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Type IV pili are essential virulence factors for many pathogenic bacteria including 

Neisseria gonorrhoeae. Their functions include: twitching motility, biofilm formation, DNA 

uptake, and host cell adhesion. Several proteins at the tip of the fiber – namely PilI, PilJ, PilK, 

and PilC – form an initiation complex that is essential to efficient pilus formation. The exact 

mechanism and configuration by which these proteins assemble into the fiber has previously 

been unknown. We have developed a new method for recombinant expression of type IV pilin 

proteins. By engineering a signal peptidase I sequence into the 𝛼-helical spine of the pilins, we 

are able to purify them from the periplasm without the use of detergents that could disrupt 

protein-protein interactions. Using this method we were able to identify an obligate heterodimer 

formed by PilI and PilJ. Additionally, we were able to detect PilK and the C terminal half of PilC 

forming a complex. These results combined with alphafold modeling and cell based assays 



 

support a model where the extreme C terminus of PilC binds to PilK as the first step of pilus 

assembly. This PilC-PilK dimer is then able to bind to the PilI-PilJ dimer, forming the capping 

complex which primes pilus extension. 
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Chapter 1. Introduction 

Gonorrhea is a sexually transmitted infection caused by the gram-negative bacterium 

Neisseria gonorrhoeae (Ng). With over 500,000 cases of infection reported annually it is the 

second most common notifiable disease in the US, behind chlamydia (CDC 2025). This infection 

can lead to pelvic inflammatory disease, infertility, ectopic pregnancy, chronic pelvic pain, 

disseminated gonococcal infection, and endocarditis (Hill et al. 2016; Lenz and Dillard 2018). It 

is also thought to increase the efficiency of HIV transmission (Jarvis and Chang 2012). Ng is a 

close relative of the lethal pathogen N. meningitidis. In accordance with a recent Presidential 

Memorandum, the CDC has removed several vaccines from their recommendations for all 

children, including meningococcal ACWY, and meningococcal B (CDC 2026). This has 

potential to result in an increase in incidences of infection, making study of these organisms 

especially relevant.  

For my thesis work, I sought out to understand one essential aspect of pathogenic 

Neisseria spp.: the type IV pilus and the initiation of its assembly. As I will describe in this 

chapter, type IV pili (T4P) are necessary for host cell adhesion, biofilm formation, twitching 

motility, and DNA uptake. They facilitate the spread of antimicrobial resistance genes, making 

them a pressing concern. 

1.1 Neisseria gonorrhoeae: a historical overview 

References to gonorrhea can be found in texts dating back to as early as 2600 BCE (Lee 

and Ladizinski 2012). Throughout history there have been many attempts to treat “the perilous 

infirmity of burning” (Sanger 1910). Historical treatments have included mercury injections, 

bloodletting, heat therapy, and silver nitrate, each with varying results (Jose et al. 2020). This 



 

changed in 1937, with the introduction of sulfonamides for the treatment of gonorrhea (Dees and 

Colston 1937). 

The use of antibiotics had proven to be a quick and effective treatment. However, by the 

1940’s, sulfonamide treatment had a nearly 30% failure rate for gonorrhea treatment due to a rise 

of drug resistance. This prompted the use of penicillin as treatment, which was followed by a rise 

in penicillin resistance (Herrell et al. 1943). This pattern has continued to the present. Since 

1937, several classes of antimicrobials have been introduced as treatment for gonorrhea, 

including: sulfonamides, penicillins, aminocyclitols, tetracyclines, fluoroquinolones, macrolides, 

and cephalosporins. Each has been followed by the emergence of resistance (Unemo et al. 2019). 

Ng is naturally competent for DNA transformation, and can obtain alleles encoding antibiotic 

resistance via horizontal gene transfer. Competence requires the type IV pilus, the structure at the 

center of this dissertation. Ng may also acquire resistance alleles through conjugal transfer from 

other organisms (Fiore et al. 2020). 

Today, the cephalosporin ceftriaxone is recommended by the WHO and CDC as standard 

care for uncomplicated gonococcal infection (World Health Organization 2024; CDC 2025).  

Cases of ceftriaxone-resistant Ng have been observed clinically (Day et al. 2022). Concerns over 

antimicrobial resistance informed the CDC doubling the recommended dosage from 250 mg to 

500 mg in 2020 (Sancta St. Cyr et al. 2020). The rising threat of multidrug-resistance in Ng 

underscores the need for alternative treatments such as vaccines. 

There have been attempts to design a gonococcal vaccine since even before the use of 

antibiotics (Eyre and Stewart 1909). However, over the past century none have had clinical 

success (McChesney et al. 1982; Boslego et al. 1991; Jefferson et al. 2021). A recent 

breakthrough has renewed hope for an Ng vaccine. The 4CMenB vaccine, a serogroup B 



 

meningococcal outer membrane vesicle-based vaccine, was found to provide cross-species 

protection against Ng (Leduc et al. 2020; Marshall et al. 2022). This protective effect has been 

shown to only be about ~35% effective in clinical trials, meaning the work toward a vaccine 

against Ng is promising but ongoing (Noori Goodarzi and Pourmand 2026). 

There are many factors that make development of a vaccine difficult. Natural Ng 

infection does not protect against repeated reinfection. Additionally, humans are the exclusive 

reservoir of Ng. Because of this, many species specific interactions important to pathogenesis 

cannot be recapitulated in nonprimate organisms, or even in primates of the Macaca genus. 

Several surface exposed virulence factors – such as the type IV pilus – can undergo phase and 

antigenic variation, protecting from immune recognition (Stern et al. 1986; Seifert et al. 1994; 

Schmidt et al. 2001).  

Type IV pili are essential to Ng’s ability to cause infection in humans. Clinical strains are 

consistently piliated, and non-piliated mutants are unable to cause disease or infection in human 

challenge studies (Kellogg et al. 1963; Hobbs et al. 2011). Pili facilitate initial adhesion to the 

host cells, aid in immune evasion, protect against oxidation, and mediate the spread of 

antimicrobial resistance genes (Punsalang and Sawyer 1973; Quillin and Seifert 2018; Hu et al. 

2022). For these reasons the study of T4P is especially relevant to understanding gonococcal 

pathogenesis. 

 

1.2 Type IV Pili 

​ Type IV Pili (T4P) are dynamic, proteinaceous fibers that are present in many Gram 

negative bacteria including known pathogens including Vibrio cholerae, Haemophilus 

influenzae, Pseudomonas aeruginosa, and Legionella pneumophila (Berry and Pelicic 2015). 



 

They can also be found in Gram positive bacteria including Streptococcus Spp. and Archaea, 

suggesting that T4P were present in the last universal common ancestor of life (Makarova et al. 

2016). T4P are able to facilitate cell movement through twitching motility, biofilm formation and 

colony dynamics, and also mediate DNA uptake, phage infection, and host cell adhesion (A. J. 

Merz et al. 2000; Welker et al. 2018; C. K. Ellison et al. 2018; Quillin and Seifert 2018).   

Figure 1-1. Structure and Assembly of Type IV Fiber Systems 
Pilin (PilE) and minor pilin (PilH-L) molecules enter the bacterial inner membrane as prepilins 
before processing by prepilin peptidase (PPP). The minor pilins and PilC prime extension of 
the fiber. The fiber extends out of the outer membrane secretin channel (PilQ) which is bound 
to the inner membrane machinery by alignment proteins (PilM-P). Cytosolic ATPases (PilF 
and PilT) drive pilus assembly and disassembly via conformational changes transduced by the 
platform protein (PilG). Tfp machinery is homologous to type II secretion system machinery.  

 
T4P fibers are 6 nm in diameter, span the periplasm and can extend up to several μm 

(Craig et al. 2006). There are several key components required for pilus assembly in Ng (Figure 

1-1). Two cytosolic AAA family ATPase motors, PilB and PilT, power pilus extension and 

retraction. PilT can drive retraction with forces exceeding 100 pN (A. J. Merz et al. 2000; Maier 



 

et al. 2002). PilG is hypothesized to act as a transmembrane platform protein which transfers the 

force generated by the cytosolic motor proteins into the periplasm for fiber assembly. PilQ forms 

a pore in the outer membrane for the fiber to extend out of, and PilM, PilN, PilO, and PilP help 

to align PilQ with the inner membrane proteins (Craig et al. 2019). 

The T4P fiber is assembled from a pool of integral cytoplasmic membrane protein 

subunits called pilins. The major pilin subunit PilE is made of a C-terminal 𝛼-helical spine that is 

incorporated into the inner membrane, and a N-terminal globular head domain which faces the 

surface of the assembled fiber. Pilin proteins translocate into the cytoplasmic membrane and 

periplasm via the SecYEG pathway, and are processed by the prepilin peptidase PilD. PilD is a 

bifunctional enzyme that first cleaves the N-terminal cytoplasmic tail of the pilin, then 

N-methylates it (Nunn and Lory 1991; Francetic et al. 2007). 

Beyond PilE, there are several minor pilins which resemble the major pilin but are 

incorporated at lower quantities into the fiber. These minor pilins serve several functions. ComP 

is a DNA binding pilin which supports pilus mediated uptake of DNA containing a recognized 

DNA uptake sequence. PilV is reported to be involved in host cell interaction and inhibition of 

ComP. Either ComP or PilV must be expressed, or fiber assembly fails to occur (H. C. 

Winther-Larsen et al. 2001; Aas et al. 2002; Barnier et al. 2021). There are several minor pilins – 

PilH, PilI, PilJ, PilK, and PilL –  expressed from a polycistronic mRNA. Each of these is 

essential for efficient pilus assembly, and all are believed to be localized to the tip of the fiber 

(Hanne C. Winther-Larsen et al. 2005). 

At the very tip of the T4P of Ng is a 110 kDa adhesion protein, PilC. The Ng 

chromosome contains two copies of the pilC genes, translationally controlled by a frameshift 

mutation in the polyG tract preceding them. Switching between the translated and non-translated 



 

states is called phase variation. Expression of at least one PilC protein is required for piliation 

(Jonsson et al. 1991). Individual subunits are added to the base of an assembling T4P fiber, 

meaning that the proteins at the tip are the first to be assembled. The type II secretion system 

(T2SS) is homologous to T4P but lacks an adhesive payload like PilC. A structure of the T2SS 

capping complex, made of the minor pilin homologs GspI, GspJ, and GspK, has been solved 

(Korotkov and Hol 2008; Yanez et al. 2008; Korotkov et al. 2012). The minor pilins and PilC 

have proven to be more difficult to study with than T2SS pseudopilins, due in part to all of them 

containing disulfide bonds. While it had been known that the minor pilins and PilC form a 

capping complex which primes pilus extension, the structure of the minor pilins and how they 

associate had remained a mystery (Hanne C. Winther-Larsen et al. 2005; Nguyen et al. 2015; 

Treuner-Lange et al. 2020; Guo et al. 2024). 

In Chapter 2, I outline a method for recombinant expression of these minor pilins while 

maintaining protein-protein interactions. This method has allowed the isolation of a subcomplex 

made of PilI and PilJ. In Chapter 3, this method is applied and combined with in silico modeling, 

bioinformatic analysis and cell based assays to investigate the assembly of the initiation 

complex, and how it primes pilus biogenesis.  

