the MIB2 Metal Ion-Binding site prediction and modeling server 

(http://combio.life.nctu.edu.tw/MIB2/), which uses structural and sequence information to 

identify protein-metal interaction sites (Lu et al. 2022).  

Prediction of functional interaction partners and interface interaction with PilY1 

To find potential interaction partners, the STRING database (https://string-db.org/) was 

utilized. STRING is a comprehensive database specialized in cataloging known and 

anticipated protein-protein interactions, including both direct (physical) and indirect 

(functional) associations. It amalgamates evidence from diverse sources such as automated 

text mining, interaction experiments, annotated complexes/pathways, and computational 

predictions. With its forthcoming version 11.5, STRING aims to achieve extensive coverage, 

encompassing over 14,000 organisms (Szklarczyk et al. 2021). Subsequently, the BIPSPI 

(xgBoost Interface Prediction of Specific Partner Interactions) web server 

(https://bipspi.cnb.csic.es/) was used to identify which residues are involved in the interaction 

between PilY1 and the minor pilins predicted by STRING. It employs the XGBoost 

algorithm and is designed as a three-step workflow involving XGBoost classifiers and a 

scoring function to convert interacting pair predictions into binding site residue scores. 

BIPSPI has shown high performance compared to other methods (Sanchez-Garcia et al. 

2019). 

Primary structure and phylogenetic analysis of vWA 

We analyzed the phylogenetic relationships using the protein sequences of the vWA of the 

PilY1/PilC family of some Acidithiobacillus spp. To polarize the obtained tree, the vWA 

containing the integrin sequence of Homo sapiens was used. The sequences obtained from 
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NCBI were aligned with those obtained in this work using MEGA11 software (Tamura et al. 

2021). 

Molecular dynamic and circular dichroism at different pH values 

The PQR files for the PilY1 vWA domain in different protonation states were initially 

generated from the PDB file using the PDB2PQR web server 

(https://server.poissonboltzmann.org/pdb2pqr) (Jurrus et al. 2018). PQR files contain the 

vWA structure modified by incorporating protons, added at pH values of 1 to 8. Molecular 

dynamics (MD) simulations of the vWA domain exposed to different pHs were carried out 

using WebGRO, an online automated program which uses the GROMACS package for MD 

simulations (https://simlab.uams.edu/index.php) (Abraham et al. 2015). The stability of 

PilY1 vWA was assessed based on changes, primarily in the RMSD (root mean square 

deviation), RMSF (root mean square fluctuation) and Rg (radius of gyration). MD runs were 

carried out with the default parameters, including the GROMOS96 43a1 force field, a triclinic 

water box with simple point charge (SPC), neutralized system with 150 mM of NaCl, the 

protein energy minimizations with a maximum of 5000 steps, and constant temperature (300 

K) and pressure (1.0 bar). The trajectories were saved at 1000 frames in each simulation and 

the simulation time was 50 ns. 

Circular dichroism spectra of the vWA domain were calculated with the PDBMD2CD 

program (Drew and Janes 2020) at the web server (https://pdbmd2cd.cryst.bbk.ac.uk/), 

starting from the molecular dynamic simulation data (e.g. MD trajectories) and generating 

spectra for each of the structures provided at each pH evaluated. 

Results and Discussion 

The PilY1 structure 

Upon analyzing and comparing the predicted 3D structure of PilY1 of At. thiooxidans, P. 

aeruginosa, and PilC2 of Neisseria meningitides, two well differentiated domains can be 

identified: the N- and C-terminal. (Fig. 18). The pLDDT graphics for the three adhesin 

models show peaks near 100% with sudden drops. These drops are more abundant in the At. 

thiooxidans PilY1 model and in the first 400 residues of PilC2 model, indicating that some 

regions are difficult to predict (data not shown) because of the lack of 

counterparts/homologues. The inter-chain predicted alignment error (inter-PAE) indicates 
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that both PilY1 models have two well-structured regions (one in about the 500 first amino 

acids and the other in the remaining residues), the N- and C-terminal domains (Figs. 18a and 