 

 

 

 



 

Chapter 2. Expression of soluble Type IV Minor Pilins 
and isolation of a Neisseria gonorrhoeae PilI-PilJ 
subcomplex 
 

Chapter 2 is adapted with minimal modification from: 

Expression of soluble Type IV Minor Pilins and isolation of a Neisseria gonorrhoeae PilI-PilJ subcomplex 

Justin Applegate, Emma Miller, Zoey Litt, Afredo Ruiz-Rivera, Angela Lisovsky, Beth Traxler, Alexey Merz 

bioRxiv 2026.02.09.704877; doi: https://doi.org/10.64898/2026.02.09.704877 

2.1 Abstract 

Type IV pili and type II secretion systems assemble dynamic fibers used by bacteria and 

archaea for diverse functions. The pilus fiber is made up of major and minor pilin subunits 

containing a hydrophobic 𝛼-helical spine and a globular head. Purifying minor pilins is 

complicated by the hydrophobic 𝛼-helical spine, frequently present disulfide bonds, and low 

abundance within the fiber. These challenges have impeded structural and functional studies of 

pilin protomers. Here, we describe a method for expression and purification of soluble type IV 

pilin proteins from Escherichia coli. Signal peptidase I cleavage sites are engineered into the 

𝛼-helix of the pilin proteins. This allows their globular domains to be purified from the 

periplasmic fraction. We used this method to obtain the Neisseria gonorrhoeae minor pilins PilI 

and PilK in soluble form. In a third case, where the minor pilin PilJ could not be obtained on its 

own, coexpression with PilI and purification of a PilI-PilJ heterodimer was possible. We suggest 

that PilI and PilJ form an obligate heterodimer that is essential for their function. 



 

2.2 Importance 

Type IV pili are essential to many bacteria responsible for disease. They can be found in 

both Gram-negative and Gram-positive bacteria, as well as archaea, making them likely present 

in the last common ancestor of all life on Earth. Despite their significance in a variety of species, 

there are large gaps in our understanding of the structure of these diverse biological machines. 

One roadblock to this research has been the difficulty of purifying the minor pilin proteins that 

serve different functions in the fiber. Here, we describe a novel method for the purification of 

these proteins and demonstrate the ability of this method to identify a protein-protein interaction 

between two minor pilins of Neisseria gonorrhoeae. 

2.3 Introduction 

Type IV pili (T4P) are found in diverse organisms including Gram-negative and 

Gram-positive bacteria, as well as archaea. They were likely present in the last common ancestor 

of all life on Earth (Makarova et al. 2016). These protein fibers are used in twitching motility, 

surface sensing, biofilm formation, DNA uptake, and adhesion to host cells (Craig et al. 2019; 

Singh et al. 2022). T4P are essential virulence factors for many pathogenic organisms including 

Neisseria gonorrhoeae, the etiologic agent of gonorrhea. The pilus fiber is composed of pilin 

subunits, which include the major pilin that makes up most of the fiber, and minor pilins, which 

structurally resemble the major pilin but are present in the fiber in lower proportions. These 

minor pilins can serve several functions. In N. gonorrhoeae, PilV and ComP are involved in host 

cell adhesion and DNA uptake (Hughes-Games et al. 2022), while other pilins including PilI, 

PilJ, and PilK are essential for efficient pilus formation (Hanne C. Winther-Larsen et al. 2005). 



 

Both major and minor prepilins consist of an N-terminal pilin signal sequence, a 

hydrophobic 𝛼-helical domain and a C-terminal globular head domain. The cytoplasmic 

N-terminal portion of the prepilin signal sequence is cleaved by a bifunctional enzyme, prepilin 

peptidase. Mature pilins are then N-methylated by the same enzyme (Nunn and Lory 1991). We 

follow the convention of numbering pilin amino acids from the first residue of the cleaved, 

mature pilin. The 𝛼-helical spines of pilins are embedded within the inner membrane, until the 

pilins are assembled into the fiber by the pilus assembly machine. T4P can also retract, 

depolymerizing from the base and releasing pilin protomers back into the cytoplasmic membrane 

pool. When an excessive quantity of pilin is present in the membrane and fiber assembly is 

disrupted, mature major pilins can be cleaved at the 39/40 residue, creating a soluble form of the 

globular domain, known as S-pilin. The protease responsible for this cleavage has not been 

identified (Giltner et al. 2012; Haas et al. 1987). It is not known whether S-pilin forms of the 

minor pilin proteins can occur. 

 Major pilin proteins have been purified in quantity from native fibers using mechanical 

shearing, followed by cycles of fiber precipitation. Pilin monomers or dimers are then obtained 

by dissolving the fibers in detergent, and major pilins can be further purified using ion exchange 

and size exclusion chromatography (Brinton et al. 1978; Parge et al. 1990; Gonzalez Rivera and 

Forest 2017). Purifying minor pilins through this approach is impractical, as there are only small 

numbers of minor pilin molecules per fiber. In the case of tip-located minor pilins, there is likely 

only one molecule per fiber.  

Any purification approach must consider the pilin protomer’s hydrophobic 

transmembrane 𝛼-helical spine. Moreover — and in contrast to the related pilins of type II 

secretion systems — most type IV pilins contain one or more disulfide bonds, which form only 



 

after translocation of the globular domain across the cytoplasmic membrane into the periplasm 

(or, in Gram positive bacteria and Archaea, the extracellular compartment). Recombinant 

purification is a useful strategy for obtaining larger quantities of pilin proteins. The full-length 

major pilin of Acidithiobacillus thiooxidans was purified from Escherichia coli using a 

thioredoxin fusion and detergents to maintain solubility (Páez-Pérez et al. 2025). For 

biochemical and structural applications, it is valuable to have forms of minor pilin proteins that 

remain soluble in the absence of lipids or detergents. For this purpose, truncated pilin globular 

domains are often expressed. Some soluble domains of pilins have been recombinantly expressed 

in the cytoplasm of engineered E. coli cells with aberrant redox potential (Karuppiah et al. 2016; 

Craig et al. 2003). To allow truncated pilins to fold in the periplasm, they have at times been 

expressed as fusions to a periplasmic protein like maltose-binding protein (Helaine et al. 2007), 

or bearing signal sequences from periplasmic proteins such as OmpA (Hazes et al. 2000) or 

DsbA (Ramboarina et al. 2004). The type II secretion system (T2SS) is closely related to the type 

IV pilus. Structural data for T2SS minor pseudopilins, homologous to the minor pilins of T4P, 

was obtained by expressing the globular domains cytosolically in E. coli. In some cases this 

required refolding from inclusion bodies and years of effort (Korotkov and Hol 2008; Yanez et 

al. 2008; Korotkov et al. 2012). In contrast to T2SS pseudopilins, most T4P minor pilins have 

one, two, or more disulfide bonds, making these targets even more challenging than T2SS 

pseudopilins.  

To probe the assembly pathway of a Type II secretion pseudopilin, Francetic et al. (2007) 

introduced a signal peptidase I (SPI) cleavage site that would allow processing if the pseudopilin 

was translocated into the periplasm. They observed a soluble form of the globular domain, 

similar to naturally occurring major S-pilins in the T4P system. We took inspiration from this 



 

approach to express and purify soluble T4P minor pilins from the E. coli periplasm. This method 

allows the proteins to fold as integral membrane proteins with oxidized disulfide bonds in the 

periplasm. Soluble globular pilins can then be recovered from the periplasmic space without the 

use of detergents that could interrupt protein-protein interactions or interfere with downstream 

assays. 

 

2.4 Materials and Methods 

2.4.1 Media and Buffers 

LB medium contained 10 g/L Bacto Tryptone, 5 g/L Bacto Yeast Extract, 5 g/L NaCl, 1 

mM NaOH. ZYM-5052 was prepared as described (Studier 2005). Sucrose Shock Buffer 

contained 0.1 M Tris-acetate at pH 7.8, 20% (m/v) sucrose, and 1 mM EDTA. 0.5 mM MgSO4 

was used for osmotic shock. 10x PBS stock was prepared with 80 g/L of NaCl, 2.0 g/L KCl, 14.4 

g/L Na2HPO4, 2.4 g/L KH2PO4. PBST contained 1x PBS with 0.1% Tween-20. Wash Buffer A 

contained 1x PBS + 10 mM imidazole, pH 7.8. Wash Buffer B contained 1x PBS + 350 mM 

NaCl + 10mM imidazole, pH 7.8. SDS-PAGE buffer contained 25 mM Tris Base, 192 mM 

Glycine, 0.1% SDS . 4X Laemmli buffer contained 0.250 M Tris base, 8% SDS, 40% glycerol, 

20% 2-mercapto-ethanol, and Bromophenol blue. 

2.4.2 Reagents 

Most chemicals were obtained from Sigma-Aldrich. Phenylmethylsulfonyl fluoride was 

from Fisher Scientific (P/2805/44) and Ni-Sepharose High Performance resin was from Cytiva 

(#17526802). 



 

 

2.4.3 Design of cleavage sites 

N. gonorrhoeae minor pilin sequences were redesigned to contain a Signal Peptidase I 

cleavage site within the 𝛼-helical region (typically around residue +25, where the first residue of 

the processed, mature full-length pilin in a native context is defined as +1). SignalP v. 5.0 

(Almagro Armenteros et al. 2019) was used to predict the ability of these sites to be recognized. 

Sequences were altered until SignalP v. 5.0 gave a probability over 0.6. We found that a more 

recent, machine learning-based release of SignalP (v. 6.0) (Teufel et al. 2022) was not suitable 

for this purpose, because it dominantly recognizes native prepilin peptidase processing sites in 

pilin signal sequences, rather than the introduced SPI cleavage sites. (Note that prepilin 

peptidases are not present in the E. coli hosts that we employ for expression.) Predictive 

structural modeling of the engineered minor pilins was performed using Alphafold2 via 

CollabFold (Mirdita et al. 2022), or Alphafold3 via Google Alphafold Server (Abramson et al. 

2024). 

2.4.4 Cloning 

​ Expression vectors were prepared with standard methods. In brief, a geneblock (IDT, 

Inc.) was designed to encode the designed minor pilin with an introduced SPI cleavage site and a 

C-terminal TEV-His6 tag. These sequences were amplified by PCR and inserted into the 

pET22B-derived plasmid pHIS-Parallel1 (Sheffield et al. 1999) between the NdeI and NcoI cut 

sites, by the method of (Gibson et al. 2009). For the bicistronic vector containing pilI + pilJshort, 

the open reading frames were inserted between NdeI and BlgI. Sequences for all expression 

vectors used are presented in the Supplemental Materials outlined in Table 2-S1. 



 

 

2.4.5 Culture growth and expression conditions 

Expression vectors were transformed into competent E. coli BL21(DE3) cells. A single 

colony was picked and added to LB medium supplemented with 100 ug/ml ampicillin. This 

culture was grown overnight shaking at 200 rpm at 37° C. 5 mL of seed culture was added to a 2 

L baffled flask containing 1 L ZYM-5052 (Studier 2005), supplemented with 100 µg/ml 

ampicillin, then grown at 37° C, shaking at 200 rpm. When cells reached an optical density at 

600 nm of 1.0, they were moved to a 16° C incubator and shaken at 200 rpm. Cultures were 

grown for an additional 18 hours before being harvested by centrifuging at 4670 x g for 15 min 

and 4° C (Sorvall H6000A, RC-3B Refrigerated Centrifuge). 

 

2.4.6 Isolation of Periplasmic Fraction 

Immediately after centrifugation, pelleted cells were chilled on ice for 10 minutes then 

gently resuspended in 10 mL of ice cold sucrose shock buffer per 10 g of cell pellet. The cell 

suspension was chilled on ice for 10 minutes before being centrifuged at 4670 x g for 15 min and 

4° C (Sorvall H6000A, RC-3B Refrigerated Centrifuge). The supernatant was collected. To the 

collected supernatant, 10x PBS was added to a final concentration of 1x, and 200 mM 

phenylmethylsulfonyl fluoride (PMSF) was added from a 2-propanol stock to a final 

concentration of 1 mM. The pelleted cells were chilled on ice for 10 minutes then gently 

resuspended in 5 mL of ice-cold 0.5 mM MgSO4 per 10 g of cells. The cells were incubated on 

ice for 10 minutes in MgSO4 then centrifuged at 4670 x g for 15 minutes and 4 °C (Sorvall 



 

H6000A, RC-3B Refrigerated Centrifuge). The supernatant was collected. 10x PBS was added to 

a final concentration of 1x and 200 mM PMSF was added to a final concentration of 1 mM. 

 

2.4.6 Immobilized metal affinity purification 

Supernatants from both the sucrose shock and 0.5 mM MgSO4 steps contained soluble 

minor pilins, so these fractions were pooled. For every 10 mL of pooled supernatant, 50 µL of 

packed Ni2+-NTA sepharose HP (Cytiva) was equilibrated in 1X PBS. Equilibrated resin was 

added to the pooled supernatant and bound in batch, nutating for 1 hr on ice. Samples were then 

centrifuged for 8 minutes at 500 x g and 4° C (TX-400 rotor, Sorvall Legend X1R). Supernatant 

was removed and resin was washed 3 times, with resuspension in wash buffer and centrifugation 

as in the previous step. For the first wash, the resin was resuspended in 5 mL of Wash Buffer A. 

For the second wash, the resin was resuspended in 10 mL of Wash Buffer B. For the third wash, 

the resin was resuspended in 5 mL Wash Buffer A. After washing the resin slurry was transferred 

to a chilled column. Bound material was eluted from the column using elution buffer (PBS + 350 

mM imidazole), collected in 0.5 mL fractions. 

 

2.4.7 SDS-PAGE and immuno-blotting 

Samples were mixed with 4x Laemmli buffer containing 20% 2-mercapto-ethanol (5% 

v/v final) then incubated at 95° C for 5 minutes. Samples were loaded into 12.5% (w/v) 

SDS-PAGE gels and run for 60 minutes at 190 V. Gels were either  stained with Coomassie blue 

or for immuno blotting transferred to a 0.45 µm nitrocellulose membrane (Schleicher & Schuell 

BA85). Membranes were blocked with PBS Blocking Buffer (LICORbio) for 1 hr at room 



 

temperature then incubated with primary antibody (His.H8, Invitrogen MA1-21315) for 1 hour at 

room temperature. The membrane was rinsed in PBST 5 times for 5 minutes before being 

incubated with secondary antibody diluted 1:10,000 (Goat anti-Mouse IgG H+L Highly 

Cross-Adsorbed Secondary Antibody Alexa Fluor 488, Invitrogen A32723TR) for 45 minutes at 

RT. Membrane was then rinsed in PBST 5 times for 5 minutes and imaged using an Odyssey 

imaging system (LI-COR Biotech). 

2.5 Results and Discussion 

2.5.1 Design of SP1-celavable pilins 

​ Type IV pilins are substrates of the PilD prepilin peptidase, which cleaves at the 

cytoplasmic face of the plasma membrane. Pilins do not natively contain SPI signal sequences, 

which are cleaved at the periplasmic face of the plasma membrane. SPI sequences are defined by 

a positively charged N-terminal region, a central hydrophobic region, a helix-breaking residue at 

position -4 to -6 relative to the cleavage site, and compact amino acid residues at positions -1 and 

-3 (Kaushik et al. 2022). The minor pilin PilK from N. gonorrhoeae strain MS11A was 

engineered to introduce a SPI cleavage site within its 𝛼-helical spine. This was accomplished by 

iterative cycles of in silico mutagenesis and signal sequence prediction, using the SignalP v. 5.0 

algorithm (Almagro Armenteros et al. 2019). In PilK, we replaced the region from T37 to Y42 

(TAAQSY) with PGAQASD (Figure 2-1B). SignalP v. 5.0 predicted a SPI cleavage site between 

A41 and S42 with a probability of 0.647. By contrast, in wild type PilK, the SPI cleavage 

probability was predicted to be 0.064 (Supplementary Figure 2-S1). 

 

 



 

 

 

 

Figure 2-1 Signal Peptidase I cleavage of engineered minor pilins 
A. A model for the post translational processing of pilins is shown. Signal Peptidase I cuts at 
an engineered SPI cut site. B. N-terminal sequences of minor pilins containing engineered 
Signal Peptidase I (SPI) are shown. Residues that diverge from the wild type are in blue. Red 
arrowheads indicate the engineered cleavage sites. 

 

A plasmid was prepared to express the putatively cleavable variant of PilK in E. coli. 

Cultures were grown, expression was autoinduced, and a periplasmic fraction was isolated. In 

anti-His6 immunoblots, the whole-cell lysate contained two labeled species corresponding to the 

predicted masses of full-length and SPI-cleaved PilK-His6. In contrast, the soluble periplasmic 



 

fraction contained only the faster-migrating species, corresponding to SPI-cleaved, truncated 

PilK-His6 (Figure 2-2B). This indicates that the minor pilin is expressed and that the globular 

domain is processed at the engineered SPI cut site. Following immobilized metal 

chromatography, the soluble PilK-His6 fragment had a high yield of up to 20 mg of protein per L 

of starting culture (Figure 2-2A).  

​ Putatively cleavable variants of PilI and PilJ were also designed (Figure 2-1B). For the 

engineered PilI-His6, SignalP5.0 predicted the likelihood of SPI cleavage to be 0.675, and for 

PilJ-His6, 0.565. PilI expressed well, with a yield of approximately 16 mg per L of culture 

(Figure 2-2D). Although a variety of growth and induction conditions were tested, we were 

unable to purify PilJ-His6 using the initial design (Figure 2-3A).  

 

 

 



 

Figure 2-2 Introduced SPI sites yield soluble minor pilin fragments.  
A.​ Expression of engineered soluble minor pilin PilK-His6 was analyzed by anti-His6 

immunoblot. Lane 1: whole cell lysate. Lane 2: periplasmic fraction. 
B.​ Purification of PilK-His6. Lane 1: pre-induction cell lysate. Lane 2: post-induction cell 

lysate. Lane 3: sucrose shock supernatant. Lane 4: MgSO4 supernatant. Lane 5: MgSO4 
fraction affinity resin flowthrough. Lane 6: MgSO4 final wash. Lane 7: sucrose shock 
affinity resin flowthrough flowthrough. Lanes 8 and 9: eluted soluble PilK-His6. 

C.​ Expression of engineered minor pilin PilI-His6 was analyzed by anti-His6 immunoblot. 
Lane 1: whole cell lysate. Lane 2: periplasmic fraction. 

D.​ Purification of PilI-His6. Lane 1: pre-induction cell lysate. Lane 2: post-induction cell 
lysate. Lane 3: sucrose shock supernatant. Lane 4: MgSO4 supernatant. Lane 5: MgSO4 
affinity matrix flowthrough. Lane 6: final affinity resin wash. Lane 7: sucrose shock 
affinity matrix flowthrough. Lanes 8 and 9:  eluted soluble PilI-His6. 

 
 

 

 

​ To understand why the engineered PilJ-His6 may have expression issues, we used 

Alphafold3 to predict its structure. We found that compared to the minor pilins that expressed 

well, this design of PilJ had a larger hydrophobic region on the C-terminal side the SPI cleavage 

site. The cleavage site could not be moved downstream without interfering with its ability to be 

cut. Thus, another construct for PilJ expression, PilJshort-His6, was constructed, lacking 14 

residues downstream of the cleavage site (Figure 2-1B). SignalP v. 5.0 predicted the likelihood 

of PilJshort-His6 SPI cleavage to be 0.582. Although PilJshort-His6 was expressed, we were still 

unable to purify it in soluble form.  

 

2.5.2 Purification of a stable PilI-PilJ subcomplex 

​ In a previous study, deletion of the pilJ gene in N. gonorrhoeae resulted in decreased PilI 

expression at steady state. Moreover, deletion of the pilI gene in N. gonorrhoeae resulted in 

almost undetectable PilJ expression (Hanne C. Winther-Larsen et al. 2005). These results 



 

suggested the hypothesis that PilI and PilJ form a binary complex that stabilizes both proteins. In 

TIIS systems, the nearest paralogs of N. gonorrhoeae PilI and PilJ are Gsp/Eps I and J. Crystal 

structures of TIIS pseudopilins from Vibro vulnificus and enterotoxigenic E. coli revealed I-J 

dimers with extensive binding interfaces (Yanez et al. 2008; Korotkov and Hol 2008; A. Y. Lam 

et al. 2009). Similarly, our Alphafold3 modeling of PilI-PilJ predicted with high confidence that 

PilI and PilJ form a stable heterodimer with the monomers in the same general arrangement as in 

the TIIS crystal structures (Figure 2-3B). Based on this, a bicistronic vector co-expressing both 

PilI and PilJshort was prepared. Expression from this vector allowed for the purification of a 

heterodimer of PilJshort-His6 and PilI (Figure 2-3D). When run on an anti-His6 immunoblot, both 

whole cell lysate and periplasmic fractions contained only a single PilJshort-His6 band, with a mass 

of approximately 30 kDa, the size of the predicted soluble cleavage product (Figure 2-3E). A 

band corresponding to the uncleaved precursor was not detected. This may indicate that the SPI 

site is processed more efficiently than those of engineered PilK or PilI alone.  

Our findings strongly support the idea that PilI association stabilizes PilJ, and suggests 

that the Neisseria T4P tip complex and TIIS pseudopili share a conserved quaternary subunit 

structure. In a companion study (See Chapter 3), we present evidence that the N. gonorrhoeae 

PilI-PilJ heterodimer has a 1:1 stoichiometry, and that it functions as a recognition module for 

PilK and the tip adhesin PilC. In a working model, the PilI-PilJ module monitors formation of a 

complex between PilK and ~10 residues at the extreme C-terminus of the tip-located adhesin 

PilC. The resulting Pil I-J-K-C heterotetramer would then license polymerization of the helical 

T4P fiber through a templating mechanism. Purification of minor pilins is essential for studying 

type IV pili. Recombinant expression from E. coli has been useful but has posed a variety of 

technical challenges. The complementary approach outlined here allows for expression and 



 

purification of these minor pilins in good yields, without the use of detergents that could interfere 

with protein-protein interactions. As we have seen with PilJ, interactions of these proteins can be 

essential to their stability and function. Further structural and biophysical characterization of 

minor pilin interactions is needed to understand the assembly, dynamics, and functions of type 

IV pili and type II secretion systems.  