18b). The inter-PAE of PilC2 of Neisseria meningitides has an N-terminal domain of 330 

residues (Fig. 18c). To quantify the similarity between N- and C- terminals of PilY1 proteins 

and PilC2, we use the FoldSeek Search algorithm to compare predicted PilC and PilY1 

structures against other structures deposited in the European Bioinformatics Institute and the 

ESM Atlas (van Kempen et al. 2023). The PilC2 predicted structure (Fig. 18c) was the query 

structure; the FoldSeek results showed that the query structure of PilC2 fits with the pilus 

assembly protein of Neisseria gonorrhoeae (PilC), covering the complete structure with a 

RMSD of 2.33; while for PilY1 of P. aeruginosa it is 6.35, due to the structure covering only 

the residues 347–1044 of the query structure; i.e. the N-terminal of our query structure does 

not overlap with it. These results confirm that the N-terminal domain of PilC proteins is 

dissimilar to the corresponding domain in PilY1. 

The interactions of the C-terminal domain of PillY1 

The predicted C-terminal domains for PilY1 of At. thiooxidans and P. aeruginosa and PilC2 

of N. meningitides were compared (Fig. 19). The β-propeller shape was found in both PilY1 

structures but as expected, the PilY1 C-terminal domain of P. aeruginosa (Fig. 19b) showed 

the higher match score (RMSD: 2.30) and that of At. thiooxidans (Fig. 2a) has the lowest 

(RMSD: 14.39). The difference between the RMSD values reflects that the arrangement of 

the secondary structures is not precisely identical, while the tertiary structure of the β-

propeller folding is maintained (Fig. 19). 

Additional insights into the C-terminus of PilY1 (Fig. 19d) and the PilC protein were reported 

by Parker et al. (2015), highlighting an EF-hand Ca2+-binding motif. This motif is involved 

in calcium ion signaling, which regulates the extension and retraction of pili in P. aeruginosa 

(Orans et al. 2010; Maier et al. 2017) and Kingella kingae (Porsch et al. 2013). This calcium 

binding motif is a conserved sequence (Dx[DNx]xDGxxD) in PilY1 homologues (Parker et 

al. 2015). Thus, we specifically search for divalent cations (Ca2+, Mg2+ and Mn2+) binding 

motifs in the PilY1 C-terminal region and in accordance with structure homology with P. 

aeruginosa, we found two possible motifs: DASGN (D929-N933), and DNTGN (D938-

N942) (Fig. 19c). 
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Figure 18. Alpha Fold predicted tertiary structure of PilY1 and PilC2. a PilY1 of At. thiooxidans (1176 residues), b PilY1 

of P. aeruginosa (1161) residues and of c PilC2 of N. meningitides (1048 residues). The three structures are colored used 

rainbow NC terminal gradient. At right, it shows the inter-chain predicted alignment error (inter-PAE) for each model 

prediction provided by ColabFold program. 
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Figure 19 C-terminal domain overlapping of PilY1 crystal structure (Orans et al., 2010) versus AlphaFold predicted 

structures. a PilY1 C-terminal of At. thiooxidans (cyan), b PilY1 C-terminal of P. aeruginosa (in magenta). divalent cations 

binding sites predicted to At. thiooxidans PilY1(c) and founded in crystalized PilY1 (d) The C-terminal crystal structure is 

the dark blue one in a, b, and d 

According to the models, the PilY1 C-terminal domain of At. thiooxidans contains six well-

formed blades and one incomplete blade consisting of only two β-strands (Fig. 19a) similar 

to the seven β-propeller fold in the PilY1 C-terminal domain of P. aeruginosa (Orans et al. 

2010 and Fig. 19b). The β-propeller is a circular fold formed by four to ten repeats that may 

result from the diversification of an ancestral four-stranded or β-blade implied in protein-

protein interactions (Chaudhuri et al. 2008; Chen et al. 2011). In M. xanthus and P. 

aeruginosa, the interaction between PilY1 and the minor pilins complex occurs among the 

PilY1 C-terminal and PilX and PilW (Nguyen et al. 2015; Treuner-Lange et al. 2020), which 

could suggest the role of the β-propeller in the interaction of PilY1 with minor pilins. In fact, 

STRING analyses of PilY1 from At. thiooxidans, show functional associations with various 

proteins, some of which are members of the PilMOP machinery, which refers to a minimal 

system capable of assembling periplasmic T4P (Goosens et al. 2017). Interestingly, the other 

proteins with which an interaction is predicted are the minor pilins PilX, PilW, and PilV, 

with scores (predicted functional partners) of 0.933, 0.903, and 0.833 respectively, these also 
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being the highest in the interaction network predicted by this program. To date, the possible 

interaction interface of PilY1 with the minor pilins has not been reported (Fig. 20).  