 

 

 

Figure 2-3 Expression and partial purification of a soluble PilI-PilJ complex.  
A. Expression and failed purification of soluble engineered PilJ-His6. Lane 1: pre-induction 
cell lysate. Lane 2: Post-induction cell lysate. Lane 3: sucrose shock supernatant. Lane 4: 
MgSO4 supernatant. Lane 5: affinity resin flowthrough of the pooled shock supernatants. Lane 
6: final affinity resin wash. Lanes 7-9: affinity resin eluate fractions. 
B. Alphafold3 prediction of heterodimer formation between truncated PilI (Green) and PilJ 
(Cyan) soluble domains. 
C. Alphafold3 confidence matrix for the predicted soluble PilI-PilJ heterodimer. 
D. Purification of PilI PilJShort-His6. Lane 1: pre-induction cell lysate. Lane 2: post-induction 



 

cell lysate. Lane 3: sucrose shock supernatant. Lane 4: MgSO4 shock supernatant. Lane 5:  
affinity resin flowthrough of the pooled shock supernatants. Lane 6: Final affinity resin wash. 
Lanes 7 and 8:  Eluted PilJShort-His6 complex. 
E. Expression of engineered soluble minor pilin PilJShort-His6, co-expressed with engineered 
soluble PilI, was analyzed by anti-His6 immunoblot. Lane 1: whole cell lysate. Lane 2: 
periplasmic fraction. 
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Table 2-S1 Plasmids used in this study. 

Plas
mid 

Description  Sequences of translated open reading frames 
Non-native amino acid sequences are underlined. 

AMP
2303 

PilK-His6 MRKQNTLTGIPTSDGQRGSALFIVLMVMIVVAFLVVPGAQASDNTEQRISANESDRKLALSLAEAALREG
EFQVLDLEYTADSKVTFSENCEKGLCTAVNVRTNNNGNEEVFGNIVVQGTPTVEAVKRSCPAKSGKNSTG
LCIDNQGVEYEKGTGNVSKMPRYIIEYLGEKNNQNIYRVTAKAWGKNANTVVVLQSYVGNNDEQGSGR
SPGENLYFQGHHHHHH 

AMP
2302 

PilI-His6 MKNNDCLRLKNPQSGMALIEVLVAMLVLTIGILALLPGAQASETQTIVSQITQNLMEGMLINPTIDSDSNK
KNYNLYTGSYAPTSSDGDFKLNNLISKTDLAKAQLDRFGYELKQALPDAVAIRYAVCKDSSGDAPTLSGN
TFSSNCDKKANGDTLIKVLWVNDSAGDSDIFRTNLEVSGSNIVYTYQARVGGREGSGRSPGENLYFQGHH
HHHH 

AMP
2305 

PilJ-His6 MKRKMLNVPKGGYDGMKGFTIVEFLVAGLLSVIVLIPGAQASETYFTSRKLNDAANERLAEQQDLRNAA
TLIVRDARMAGSFGCFNMSEHIGNDVVFNVAQKNALFSLKRNSTNSTNKLIPITESPNINYQNFFQVSSALI
FQYGIDDVDASADTTVVSSCAAISKPGKQIPTLENAKKELKIQNSDKEQNGNIARQRHVVNAYAVGKIAG
EEGLFRFQLDDKGKWGNPQLLAKKVKRMRVRYIYVSGCPEDEDAGKEEQFKYTDKFDSSVTPAGVEVL
LDSGSDAKIAASSDNIIYAYRINATIRGGNVCANRTLGSGRSPGENLYFQGHHHHHH 

AMP
2352 

PilJshort-His6 MKRKMLNVPKGGYDGMKGFTIVEFLVAGLLSVIVLIPGAQADENLAEQQDLRNAATLIVRDARMAGSFG
CFNMSEHIGNDVVFNVAQKNALFSLKRNSTNSTNKLIPITESPNINYQNFFQVSSALIFQYGIDDVDASADT
TVVSSCAAISKPGKQIPTLENAKKELKIQNSDKEQNGNIARQRHVVNAYAVGKIAGEEGLFRFQLDDKGK
WGNPQLLAKKVKRMRVRYIYVSGCPEDEDAGKEEQFKYTDKFDSSVTPAGVEVLLDSGSDAKIAASSDN
IIYAYRINATIRGGNVCANRTLGSGRSPGENLYFQGHHHHHH 

AMP
2374 

PilI + PilJshort-His6 MKNNDCLRLKNPQSGMALIEVLVAMLVLTIGILALLPGAQASETQTIVSQITQNLMEGMLINPTIDSDSNK
KNYNLYTGSYAPTSSDGDFKLNNLISKTDLAKAQLDRFGYELKQALPDAVAIRYAVCKDSSGDAPTLSGN
TFSSNCDKKANGDTLIKVLWVNDSAGDSDIFRTNLEVSGSNIVYTYQARVGGRE 
 
MKRKMLNVPKGGYDGMKGFTIVEFLVAGLLSVIVLIPGAQADENLAEQQDLRNAATLIVRDARMAGSFG
CFNMSEHIGNDVVFNVAQKNALFSLKRNSTNSTNKLIPITESPNINYQNFFQVSSALIFQYGIDDVDASADT
TVVSSCAAISKPGKQIPTLENAKKELKIQNSDKEQNGNIARQRHVVNAYAVGKIAGEEGLFRFQLDDKGK
WGNPQLLAKKVKRMRVRYIYVSGCPEDEDAGKEEQFKYTDKFDSSVTPAGVEVLLDSGSDAKIAASSDN
IIYAYRINATIRGGNVCANRTLGSGRSPGENLYFQGHHHHHH 

 



 

 

 

 

Table 2-S2 Iterative process for SPI site redesign of PilK. 

Changes made to the amino acid sequence in each iteration of design are highlighted in yellow. 
The predicted probabilities of SPI cleavage, estimated using SIGNALP5.0, are shown.  

Construct SPI  
cleavage 
probabilit
y 

N-terminal sequence 

   

Wild Type PilK 0.064 MRKQNTLTGIPTSDGQRGSALFIVLMVMIVVAFLVVTAAQSYNTEQRISAN… 

Add A 
 

0.1739 MRKQNTLTGIPTSDGQRGSALFIVLMVMIVVAFLVVTAAQASYNTEQRISAN… 

Replace T->P 0.458 MRKQNTLTGIPTSDGQRGSALFIVLMVMIVVAFLVVPAAQASYNTEQRISAN… 

Replace A->G 0.4654 MRKQNTLTGIPTSDGQRGSALFIVLMVMIVVAFLVVPGAQASYNTEQRISAN… 

Replace Y->D 0.6444 MRKQNTLTGIPTSDGQRGSALFIVLMVMIVVAFLVVPGAQASDNTEQRISAN… 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 3. 𝛃-strand complementation within tip initiation 
complexes licenses assembly of diverse type IV 
filaments 

 

Chapter 3 is adapted with minimal modification from: 

β-strand complementation within tip initiation complexes licenses assembly of diverse type IV filaments 

Taylor J. Ellison, Zoey R. Litt, Justin N. Applegate, Emma Miller, Luther Davis, Alfredo Ruiz-Rivera, Angela 

Lisovsky, Rittika Saha, Naveen Jasti, Stephanie McLaughlin, Beth Traxler, Courtney K. Ellison, Alexey J. Merz 

bioRxiv 2026.02.14.705861; doi: https://doi.org/10.64898/2026.02.14.705861 

 

This chapter is the result of a collaborative effort. My contribution to this chapter 

includes the expression of minor pilins and Pilk-PilC co-purification outlined in section 3.4.2 

PilK and PilC, and PilI and PilJ, form heterodimers, A. Lisovsky and I extensively optimized 

PilC expression, purification, and storage conditions, and I co-supervised the work of 

undergraduate researchers on minor pilin expression and purification. 

3.1 Abstract 

PilC/PilY1 proteins are tip-located adhesins of type IV pili (T4P) that are critical for T4P 

function in diverse behaviors including twitching motility, DNA uptake, and host cell adhesion. 

PilC and PilY1 adhesins are proposed to interact with initiation complexes composed of minor 

pilins (PilIJK family proteins) to aid in initiation of T4P polymerization, but it has been unclear 

how PilC/PilY1 proteins promote fiber assembly. We combined structural modeling, genetic, and 

biochemical experiments using Neisseria gonorrhoeae and Acinetobacter baylyi to delineate how 

PilC/PilY1 control T4P assembly: a short peptide at the C-terminus of PilC/PilY1 initiates T4P 

assembly via β-strand complementation with PilK-family minor pilins. This β-strand is necessary 



 

and partially sufficient to trigger fiber assembly. In a working model, the PilK-PilC/PilY1 

complex is recognized by a preformed PilI-PilJ heterodimer to form a quaternary “licensing 

complex” that then templates and initiates fiber assembly. In type II secretion systems (T2SS) 

lacking PilC/PilY1, PilK homologs directly incorporate the terminal β-strand provided by 

PilC/PilY1 in T4P. Moreover, phylogenetically distinct Tad T4P lack a canonical PilK homolog 

and instead contain a structurally similar minor pilin-like protein called TadG/CpaL that is 

important for fiber assembly. We show that CpaL of Caulobacter crescentus Tad T4P acts 

similarly to the T2SS PilK homolog to provide the C-terminal β-strand required for assembly. 

Our results explain how PilC/PilY1 can be retained on the fiber tip under enormous tensile loads 

generated during mechanical shear and T4P retraction and demonstrate how diverse T4P systems 

employ β-strand complementation to license fiber assembly. 

3.2 Significance 

Prokaryotic type 4 filaments are ancient, diverse, and broadly distributed nanomachines 

that assemble and retract extracellular protein filaments. They include type IV pili and type II 

secretion systems, mediating toxin secretion, motility, surface adhesion, biofilm formation, DNA 

uptake, and other functions. Here, we show that two widely conserved subunits of the tip, PilI 

and PilJ, form a module that recognizes the folding of a β-sheet in a third subunit, PilK. The final 

β-strand in this sheet can be supplied in trans by the last ~10 aminoacyl residues of large 

PilC/PilY1 adhesins, or in cis by PilK itself. In a working model, this recognition results in 

formation of a PilIJK trimer, which then licenses fiber polymerization through a templating 

mechanism. 



 

3.3 Introduction 

The type IV filaments (T4F) of Bacteria and Archaea are related, dynamic machines that 

reversibly assemble filamentous polymers to execute diverse functions including surface 

attachment and motility, DNA uptake, virulence, and protein secretion (Craig et al. 2019; 

Korotkov and Sandkvist 2019). The T4F superfamily comprises diverse microbial appendages 

including type IV pili (T4P), mannose-sensitive hemagglutinin (MSHA) pili, type II secretion 

systems (T2SS), and the archaellum used for archaeal swimming motility (Denise et al. 2019; C. 

K. Ellison et al. 2022). Bacterial T4P can further be subdivided: T4aP, T4bP, and Tad T4cP are 

distinguished by differences in pilin subunit leader sequence length and homologies among 

assembly components (Denise et al. 2019). The competence (Com) pili of Gram-positive species 

form extended filaments and are now classified as T4dP (T. Lam et al. 2021; Laurenceau et al. 

2013; Jeremy Mom et al. 2024; Jérémy Mom et al. 2025; Zuke et al. 2023). Most T4F share the 

ability to dynamically extend and retract. T4F dynamics are driven by cyclical polymerization 

and disassembly of pilin subunits from a cytoplasmic membrane pool (Bradley 1974; 

Charles-Orszag et al. 2024; Francetic et al. 2007; Koch et al. 2022; A. J. Merz et al. 2000; 

Alexey J. Merz and Forest 2002; Skerker and Berg 2001). While extension and retraction 

dynamics are crucial for most T4F functions, archaella are instead rotated to power swimming, 

similar to Bacterial flagella. 