 

Figure 20. Interface interaction between the C-terminal domain of PilY1 and two minor pilins. a and b Residues (sphere 

representation) involved in the interaction between minor pilins and PilY1 (PilW and PilX, respectively). c and d Front view 

of the C-terminal domain in ribbon and surface representation, showing the delimited area for the potential interaction 

between PilY1 and minor pilins 

We are aware of the complications involved in using molecular docking to find potential 

interaction interfaces due to the lack of experimental information on this and other protein-

protein interaction systems. To address this issue, we decided to utilize the BIPSPI method 

to identify the potential residues of PilY1 for interacting with the minor pilins PilW and PilX. 

Interestingly, despite the full-length structure of PilY1 being submitted to the BIPSPI server, 

the residues with the highest scores (threshold ≥ 0.6) for interaction between the minor pilins 

and the protein are located around what we could call the "orifice" on the outer face of the 

C-terminal domain. 

The prediction showed that residues Y1000, Y1001, G1771, W1172, and K1173 of PilY1 

could potentially interact with both minor pilins, with only residues Q1002 for PilW and 

residues L1174 and V1175 for PilX being different between the minor pilins. This delimited 

zone by these shared interaction residues between the two pilins indicates a likely hot spot 
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for synergistic interaction of PilY1 with the minor pilins, since the results from BIPSPI 

regarding PilY1 and PilV using the same precision threshold also indicate that residues 

Q1002, G1771, and W1172 are predicted to interact with this minor pilin. 

The former suggested that the C-terminal domain of PilY1 of At. thiooxidans may have the 

same functions as have been reported for homologues of PilY1 and PilC of P. aeruginosa 

and Neisseria spp 

PilY1 possess a signal peptide type I 

For major and minor pilins, their matured form is due to the PilD peptidase, which has 

cleavages in the well-conserved signal peptide type III (Jacobsen et al. 2020). For the P. 

aeruginosa PilY1, the signal peptide type was predicted by Lewenza et al. (2005) as a prepilin 

signal peptide with a type III signal peptide processed by PilD. However, type I signal 

peptides have been reported in PilY1 of P. aeruginosa (Nguyen et al. 2015) and in PilY1.1, 

PilY1.2 and PilY1.3 of M. xanthus (Treuner-Lange et al. 2020). Our results suggest that 

PilY1 of At. thiooxidans had a type I signal peptide (confidence score >96%) and its predicted 

cleavage site occurs between G32–A33. We used the P. aeruginosa PilY1 to compare and 

the predicted signal peptide is indeed type I, while the cleavage occurs between A32–L33. 

The above data suggests that At. thiooxidans PilY1 is matured and cleaved by a type I 

peptidase as its homologues P. aeruginosa and M. xanthus. 

The vWA is a conserved domain in PilY1 of At. thiooxidans 

In addition to the signal peptide type I, the PilY1 N-terminal domain contains a vWA domain 

(Alfaro-Saldaña et al. 2019; Treuner-Lange et al. 2020; Webster et al. 2021). The vWA is 

widely spread along the three life domains and it had been implicated in sensing, cell 

recognition, and shear force (Whittaker-Hynes 2002; Zhang et al. 2009; Lancelloti et al. 

2019; Hoffmann et al. 2020; Qin et al. 2020; Steinert et al. 2020; Webster et al. 2022). 

The vWA of At. thiooxidans structure shows five β-sheets surrounded by six α-helices 

(Fig.21a), known as α/β Rossman folds (Rossman et al. 1974, Lee et al. 195; Hanukoglu et 

al. 2015). The vWA domains of PilY1 in both At. thiooxidans and P. aeruginosa (Fig. 21b) 

show the basic and global structure, but those of P. aeruginosa have only four β-sheets and 

four surrounded α-helices (Fig. 21). Remarkably, the folding of the vWA domain of human 

integrin alpha 1 is similar (RMSD: 1.07) (Fig. 21c). 
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Analysis of the primary structure of the At. thiooxidans PilY1 protein reveals that the vWA 

domain (residues 42 to 581) includes the conserved metal-ion-dependent adhesion site 

(MIDAS) motif (DXSXS…T…D, residues 153-187) (Alfaro-Saldaña et al. 2019) (Fig. 21a). 

The MIDAS motif is a metal-ion binding site similar to the vWA domain found in the 

integrins I-domain of eukaryotes, voltage-gated Ca2+, and other intra-extra cellular proteins 

(Whittaker et al. 2002; Cantí et al. 2005; Zhang and Chen 2012), and it has been reported in 

other PilY1 vWA domains and other proteins involved in binding extracellular proteins 

acting as integrin-like switches (Battacharya et al. 2004; Springer 2006; Wang et al. 2020; 

Webster et al. 2022). Thus, during the mineral At. thiooxidans interaction (adhesion, biofilm 

formation), the MIDAS motif may participate in binding divalent metallic ions such as Ca2+, 

Mn2+ or Mg2+ through loops expanded from the vWF, exposed on the protein surface. 

MIDAS is involved in conformational changes of the vWA structure but the cysteines 

stabilize the domain (Baldus and Gräner 2012; Webster et al. 2022). Such cysteines are also 

involved in mechanosensing; e.g. the glycoprotein vWA factor of eukaryotic cells sense the 

force across the breaking of sulfide bonds that are usually formed via cysteines interaction, 

modifying the protein redox state (Baldus and Gräner, 2012, Webster et al. 2022). The PilY1’ 

vWA of At. thiooxidans comprises five of seven cysteines (C120, C133, C230, C244 and 

C444), which may play a vital role during its mechanosensing and attachment to inorganic 

surfaces such as sulfur minerals such as sphalerite or chalcopyrite (ZnS or CuFeS2, 

respectively). 

Even though MIDAS motif plays a role in conformational changes in the vWA structure, the 

cysteine residues that it contains are important to stabilize the domain, therefore how much 

cysteine residues had a vWA domain is pivotal for this role (Baldus and Gräner 2012; 

Webster et al., 2022). 

During the biofilm formation, bacterial adhesins participate in cell adhesion, process that 

includes molecule-binding, sulfur bridges, hydrogen bonds, electrostatic forces (Tuson et al., 

2013, Laventie and Jenal, 2020). For pathogenic bacteria, the role of PilY1 in adhesion has 

been demonstrated as well as sensing the shear force (Siryaporn et al., 2014). Recently, PilY1 

was proposed as mechanosensing protein through the vWA domain (Webster et al., 2021, 

Webster et al., 2022). e.g. in eukaryotic cells the glycoprotein vWA factor (which includes 
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three vWA domains) senses the force across breaking of sulfide bonds that are usually formed 

via cysteines interaction, modifying the protein redox state (Baldus and Gräner, 2012, 

Webster et al., 2022). The vWA domain of the PilY1 of At. thiooxidans comprises five of 

seven Cys (Cys120, Cys133, Cys230, Cys244 and Cys444), that may play a vital role during 

its mechanosensing and attachment to inorganic surfaces as sulfur minerals as sphalerite or 

chalcopyrite (ZnS or CuFeS2, respectively). 

 

 

Figure 21 The PilY1 von Willebrand A domain. a The vWA of At. thiooxidans structure includes six α-helixes (purple) and 

five β-sheets (green). b The vWA structure of P. aeruginosa has only four α-helixes (magenta) and three β-sheets (yellow). 

c Merge between At. thiooxidans PilY1 (purple) and the von Willebrand domain of the integrin α1 for H. sapiens (orange) 

Previously, we reported that the phylogeny analysis of the PilY1 complete sequence of At. 

thiooxidans clusters with other iron/sulfur oxidizing microorganisms (Alfaro-Saldaña et al. 