Pilin subunits are added and removed from the fiber base. Polymer initiation relies on 

minor pilin initiation complexes at the filament apical tip. However, the assembly sequences and 

quaternary structures of these complexes are opaque (Guo et al. 2024; Nguyen et al. 2015; 

Treuner-Lange et al. 2020; Hanne C. Winther-Larsen et al. 2005). T4P tip complexes commonly 

comprise three or more distinct minor pilin subunits, each structurally similar to the major pilin 



 

that comprises the bulk of the fiber. Pilins fold into a “lollipop” structure with a conserved 

N-terminal hydrophobic domain and a C-terminal globular domain that is structurally more 

variable. The N-terminal α-helical domain anchors unassembled pilins in the cytoplasmic 

membrane, and forms the structural core of the polymerized fiber. The globular C-terminal 

domain is more exposed to the environment and contributes to the functional diversity of the T4F 

superfamily. Minor pilin initiation complexes are hypothesized to function analogously to 

eukaryotic Arp2/3 and γ-tubulin ring complexes that initiate actin filament and microtubule 

polymerization (Mullins et al. 1998; Kollman et al. 2011; Rotty et al. 2013). In each case, an 

oligomer of subunits homologous to the major protomer is hypothesized to nucleate 

polymerization through a templating mechanism. Templating increases the rate of polymer 

initiation by overcoming rate-limiting thermodynamic barriers that impede spontaneous 

nucleation. Arp2/3 and γ-tubulin complexes further act as signal integrators that license filament 

polymerization in response to specific cues. T4P tip complexes may have analogous functions. 

In addition to minor pilins, T4aP tips often incorporate large adhesins of the PilC/PilY1 

family (Alm et al. 1996; Jonsson et al. 1991; Nassif et al. 1994; Nguyen et al. 2015; Wolfgang et 

al. 1998). In mutants lacking individual minor pilins or PilC/PilY1, many species including 

Neisseria gonorrhoeae, Pseudomonas aeruginosa, Acinetobacter baylyi, and Myxococcus 

xanthus are nearly devoid of pili at steady state. Removal of PilT, the retraction motor ATPase 

that powers depolymerization of the pilus fiber, traps pili in the assembled state and suppresses 

these steady-state defects in piliation (Bradley 1974; A. J. Merz et al. 2000; Whitchurch et al. 

1991; Hanne C. Winther-Larsen et al. 2005; Wolfgang et al. 1998). An obvious inference is that 

minor pilins and PilC/PilY1 are required for efficient polymer initiation, but dispensable for 

processive filament polymerization or depolymerization.  



 

PilC/PilY1 translocate across the cytoplasmic membrane through the SecYE/signal 

peptidase I pathway. They have structurally diverse N-terminal adhesin domains but share a 

conserved C-terminal β-propellor domain (Orans et al. 2010). They usually contain several 

disulfide bonds. N-terminal adhesin domains can be over 3,000 residues long, and are 

hypothesized to encompass diverse adhesin activities. Some evidence indicates that the 

C-terminal β-propellor is sufficient to support pilus assembly (Sacharok et al. 2022), and recent 

structural results prompted speculation that PilC/PilY1 has a role in gating of the outer 

membrane secretin bushing, through which the assembled fiber passes (Guo et al. 2024). 

However, the structure of the tip complex and the molecular mechanism(s) through which 

PilC/PilY1 controls fiber initiation have remained unclear. We now present molecular modeling, 

genetic, and biochemical evidence that a ~6-10 amino acid assembly signal at the extreme 

C-terminus of PilC/PilY1 (Cβ) licenses formation of the core minor pilin trimer PilIJK through a 

β-strand complementation with PilK-family minor pilins. The PilK-PilC/PilY1 heterodimer is 

then recognized by a pre-formed PilI-PilJ heterodimer. Licensing by Cβ is necessary, and 

PilK-Cβ fusions are at least partially sufficient to initiate fiber assembly and elongation. 

Structural modeling suggests that diverse T4F use this β-strand complementation for tip complex 

formation. In line with this prediction, we show the minor pilin-like protein CpaL found in Tad 

T4cP behaves similarly to GspK in T2SSs, providing the β-strand required for complex 

assembly. To our knowledge, this is the first example of a specific polymerization signal for any 

T4F system.  



 

3.4 Results 

Initiation tip complex protein nomenclature varies across T4F systems. For example, the 

N. gonorrhoeae minor pilins PilH, PilI, PilJ, and PilK correspond to FimT/U, PilV, PilW, and 

PilX in P. aeruginosa. We use existing annotations (except for the PilW/GspJ protein ComB in 

A. baylyi, here referred to as PilW). The names of homologous subunits in different T4F systems 

are shown in Table 3-1 and Fig. 3-S1. 

 

Table 3-1. Core initiation tip complex homologs across different species and T4F systems 

T2SS T4aP  

Ngo 

T4aP 

Ab 

T4aP  

Pa 

Com 

Bs 

T4aP 

Vc 

MSHA 

Vc 

T4cP  

Cc 

GspI (XcpV) PilI PilV PilV ComGE PilV MshD CpaK 

GspJ (XcpW) PilJ PilW (ComB) PilW ComGF PilW MshO CpaJ 

GspK (XcpX) PilK PilX PilX ComGG 
PilX 

MshP 
CpaL 

– PilC PilY1 PilY1 – MshQ 

Bold text indicates the protein proposed to supply the terminal β-strand required for complex 

assembly. Ngo, Neisseria gonorrhoeae; Ab, Acinetobacter baylyi; Pa, Pseudomonas aeruginosa; 

Vc, Vibrio cholerae; Bs, Bacillus subtilis; Cc, Caulobacter crescentus. The assignments are 

based on reported homologs, protein sequence alignments, structural features, and AlphaFold 

modeling of tip complexes. 

 



 

3.4.1 A PilC/PilY1 C-terminal peptide is predicted to strand-complement the β-sheet in 

GspK homologs.  

AlphaFold3 modeling of PilC/PilY1 complexes found in T4aP with core minor pilins 

yielded consistent predictions for the arrangement of PilI, PilJ, PilK, and PilC/PilY1 across many 

species including: Neisseria gonorrhoeae; Acinetobacter baylyi; Pseudomonas aeruginosa; and 

Myxococcus xanthus. A model of the N. gonorrhoeae tip complex is shown in Fig. 3-1.  

Additional T4aP models are shown in Fig. 3-S2. Figs. 3-S3 through 3-S6 show confidence 

metrics for the structural predictions. In every case, PilI, PilJ, and PilK are arranged in clockwise 

order when viewed from above the complex’s apical tip (Fig. 3-1A). This predicted structural 

conservation parallels observations that the polycistronic organization of pilI, pilJ, and pilK 

genes is almost invariably syntenic across T4aP and T2SS (Hanne C. Winther-Larsen et al. 2005) 

(Fig. 3-S1). 

The conserved PilC/PilY1 β-propellor is predicted to sit atop the minor pilin PilIJK 

heterotrimer, with variable orientations in different models. However, in every case the extreme 

C-terminus of PilC/PilY1 (~10 aminoacyl residues) penetrates down the centerline of the 

PilI-J-K heterotrimer at the PilJ-PilK assembly interface (Fig. 3-1A, Fig. 3-S2). In each case the 

PilC/PilY1 C-terminal peptide is predicted to strand-complement the small β-sheet in PilK, and 

lies in a complementary groove in PilJ (Fig. 3-1A). Solved crystal structures of the T2SS tip 

complexes of Escherichia coli (GspIJK) and Pseudomonas aeruginosa (XcpVWX), 

topologically mirror the predicted T4P tip complex (Korotkov and Hol 2008; Zhang et al. 2018). 

Remarkably, in the T2SS structures the conserved C-terminal β-strand, rather than being 

provided by a tip adhesin, is itself the C-terminal β-strand of the PilK homologs GspK and XcpX 

(Fig. 3-1B).  



 

This structural arrangement suggests a working model: stepwise association of the 

C-terminal PilC/PilY β-strand with the beta sheet in the globular domain of PilK is followed by 

recognition of this heterodimer by PilJ and PilI. Deep burial of the PilC/PilY1 C-terminal 

β-strand appears to rule out models in which PilC/PilY1 associates with a pre-formed PilI-J-K 

heterotrimer. The large buried area of the PilC β-strand in the predicted N. gonorrhoeae PilI-J-K 

complex (~1700 Å2 for the example in Fig. 3-1A) would provide mechanical stability required to 

withstand enormous tensile forces (≥100 pN) developed during pilus retraction or when cells 

encounter hydrodynamic shear forces (Maier et al. 2002; A. J. Merz et al. 2000). 

 

Figure 3-1. A β-strand completes the β-sheet in PilK homologs.  
(A) AlphaFold model of N. gonorrhoeae PilIJK minor pilins in complex with the tip adhesin 
PilC. The PilC C-terminal β-strand (black) completes the PilK β-sheet in trans. (B) Crystal 
structure of the T2SS minor pilin complex (PDB 3CI0) from enterotoxigenic E. coli. In T2SS 
initiation complexes, the complementing β-strand is provided by GspK itself. (C) Schematic of 
the β-strand complementation model. In all figure panels, the conserved C-terminal β-strand is 
colored black.  



 

3.4.2 PilK and PilC, and PilI and PilJ, form heterodimers 

PilK and its homologs are predicted to be the most apical minor pilins in the tip complex, 

as they invariably lack a conserved +5 Glu residue critical for interactions with the N-terminal 

regions of previously incorporated (more apical) pilin subunits. Coupled with the prediction that 

the PilC/PilY1 β-strand mimics the C-terminal β strand of GspK in T2SS (which lack 

PilC/PilY1), we hypothesize that PilC/PilY1 and PilK form a heterodimer that assembles prior to 

PilI-PilJ incorporation. To test whether PilK and PilC/PilY1 can form a heterodimeric structure, 

we co-expressed periplasmic, soluble N. gonorrhoeae PilK-His6 (Applegate et al. 2026) and the 

conserved C-terminal half of PilC, bearing a cleavable N-terminal signal peptide and FLAG tag 

(∆N-FLAG-PilC) in E. coli cells. SDS-PAGE followed by silver stain of periplasmic fractions 

revealed co-elution of PilK and PilC, which were verified by immunoblot (Fig. 3-2A). Thus, as 

predicted by our modeling, PilK directly binds to the C-terminal half of PilC. The binding of 

∆N-FLAG-PilC was sub-stoichiometric, likely due to differences in expression of PilK-His6 from 

a high copy plasmid and ∆N-FLAG-PilC from a low-copy plasmid. It is also possible that the 

PilK-PilC complex is of only moderate affinity and partially dissociates during purification. 

The T2SS GspI and GspJ minor pilins are adjacent in crystal structures (Korotkov and 

Hol 2008; Yanez et al. 2008; Zhang et al. 2018). In our experiments, N. gonorrhoeae T4aP minor 

pilins PilI and PilJ formed a heterodimer stable through affinity co-purification (Applegate et al. 

2026) and size exclusion chromatography (Fig. 3-2B). Notably, addition of PilK to the 

heterodimeric sample did not result in a shift in the PilI-PilJ elution curve (Fig. 3-2C). In N. 

gonorrhoeae, deletion of either PilI or PilJ results in loss of both proteins, without affecting the 

stability of other minor pilins or PilC (Hanne C. Winther-Larsen et al. 2005). Moreover, PilJ 

alone could not be purified, while co-expression with PilI allowed PilJ purification (Applegate et 



 

al. 2026). Together these results indicate that PilI and PilJ interact to form a stable, obligate 

heterodimer. We therefore propose that a pre-assembled PilI-PilJ heterodimer in turn recognizes 

formation of the PilC/PilY1 complex. PilC/PilY1 proteins are large. A. baylyi PilY1 is ~1500 

residues long and has ten predicted disulfide bonds. Metagenomic sequences identify PilC/PilY1 

family members of up to 3500 residues. We surmise that cells must ensure that PilC/PilY1 is 

synthesized, translocated into the periplasm, and folded before being mounted at the tip of an 

elongating T4P. Licensing of initiation complex assembly by the extreme C-terminus of 

PilC/PilY1 would satisfy this requirement. 

 

 

Figure 3-2. PilK and PilC, and PilI and PilJ, form heterodimers.  
(A) Co-Purification of periplasmically expressed ∆N-FLAG-PilC(533-1060) when PilK-His6 is 
captured by immobilized metal chromatography. Eluates were immunoblotted with anti-FLAG 
antibodies to detect FLAG-tagged PilC. ∆N-FLAG-PilC(533-1060) was expressed in the absence 
(lane 1) or presence (lane 2) of PilK-His6. (B) Size exclusion chromatography (Superdex 75 
Increase) of soluble PilI-PilJ-His6 heterodimer (black) or PilI-His6 alone (green). (C) Size 
exclusion chromatography (Superdex 75 Increase) of purified soluble PilI-PilJ-His6 and 
PilK-His6 proteins mixed together (black) and PilK-His6 alone (pink). In figures (B) and (C), 
A280nm values are normalized to the maximum peak of each trace. Expected masses of the 
protein complexes are indicated in parentheses. Dashed lines indicate elution peaks for 
standards: ovalbumin (44.3 kDa) myoglobin (16.7 kDa). Each trace is representative of n=3 
independent replicates.   



 

3.4.3 The C-terminal peptide is essential and partially sufficient for PilC function  

N. gonorrhoeae FA1090 encodes two redundant PilC/PilY1-encoding genes which 

appear to be functionally equivalent. In this strain pilC1 is phase-varied on, while pilC2 is 

phase-varied off. To simplify our experiments, we employed a ∆pilC2 mutant background with 

pilC1 phase-locked on (see strain table for details). Mutant cells lacking the 12-residue 

C-terminal peptide of PilC1 (pilC1∆Cβ) phenocopied the ∆pilC1 null mutant. Consistent with 

our hypothesis that the PilC/PilY1 β-strand is required for minor pilin complex licensing, 

T4P-labeling using cysteine knock-in maleimide-staining (C. K. Ellison et al. 2017; C. K. 

Ellison, Dalia, et al. 2019) revealed loss of fiber assembly in ∆pilC1 and pilC1∆Cβ mutants (Fig. 

3-3A, B). Similarly, colony morphology resembled that of mutants lacking T4P (Fig. 3-3C). 

Natural transformation, which depends on T4P-mediated DNA uptake, was also abolished in the 

pilC1∆ Cβ mutant (Fig. 3-3D). The pilC1∆Cβ allele exhibits partially dominant loss of function, 

so restoration of function pilC1∆Cβ mutant cells through complementation in trans was not 

possible. Thus, we turned to amber suppression. Insertion of an amber stop codon 

pilC1-Lys1051Amb to truncate pilC1 phenocopied the loss of piliation and DNA transformation 

caused by pilC1∆β Expression of tRNALys
Amb rescued the DNA transformation defect 

Lys1051Amb by about 20-fold (Fig. 3-3E). To our knowledge this is the first use of tRNA 

suppression in Neisseriaceae. We anticipate that future work will result in systems capable of 

more efficient suppression, as well as incorporation of noncanonical amino acids.   

In crystal structures of the T2SS PilK ortholog GspK, an additional C-terminal β-strand is 

present, at the location where the last ten residues of PilC/PilY1 are predicted to engage in 

β-strand complementation with PilK (Fig. 3-1). We therefore speculated that fusion of the last 

~10-20 residues of PilC to the C-terminus of the minor pilin PilK might compensate for loss of 



 

PilC/PilY1. AlphaFold modeling confidently predicted a fusion of the terminal residues from 

PilC to the C-terminus of PilK could form a stable complex, with the fused C-terminal β-strand 

positioned between PilK and PilJ in the same location as the wild-type PilC C-terminal β-strand 

(Fig. 3-3E). We constructed a ∆pilC1 strain where the terminal 12 residues from PilC1 were 

appended to the extreme C-terminus of PilK (annotated here as pilK-Cβ) (Fig. 3-3E). While the 

∆pilC1 mutant produced no visible T4P, and T4P were only observed in a single replicate of the 

pilC1∆Cβ strain experiments, T4P were apparent in 3 of 4 biological replicates for the pilK-Cβ 

strain suggesting an increase in piliation versus the pilC1 mutants (Fig. 3-3A, B). Although this 

difference was not statistically significant, long pili are relatively rare and the limit of detection 

by fluorescence microscopy is <250 nm, limiting detection of shorter fibers (Kraus-Römer et al. 

2022). To test whether the pilK-Cβ strain might produce an increase in functional but short T4P 

we performed natural transformation assays. The pilK-Cβ allele increased transformation 

frequency by more than four orders of magnitude versus the ∆pilC1 null allele, reaching almost 

wild-type efficiency (Fig. 3-3C). Thus, the last 12 residues of PilC are partially sufficient for 

pilus initiation and function when full-length PilC is completely absent.  



 

Figure 3-3. The extreme C-terminus of PilC is essential and partially sufficient for its 
function in N. gonorrhoeae.  
(A) Representative microscopy images of indicated strains. White arrows indicate examples of 
visible T4P filaments. Scale bars, 2µm. (B) Quantification of piliated cells in populations of 
strains shown in (A). Bar graph shows the mean +/- SD. Each dot represents an independent, 
biological replicate. ND, not detected. (C) Natural transformation assay data from indicated 
strains. (D) Natural transformation assay data from amber supression. Bar graph shows the mean 
+/- SD. Each dot represents an independent, biological replicate. (E) AlphaFold models of T4P 
tip complexes from indicated strains. Top right shows a schematic of the pre-processed form of 
the PilK-Cβ fusion. Statistical analysis for natural transformation assays was performed on 
log-transformed transformation frequency data. ANOVA tests were corrected for multiple 
comparisons using Sidak’s method. ****P<0.0001; **P<0.005; ns, not significant; LD, limit of 
detection. 



 

3.4.4 The PilC/PilY1 β-strand’s function is conserved 

To determine whether the C-terminal β-strand of PilC1/PilY1 functions similarly in other 

T4aP systems, we used Acinetobacter baylyi as a model organism to represent the well-studied 

T4P found in the Pseudomonadales order, which includes P. aeruginosa and closely related 

Acinetobacter pathogens. Similar to N. gonorrhoeae T4aP, AlphaFold modeling predicted that 

the extreme C-terminal residues of PilY1 form a β-strand that completes the β-sheet of PilX, the 

A. baylyi PilK homolog (Fig. 3-4A, 3-S2, 3-S4). As in N. gonorrhoeae, C-terminal β-strand 

deletion from PilY1 in A. baylyi phenocopied the ∆pilY1 deletion and caused loss of pilus 

assembly (Fig. 3-4B, C). In A. baylyi, we observed a significant increase in piliation in a ∆pilY1 

pilX-Cβ strain (Fig. 3-4C). Natural transformation experiments also indicated restoration of pilus 

function, with the ∆pilY1 pilX-Cβ strain showing a ~104-fold increase over the ∆pilY1 strain, 

exactly mirroring our experiments with N. gonorrhoeae. (Fig. 3-4D). Together, our data 

demonstrate that the final ~10 residues of PilC/PilY1 are necessary and partially sufficient for tip 

complex function in T4aP.  



 

 

Figure 3-4. The extreme C-terminus of PilY1 is essential and partially sufficient for its 
function in other T4aP systems.  
(A) Top view of the AlphaFold model of the wildtype T4P tip complex from A. baylyi. (B) 
Representative microscopy images of indicated strains with background fluorescence subtracted. 
White arrows indicate examples of visible T4P filaments. (C) Quantification of piliated cells in 
populations of strains shown in (B). Bar graph shows the mean +/- SD. Each dot represents an 
independent, biological replicate. (D) Natural transformation assay data from indicated strains. 
Bar graph shows the mean +/- SD. Each dot represents an independent, biological replicate. (E) 
Representative microscopy images of indicated strains with background fluorescence subtracted. 
IF, immunofluorescence signal. White arrows represent examples of PilY1 associated with 
individual cells. Yellow arrows indicate sheared PilY1 that is not associated with cells. (F) 
Percentage of cells with associated PilY1 immunofluorescence signal of strains shown in (E). 
Bar graph shows the mean +/- SD. Each dot represents an independent, biological replicate. 
Statistical analysis for natural transformation assays was performed on log-transformed 
transformation frequency data. ANOVA tests were corrected for multiple comparisons using 
Sidak’s method. ****P<0.0001; ***P<0.001, **P<0.01; *P<0.05; ns, not significant; LD, limit 
of detection. Scale bars, 2 µm. 



 

3.4.5 The terminal β-strand stabilizes PilC/PilY1 at the filament tip 

Because the C-terminal β-strand is predicted to anchor PilC/PilY1 to minor pilins in the 

tip complex, we reasoned that deletion of this peptide should prevent PilY1 association with the 

pilus tip. Using recently published immunofluorescence microscopy methods for labeling 

tip-associated minor pilins (T. J. Ellison and Ellison 2025; Sztanko et al. 2026), we tagged PilY1 

and PilY1∆Cβ at the native locus with a 3xFLAG epitope and assessed whether cells exhibited 

associated PilY1 immunofluorescence signal (Fig. 3-4E, F). Although the 3xFLAG tag caused a 

~1-log10 loss of function in natural transformation experiments, PilY1∆Cβ was present at similar 

levels as PilY1, showing that the C-terminal β-strand is not needed for PilY1 expression or 

stability per se (Fig. 3-S7A, B). Because pilY1∆Cβ mutant cells do not produce detectable T4P 

in cells where the PilT retraction ATPase is intact, we employed ∆pilT mutants to increase the 

amount of visible T4P for immunofluorescence studies. Additionally, A. baylyi produces its T4P 

close together in a line along the long axis of the cell making it difficult to resolve individual 

T4P, especially in hyperpiliated ∆pilT strains. Long-axis localization depends on the 

chemosensory Pil-Chp pathway (C. K. Ellison et al. 2022; T. J. Ellison et al. 2025), so we used a 

published Pil-Chp mutation (∆fimL) to enhance detection of individual, extended T4P (Fig. 

3-4E, F). Wild-type PilY1 associated with ~60% of cells versus ~4% of cells expressing 

PilY1∆Cβ, indicating that the C-terminal β-strand is important for PilY1 association with the 

T4P fiber (Fig. 3-4E, F). While we expect that all T4P tip complexes in the wild type incorporate 

PilY1, not all cells or T4P exhibited detectable PilY1 signal, as in minor pilin 

immunofluorescence studies (T. J. Ellison and Ellison 2025). This is likely due to shearing of 

T4P during the many wash steps in immunofluorescence sample preparation. Indeed, we 



 

frequently observed of PilY1 signal not associated with cells, including sheared filaments with 

tip-associated PilY1 (Fig. 3-4E, 3-S7C). 

3.4.6 Diverse T4Fs employ C-terminal β-strand complementation to stabilize tip complexes 

T4P are broadly distributed structures that belong to the diverse T4F family composed of 

structurally related nanomachines. Detailed phylogenetic analysis of T4P and their homologs by 

Denise et al. 2019 shows T4F are so widely distributed that they may have been present in the 

last universal common ancestor (Charles-Orszag et al. 2024; Denise et al. 2019) (Fig. 3-S8). 