2019). Thus, as in other acidophiles, the vWA domain of At. thiooxidans must have intrinsic 

properties that allow it to maintain its structure and function under acidic conditions. The 

phylogenetic analysis of the vWA indeed showed that the acidophiles form a separate group 

within the Acidithiobacillus genus. They form a cohesive group, except for the 

thermoacidophilic Archaea Sulfolobus acidocaldarious (Fig. 22). Also, the phylogenetic tree 

reveals that the vWA domain of PilY1 of some acidophiles and non-acidophiles are indeed 

homologues. 
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Figure 22 Phylogenetic analysis of the vWA motif present in PilY/PilC Phylogenetic analysis of the vWA motif present 

in the PilY/PilC family of some Bacteria, in the archaellum regulatory network of an Archaea (Sulfolobus acidocaldarious) 

and in the integrin of an Eukarya, Homo sapiens. Evolutionary history obtained by ML log likelihood and the JTT matrix-

based model. Bootstrap consensus tree inferred after 1000 replicates; the discrete Gamma distribution was used to model 

evolutionary rate differences among sites (5 categories (+G, parameter = 3.2697)). The rate variation model allowed for 

some sites to be evolutionarily invariable ([+I], 1.40% sites). Analysis of 28 amino acid sequences, 713 positions in the final 

dataset. Evolutionary analyses were conducted in MEGA11 (Jones et al. 1992; Tamura et al. 2021). Accession numbers in 

Supplementary Table S1) 

 

The PilY1 vWA domain has intrinsic disorder and displays pH resilience 

Intrinsic disorder has been identified in extracellular pilins and PilY1 of At. thiooxidans that 

could confer an advantage in acidic environments (Páez-Pérez et al. 2023). Assuming that 

the structure of the vWA domain must be maintained under harsh conditions, we decided to 

evaluate the intrinsic disorder and other features of the PilY1 vWA domain in more detail. 

Our results show a segment between G42 and I171 that is predicted to transition from 
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disorder to order, probably due to the presence of a ligand or cofactors. This region includes 

a portion of the MIDAS motif and an α helix of vWA (Fig. 23a). 

Focusing on the vWA domain and investigating whether this disorder could be important in 

other PilY1 vWA domains, we perform a disorder analysis between the vWA domains of 

acidophiles and non-acidophiles. The data on disorder showed statistically significant 

differences in acidophiles versus non acidophiles (Fig. 23b). We applied a one-way ANOVA 

with the mean PONDR score of these domains. We found that in general, the structural 

disorder of the vWA domain in acidophiles is significantly higher (p<0.0001) compared to 

their non-acidophilic counterparts. For the non-acidophiles, the vWA domain of the sulfur-

oxidizing Sulfuriferula sp. AH1 is also significantly higher compared to the protein of P. 

aeruginosa. 

 

Figure 23 PONDR disorder analysis of PilY1 N-terminal domain. a Disorder prediction of PilY1 N-terminal (1-581), values 

above dotted line indicates high probability for disorder. Green line points out the order-disorder transition region predicted 

by PONDR using VL-XT algorithm. b Comparison between predicted disorder in vWA domains from acidophiles (olive 

green) and their non-acidophiles counterparts (blue), graphic shows the one way ANOVA comparison with p<0.0001 

The vWA in PilY1 of At. thiooxidans must be a pH-resistant protein. Three characteristics 

have been proposed to explain why the structure and function of extracellular proteins are 

maintained in acidophiles: presence of structural disorder, the enrichment of hydroxy and 

amide residues, and low surface charge (Páez-Pérez et al. 2023). Full-length PilY1 sequences 

keep these characteristics, but the stability of its vWA exposed to the acidic environment has 

not been evaluated. If the vWA domain is key in sensing surfaces for At. thiooxidans, an 
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unchanged structure is expected.The stability of the vWA domain at different pH (1–8) was 

evaluated through molecular dynamics simulations. The results from the simple root mean 

square deviation (RMSD) and root mean square fluctuation (RMSF) exhibit closely aligned 

values, with a difference of scarcely < 0.15 nm between successive pH values. This suggests 

that the globular structure of the vWA maintains stability across different pH levels. To 

confirm this, we conducted predicted circular dichroism (CD) analysis from molecular 

dynamics trajectories. The CD analysis showed characteristic peaks of α/β proteins at 

approximately 210 and 222 nm across different pH values (Fig. 24a). Notably, at pH levels 

1 and 2, there was a slight increase in α-helix peaks and a decrease in β-sheet peaks. 