Evolution of the T4F family has led to diversification of these structures into multiple distinct 

subclades, some with dedicated functions as exemplified by Com T4dP found in competent 

Gram-positive bacteria that are used specifically for DNA uptake (Fig. 3-S8). Crystal structures 

and models of minor pilin trimers from T2SS and structural predictions of the tip complexes 

from other T4F provide support that β-strand complementation may promote tip complex 

licensing and stability in diverse systems (Fig. 3-1B, Fig. 3-S9). In systems where minor pilin 

homologs are present and readily identified (see Discussion for details), a C-terminal β-strand is 

present at the same location and orientation as the predicted PilC/PilY1 C-terminal β-strand in 

T4aP (see Fig. 3-S10 and 3-C11 for AlphaFold confidence metrics). The MSHA-encoding locus 

found in V. cholerae is not predicted to contain a PilY1 homolog, but the gene encoding the large 

(~1200 residue) protein MshQ is located immediately downstream of the pilIJK homologs 

mshDOP. mshDOPQ exhibit conserved gene synteny with T4aP systems encoding pilVWXY1 in 

the Pseudomonadales order, indicating potential functional homology between these systems 

(Fig. 3-S1). AlphaFold modeling predicts that the extreme C-terminus of MshQ, like PilC/PilY1, 

engages in β-strand complementation with the PilK homolog MshP (Fig. 3-S9). This prediction 

is in accord with β-strand complementation regulating tip complex assembly in divergent T4P, 



 

and suggests that AlphaFold modeling of tip complexes may enable identification of as-of-yet 

unidentified tip complex subunits.  

Bacillus subtilis Com T4dP, and V. cholerae T4aP, both involved in DNA uptake, do not 

include a PilC/PilY1 ortholog. In each case the PilK ortholog has an additional β-strand, similar 

to T2SS GspK pilins. One of the most divergent subgroups of T4F include the Tad T4cP, which 

until recently were thought to contain only two minor pilin tip complex subunits (Charrouf et al. 

2025). The minor pilin-like protein CpaL (~600 residues) was recently identified as a component 

of the C. crescentus Tad T4cP tip complex, playing an important role in bacterial surface sensing 

(Charrouf et al. 2025). Because Tad T4cP represent the most divergent evolutionary clade of 

Bacterial T4P, we reasoned that the presence of C-terminal β-strand complementation in this 

clade might suggest β-strand complementation as a mechanism present in the ancestral T4F 

system (Fig. 3-S8) (Denise et al. 2019). As in other T4F systems, AlphaFold modeling of CpaL 

with previously identified minor pilin subunits CpaJ and CpaK predicts that the extreme 

C-terminus of CpaL exhibits β-strand complementation with the β-sheet in its N-terminally 

located minor pilin-like domain (Fig. 3-S9, 3-5A). Additional AlphaFold modeling suggests that 

the middle ~470 residues of CpaL may be dispensable for tip complex stability, and predicts that 

a fusion of the extreme C-terminal six amino acids to the minor pilin-like domain might function 

like T2SS GspK or like our chimeric PilK/X-Cβ mutants. Using a hyperpiliated mutant of C. 

crescentus (C. K. Ellison, Kan, et al. 2019), we constructed ∆cpaL and cpaL∆Cβ strains, as well 

as a strain lacking the middle region of CpaL at the native locus (∆middle) (Fig. 3-5). Similar to 

T4aP systems lacking the C-terminal β-strand, T4P were not detected in the ∆cpaL strain and 

were almost undetectable in the cpaL∆Cβ mutant. In contrast, the ∆middle strain produced 



 

significantly more T4P, with piliation restored in almost 15% of the population (~38% of 

wild-type levels).  

 

Figure 3-5. Diverse T4Fs employ C-terminal β-strand complementation to stabilize the tip 
complex.  
(A) A schematic of wildtype CpaL (WT) compared to the ∆middle strain lacking the internal 
~470 residues predicted to sit atop the T4cP tip (top). AlphaFold models of the wildtype or 
∆middle tip complexes from C. crescentus CB13. In both models, the conserved C-terminal 
β-strand is colored black. (B) Representative microscopy images of indicated strains with 
background fluorescence subtracted. White arrows indicate examples of visible T4P filaments. 



 

Scale bars, 2 µm. (C) Quantification of piliated cells in populations of strains shown in (B). Bar 
graph shows the mean +/- SD. Each dot represents an independent, biological replicate. ANOVA 
tests were corrected for multiple comparisons using Sidak’s method. ****P<0.0001; 
***P<0.001, *P<0.05; ND, not detected.  

3.5 Discussion  

Our results indicate that C-terminal β-strand complementation within diverse T4F tip 

complexes is important for initiating fiber polymerization, and might have been a feature of 

ancestral T4F systems. The T4F superfamily is among the most versatile and broadly distributed 

groups of nanomachines found in prokaryotes, and was likely present in the last universal 

common ancestor of life. Yet it is still unclear how these dynamic structures are regulated and 

what signals trigger initiation of fiber polymerization. In this work we uncovered a crucial aspect 

of fiber assembly by identifying β-strand complementation as a key mechanism of tip complex 

licensing and stability. We show β-strand complementation can be provided by either a 

tip-associated functional protein like those in the PilC/PilY1 family or by the most apical minor 

pilin (or minor pilin-like protein) in the complex, as is the case for T2SS and Tad T4cP. The 

conservation of β-strand complementation as a mechanism for promoting tip complex assembly 

between the distantly related Tad T4cP and other T4F suggests that ancestral T4F from which all 

modern T4Fs descended may have used a similar mechanism to promote fiber assembly (Fig. 

3-S8).  

Incomplete rescue of fiber initiation by PilK/X-Cβ chimeras suggests that PilC/PilY1 

proteins have additional functions in T4P biogenesis and dynamics, and we suggest that the 

conserved PilC/PilY1 β-propellor domain accelerates or stabilizes formation of the tip initiation 

holocomplex. Like the conserved C-terminal β-propellor of PilC/Y1, the platform of some T2SS 

substrates, including cholera toxin and E. coli heat labile toxin, have β-propellor folds. However, 



 

these secreted proteins do not require strand complementation on PilK for association with the 

tip complex. This is consistent both with a conserved role for the β-propellor in fiber initiation or 

extension, and with the requirement for T2SS payloads to be released from the extended 

pseudopilus rather than stably retained at the fiber tip. The β-propellor may accelerate or 

stabilize assembly of the tip complex, promote gating of the secretin pore (Guo et al. 2024), or 

both. However, neither the β-propellor nor the C-terminal β-strand are formally essential for fiber 

initiation, since strains lacking PilC/PilY1 or core minor pilins, are piliated when retraction is 

prevented by removal of the PilT retraction ATPase. The idea that PilC/PilY1 promote assembly 

of minor pilins in the tip complex is strongly supported by observations that pili which assemble 

in the absence of both PilC/PilY1 and the retraction ATPase PilT are depleted of tip-associated 

minor pilins (Hanne C. Winther-Larsen et al. 2005).  

Bioinformatic analyses of T4F systems have provided a roadmap of evolutionary 

trajectories for diverse T4F (Denise et al. 2019). AlphaFold modeling provides a remarkable 

platform for predicting how tip complexes have diverged over time and across ecological niches. 

Our models of diverse T4F suggest the MSHA protein MshQ may act as a functional homolog of 

PilC/PilY1 proteins (Fig. 3-S9). Viewed in the context of T4F phylogenies, these models suggest 

that PilC/PilY1 and other large adhesins evolved after the divergence of Com T4dP from the 

ancestor of modern T4aP/T2SS/MSHA pili. However, the absence of a functional homolog in 

T4aP required for DNA uptake from V. cholerae, and in T2SS which fall within this clade, may 

suggest that tip adhesins were subsequently lost from certain lineages (Fig. 3-S9).  

In solved structures of T4bP tip complexes from the V. cholereae toxin co-regulated pilus 

(TCP) and the colonization factor antigen/III (CFA/III) pilus found in human enterotoxigenic E. 

coli, the filament tip is composed of a minor pilin homotrimer with fundamentally distinct 



 

pilin-pilin interactions (Kawahara et al. 2016). These T4P gene loci only contain a single minor 

pilin gene, in contrast with most T4F systems which harbor multiple minor pilins, encoded 

within syntenic operons. But some T4bP operons do encode PilIJK homologs, including the 

bundle-forming pili (BFP) found in some E. coli lineages,  Together, these observations suggest 

that the ancestral T4bP diverged from other T4F tip complex assembly mechanisms early in 

evolution, consistent with phylogeny-based predictions (Fig. 3-S8) (Denise et al. 2019). This 

interpretation is strengthened when we examine T4cP and T4dP.  

T4dP Com (competence) pili are unique to Gram-positive bacteria. For Streptococcus   

spp., modeling and experiments support the formation of a tip complex containing PilIJK 

homologs ComGE/GF/GG (Ng et al. 2016; Jeremy Mom et al. 2024). ComGF is needed for 

DNA binding (Ng et al. 2016; Gu et al. 2021; Kellogg et al. 1963). Similarly, the B. subtilis Com 

operon comprises ComGE/GF/GG proteins. As in S. pneumoniae, B. subtilis ComGF contains a 

canonical prepilin signal sequence. Our AlphaFold modeling confidently predicts the formation 

of a B. subtilis tip complex. However, processed B. subtilis ComGF lacks the typical pilin 

N-terminal domain. Our B. subtilis model (Fig. 3-S9) confidently predicts that the extreme 

C-terminal β-strand of ComGG behaves similarly to the T2SS GspK homolog, Curiously, 

however, the S. pneumoniae ComGG was previously modeled with low confidence as an α-helix, 

not a β-strand (Ng et al. 2016; Jeremy Mom et al. 2024). Nevertheless, ComGF interacts with 

GE and GG in the same orientation in models of both Streptococcus and B. subtilis tip 

complexes. Thus, it appears likely that  β-strand complementation occurs in at least part of the 

Com T4dP clade (Fig. 3-S8, S9). Similarly, our modeling and experiments show that the minor 

pilin-like protein CpaL from Tad T4cP systems acts as a PilK analog (Fig. 3-S1, Fig. 

3-5) (Grünwald et al. 2008). In summary, β-strand complementation in PilK paralogs may 



 

occur, in cis or in trans, in T2SS, T4aP, T4bP, T4cP, and T4dP. We therefore suggest that 

licensing mechanisms like those characterized here are common to many or even most T4F 

systems, and that these mechanisms arose early in the evolution of T4F.  

3.6 Materials & Methods 

3.6.1 Bacterial strains and culture conditions.  

Neisseria gonorrhoeae strain FA1090, Acinetobacter baylyi strain ADP1, and the 

hyperpiliated derivative Caulobacter crescentus CB13 strain bNY30a were used in this study. 

For a list of strains, see Table 3-S1. N. gonorrhoeae was grown on GCB agar with Kellogg’s 

supplements (Kellogg et al. 1963). A. baylyi cultures were grown at 30 °C in Miller lysogeny 

broth (LB) medium and on agar supplemented with kanamycin (50 µg/ml), spectinomycin (60 

µg/ml), zeocin (50 µg/ml), and apramycin (50 µg/ml) where appropriate. C. crescentus was 

grown in peptone yeast extract (PYE) medium and on agar supplemented with kanamycin (5-10 

µg/ml) and nalidixic acid (20 µg/ml) where appropriate. 