Interestingly, disorder persisted across all pH levels, with the lowest values observed at pH 

2 and 8 (Fig. 24b). 

 

Figure 24 Conserved structure of At. thiooxidans vWA domain. a Circular dichroism spectrum for the vWA structure of 

At. thiooxidans at different pH values. b Percent of secondary structures predicted by CD, in horizontal axis it showed the 

secondary structure type and in vertical axis the percent, color code in b is the same that in a. AP: antiparallel, P: parallel 

Thus, the molecular dynamics for the PilY1 vWA domain of At. thiooxidans showed that 

tertiary and secondary structures remain stable through different pH values. This is probably 

due to its tendency to disorder as was found in other acidophiles (Páez-Pérez et al. 2023). 

The molecular dynamics simulations conducted on the vWA domain of PilY1 in At. 

thiooxidans revealed remarkable stability in both tertiary and secondary structures across a 

spectrum of pH levels. This robustness can likely be attributed to the inherent tendency of 

the protein towards disorder, a characteristic shared with other acidophiles as highlighted in 

previous work (Páez-Pérez et al. 2023). These findings underscore the resilience of the vWA 
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domain in maintaining its structural integrity, further reinforcing our earlier conclusions 

regarding the adaptive mechanisms of acidophiles to thrive in extreme environments. 

Conclusions  

Even though the acidophilic bacteria At. thiooxidans and neutrophilic bacteria live in under 

different environmental conditions, both have the pili tip associated protein PilY1. The PilY1 

protein structure of At. thiooxidans possesses the same representative domains as its non-

acidophile homologues, e.g. the N-terminal vWA domain with MIDAS motif and the C-

terminal domain with the β-propeller folding, which mainly interact with the minor pilins 

PilX and PilW. The vWA domain of PilY1 is conserved, being comparable to other vWA 

domains mainly in its three-dimensional folding and the sequence of the ligand-binding 

MIDAS motif. The enriched presence of cysteines in vWA suggests its active role in adhesion 

and sensing. To maintain its structure and function in acidic environments, the vWA domain 

has intrinsically disordered regions; our results of molecular dynamics and circular dichroism 

indicate that the structure of this domain is maintained over a wide pH range (1–8), as a 

resilient domain. 
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Supplementary information of Chapter IV 
Table S1 Accession numbers (GeBank) of sequences used in this work 

Bacteria (PilY/PilC family)* 

Acidihalobacter ferrooxydans WP_232225000 

Acidithiobacillus thiooxidans AWP39905 

At. albertensis WP_075322776 

At. ferrivorans WP_085537817 

Alcanivorax sediminis A0A6N7M0E9 

Alkalimonas amylolytica WP_091344945 

Alteromonas macleodii AFS38035.1 

AMD metagenome CBI05240 

Burkholderiaceae bacterium MCO5101957 

Chromatocurvus halotolerans WP_117315296 

Gallaecimonas xiamenensis EKE68266 

Halochromatium roseum WP_201221026 

Methylocaldum szegediense WP_026611218 

Methylococcaceae bacterium MDD5033544 

Nitrosomonas communis SDW55994 

Pseudomonas aeruginosa AAA93502 

Psychrobacter piscatorii WP_058025667 

Ralstonia insidiosa WP_048935080 

Shewanella schlegeliana WP_202720381 

Sulfuriferula thiophila WP_189941779 

Tepidiphilus thermophilus CUB07558 

Thioalkalivibrio sulfidiphilus WP_187148405 

Thiorhodococcus drewsii EGV31806 

Thiothrix sp. WP_301017903 

Variovorax paradoxus ADU40052 

Archaea (vWA containing archaellum regulatory network) 

Sulfolobus acidocaldarious AAY80555 

Crenarchaeota archaeon OLD13196 

Eukarya (vWA containing integrin) 

Homo sapiens AAA59491 

* Equivalent PilC pilin in P. aeruginosa  
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CHAPTER V 

General conclusions 

 Acidithiobacillus thiooxidans type 4 pili belongs to subtype a (T4aP) 

 The pilins FimT, PilV, PilW, and PilX are the minor pilins in T4P of At. thiooxidans 

 The minor pilins are coded in the same cluster, along PilY1 

 The pilins and PilY1 proteins of T4P of At. thiooxidans posse more structural disorder 

that their counterparts non-acidophiles 

 The pilins and PilY1 proteins of T4P of At. thiooxidans are enriched in hydroxyl and 

amide residues that their counterparts non-acidophiles 

 The pilins and PilY1 proteins of T4P of At. thiooxidans are reduced in positive and 

negative charge surface residues that their counterparts non-acidophiles 

 Disorder and amino acids variability are suggested as mechanisms for resilience to 

acidic environments in extracellular proteins 

 The correct heterologous expression of proteins from extremophiles requires a deeply 

in silico analysis and specific well-designed protocols 

 Experimental and in silico analysis for PilV and PilY1 corroborate that these proteins 

maintain secondary and tertiary structure when are exposed to different pH values 

 vWA domain in PilY1 of At. thiooxidans have structural but not sequence homology 

with other bacterial pili associated proteins 
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CHAPTER VI 

Perspectives 

To achieve the last of objectives of this thesis, we have been working on the manufacture of 

a device that allows us to indirectly obtain the conductance of proteins in solution.  

Below is a brief description of the ongoing project: 

Device for the electrochemical characterization of pilins of At. thiooxidans 

As in metallic electron transfer, tunneling in biomolecules occurs because donor and acceptor 

atoms are proximal (Shih et al., 2008); the cellular machinery used to tunnel as short-charge 

transfer mechanisms, under physiological conditions. If a protein as a α-helix increases in 

length, the electron transfer may switch from tunneling to sequential steps of hopping (Shih 

et al., 2008; Creasey et al., 2018), and the electron transfer in peptides and proteins may lead 

to reactivity at a distal point, involving fast molecular motions (in fs scale in peptides) mainly 

between neighboring amino acids circa the Ramachandran angles (ψ and ϕ in a model 

peptide) (Schlag et al., 2007). Thus, bio-redox reactions “takes the advantage of hopping to 

transfer charge in dynamic (solution) environments” (Creasey et al., 2018). 

We describe the predicted structure of PilV of At. thiooxidans (Chapter III). The PilV of At. 

thiooxidans comprises nine aromatic amino acids (three phenylalanine, F, two tryptophan, 

W, and 4 tyrosine, Y). The physicochemical stable PilV may be an electroactive protein as 

other non-redox active proteins (Zhang et al., 2020) like PilA of G. sulfurreducens that 

conducts electrons. The electrical (conductive) properties of individual or polymeric proteins 

have been extensively evaluated using scanning tunneling (STM), atomic force microscope 

(AFM) or transmission electron microscope (TEM). However, these technical require a 

greats and sophistical treatments for the electrodes and samples, some which may be far from 

their natural responses (Zhang et al., 2020; Myers et al., 2023; Szmuc et al., 2023). 

Applying the concept of Costa-Krämer et al., (1995) and Briones Hernández (2004), we 

designed and construct a mechanically controlled break junction device (MCBJ ) to forming 

and breaking metallic Cu-Cu contacts using macroscopic wires. The currents (I) between 

contacts were amplified, recorded as electrical potential (V), and detected using an 

oscilloscope, enable us to calculate protein conductance after Cu-Cu contact has been formed 
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and broken (Fig 25). The assayed protein was the pilin PilV of At. thiooxidans and the 

thioredoxin (Trx) protein, since Trx is a thiol-reducing (redox-active) protein with electron-

rich amino acids like cysteine, tyrosine, and tryptophan (Cys-Gly-Pro-Cys-) in its exposed 

active center (Holmgren 1985). 

 

Figure 25. Brief description of MCBJ device: design, standardization and analysis. 

 

Until the publication of this thesis, our group still continues with the data analysis and 

theoretical adjustment. 
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