3.6.2 Strain construction  

N. gonorrhoeae  

Mutations were introduced in the FA1090 background by spot transformations of PCR 

products and/or linearized plasmids. Transformed spots were streaked to GCB plates or 

GCB plates with the appropriate antibiotic then colonies were screened by sequencing 

of the mutated locus. 

To construct the pilE-T125C strains AMN64 and AMN65, pilE(1-81-S2) was amplified 

and mutated to T125C by overlap extension PCR. To disrupt pilT in the pilE-T125C 



 

background, the ∆pilT::ermC allele was amplified directly from AMN4 and used to 

transform AMN65. All other mutations were introduced by transformation of plasmids 

constructed by Gibson assembly of PCR products, gBlocks (IDT) and/or extended 

oligonucleotides into pBluescript KS(+). 

For transformation assays pAMP2097was prepared. This plasmid contains the 

gyrB-D429N allele, which confers resistance to nalidixic acid, and a Neisseria DNA uptake 

sequence. N. gonorrhoeae AMN18 genomic DNA was used as template for PCR with primers 

MS11_gyrB-F and MS11_gyrB-R. The PCR product was purified, digested with EcoRI and ClaI 

(NEB) and cloned into pBluescriptKS+ (Stratagene), yielding AMP2096. Site-directed 

mutagenesis of AMP2096 with primers gyrB_D429N-f and gyrB_D429N-r was used to 

introduce the D429N mutation, resulting in pAMP2097. 

 

C. crescentus 

In-frame deletion strains were constructed by double homologous recombination using 

pNPTS-derived plasmids as previously described. S-17 E. coli cells harboring pNPTS-derived 

plasmids were grown to exponential phase and then 100 µl was pelleted by centrifugation at 

18,000g for 1 min. One ml of overnight culture of C. crescentus was pelleted by centrifugation at 

5,200g for 1 min, and then both pellets were resuspended in the same 10 µl of fresh PYE and 

spotted onto a PYE 1.5% agarose plate. Plates were incubated overnight at 30 °C, and the next 

day cells were removed from the plate and resuspended in 100 µl PYE before plating on PYE 

plates containing kanamycin and nalidixic acid. After three days of growth at 30 °C, colonies 

were patched onto fresh kan/nal PYE plates and grown overnight at 30 °C. The next day, cells 

from each patched colony were inoculated into 3 ml PYE medium and grown overnight at 30 °C. 



 

10 µl of overnight culture was then spotted onto PYE plates containing 3% sucrose and struck 

out for single colony isolation. Sucrose plates were grown for three days at 30 °C and then 4-6 

colonies from each plate were patched onto PYE plates +/- kanamycin and incubated overnight 

at 30 °C. Colonies that were kanamycin sensitive were confirmed by PCR and nanopore 

sequencing using primers.  

For construction of the pNPTS-derived plasmids, ~500 bp flanking regions of DNA on 

either side of the desired mutations were amplified from bNY30a DNA. Upstream regions were 

amplified using F1 and R1 primers while downstream regions were amplified using F2 and R2 

primers. The resulting amplified DNA was purified (Qiaquick) and assembled into pNPTS138 

that had been digested with restriction enzyme EcoRV (New England Biolabs) using HiFi 

Assembly Master Mix (New England Biolabs).  

3.6.3 Modeling 

Preliminary modeling was done using AlphaFold2 in the CollabFold environment 

(Mirdita et al. 2022). The modeling shown in the figures was done using AlphaFold3 (Abramson 

et al. 2024) on the DeepMind server. Protein processing sites were predicted through a 

combination of manual analysis, freely available prediction software SignalP 6.0, and/or 

DeepTMHMM (Teufel et al. 2022). 

3.6.4 Minor pilin expression in E. coli  

Minor pilin proteins were produced in soluble form with oxidized disulfide bonds in the 

E. coli periplasm as described (Applegate et al. 2026). Size exclusion chromatography was done 

on a calibrated Superdex 75 Increase 10/300 column (Cytiva). For co-expression of soluble 

PilK-His6 and PilC, PilK-His6 was expressed from a plasmid previously described (Applegate et 



 

al., 2026), and FLAG-PilC(533-1060) bearing an N-terminal signal peptide was expressed from 

a low-copy plasmid pmr101A.  

Expression vectors encoding PilK-His6 and FLAG-PilC(533-1060) were co-transformed 

into competent E. coli BL21(DE3) cells. A single colony was picked and added to LB medium 

supplemented with 100 µg/ml ampicillin and 50 µg/ml kanamycin. This culture was grown 

overnight shaking at 200 rpm at 37° C. 5 mL of seed culture was added to a 2 L baffled flask 

containing 1 L ZYM-5052 (Studier 2005), supplemented with 100 µg/ml ampicillin and 50 

µg/ml kanamycin, then grown at 37° C, shaking at 200 rpm. When cells reached an optical 

density at 600 nm of 1.0, they were moved to a 16° C incubator and shaken at 200 rpm. Cultures 

were grown for an additional 18 hours before being harvested by centrifuging at 4670 x g for 15 

min and 4° C (Sorvall H6000A, RC-3B Refrigerated Centrifuge). 

Purification was performed via periplasmic fractionation and Ni2+-NTA sepharose HP 

(Cytiva) metal affinity purification as described in Applegate et al. (2026). 

​ For immunoblotting, samples were mixed with 4x Laemmli buffer containing 20% 

2-mercapto-ethanol (5% v/v final) then incubated at 95° C for 5 minutes. Samples were loaded 

into 12.5% (w/v) SDS-PAGE gels and run for 60 minutes at 190 V. Gels were either transferred 

to a 0.45 µm nitrocellulose membrane (Schleicher & Schuell BA85). Membranes were blocked 

with PBS Blocking Buffer (LICORbio) for 1 hr at room temperature then incubated with primary 

antibody (ANTI-FLAG M2 antibody, Sigma-Aldrich F3165) for 1 hour at room temperature. The 

membrane was rinsed in PBST 5 times for 5 minutes before being incubated with secondary 

antibody diluted 1:10,000 (Goat anti-Mouse IgG H+L Highly Cross-Adsorbed Secondary 

Antibody Alexa Fluor 488, Invitrogen A32723TR) for 45 minutes at RT. Membrane was then 



 

rinsed in PBST 5 times for 5 minutes and imaged using an Odyssey imaging system (LI-COR 

Biotech). 

 

3.6.5 Live cell imaging and in vivo labeling of dynamic T4P  

N. gonorrhoeae  

Pilus labeling was as described (Kraus-Römer et al., 2022), with modifications. Briefly, 

N. gonorrhoeae cells expressing Cys-substituted PilE major pilin were grown on GCB agar with 

Kellogg supplements and resuspended into Labeling Medium: DMEM (FluoroBrite, Gibco 

A18967-01) that had been supplemented with 1× GlutaMAX (Gibco 35050-061) and 30 mM 

HEPES, and pre-equilibrated to 37°C and 5% CO2. The cell suspension was adjusted to OD600nm 

~0.2 in 1mL, in 1.8 mL round-bottom microcentrifuge tubes. The cells were sedimented 

(7,000rpm, 1 min.) and resuspended in Labeling Medium containing 20 µM Alexa Fluor 488 C5 

Maleimide (Thermo-Fisher #A10254, FW=721), from a 5 mM stock solution prepared in 

anhydrous DMSO. The cells were incubated at 37°C and 5% CO2 with periodic gentle swirling 

of the cells for 15min. The labeled cells were sedimented (7,000 rpm, 1 min.), washed in 1 mL of 

Labeling Medium, again sedimented, and washed for a total of three times before finally being 

resuspended in 200 µL of Imaging Medium: Labeling Medium, further supplemented with 500 

µM TEMPOL (Enzo #ALX-431-081G001), 1 mM Trolox (Vector Labs CB-01000-2), 500 µM 

freshly prepared ascorbic acid, and 0.3% bovine serum albumin. For some samples, wells were 

additionally pre-treated with 0.01% poly-L-lysine to stick bacteria to the coverslip. T4P were 

observed using a Yokogawa CSU-X1 spinning disk confocal head, with a 100X/1.45 NA Plan 

Apochromat objective. For excitation a 488 nm diode laser was coupled to the confocal head 

using a single mode fiber. The incident illumination power was calibrated at the objective back 



 

aperture using a laser power meter (Thorlabs) and corresponded to 15-20 W/cm2 at the sample 

plane (Grünwald et al., 2008). Image sequences were captured using an Andor 888 EMCCD 

camera operated at 25 frames/s. The microscope system was controlled, and data were acquired, 

using NIS Elements software. 

A. baylyi  

Pilin labeling in A. baylyi was performed as described previously (C. K. Ellison et al. 

2017; C. K. Ellison, Dalia, et al. 2019). Briefly, 100 µL of overnight cultures was added to 900 

µL of fresh LB in a 1.5 mL microcentrifuge tube, and cells were grown at 30 °C rotating on a 

roller drum for 70 min. Cells were then centrifuged at 18,000g for 1 min and resuspended in 50 

µL of LB before labeling with 25 µg/mL of AlexaFluor488 C5-maleimide (AF488-mal) 

(ThermoFisher) for 15 min at room temperature. Labeled cells were centrifuged, washed three 

times with 100 µL of PBS and resuspended in 5–20 µL PBS. Cell bodies were imaged using 

phase-contrast microscopy while labeled pili were imaged using fluorescence microscopy on a 

Nikon Ti2-E microscope using a Plan Apo 100X oil immersion objective, a GFP/FITC/Cy2 filter 

set for pili, a Hamamatsu ORCA-Fusion Gen-III cCMOS camera, and Nikon NIS Elements 

Imaging Software. Cell numbers and the percent of cells making pili were quantified manually 

using Fiji. All imaging was performed under 1% agarose pads made with PBS solution. 

C. crescentus 

Pilin labeling was performed the same as A. baylyi with some differences. 500 µl of 

overnight cultures grown in 3 ml of PYE at 30 °C was diluted into 3 ml fresh PYE and grown for 

5 hr at 30 °C. 200 µl was then pelleted at 5,200g and resuspended in 50 µl PYE and labeled with 

25 µg/mL of AlexaFluor488 C5-maleimide (AF488-mal) (ThermoFisher) for 25 min at room 



 

temperature. Labeled cells were centrifuged, washed three times with 100 µL of PYE and 

resuspended in 5–20 µL PYE. 

The percentage of cells expressing T4P for all species was manually quantified using Fiji 

software. Micrograph images of T4P were analyzed using Nikon NIS Elements software and 

ImageJ. Micrographs are representative of each strain and are presented with intensity equalized 

over time, as well as a rolling median over every 3 frames to minimize background noise. The 

LUTs for N. gonorrhoeae strains were adjusted for each strain to optimize visualization of T4P 

present. For A. baylyi and C. crescentus, LUTs were normalized for each species.   

3.6.6 Transformation assays  

N. gonorrhoeae  

Cells were grown on GCB agar with Kellogg supplements and resuspended into 500 µL 

GCBL media supplemented with 5 mM MgSO4. Cell suspensions were adjusted to 1.2x107 

cfu/ml. Suspensions were then incubated with 250ng linearized AMP2097 for 15min at 37˚ C 

5% CO2 in a 96-well plate format (Falcon #351172). The transformation mixture was then 

diluted 1:10 into GCBL media supplemented with Kellogg supplements and incubated for 4 

hours at 37 ˚C 5% CO2. Subsequent 1:10 serial dilutions of the transformation reaction mix were 

performed into GCBL media supplemented with Kellogg supplements. The serial dilutions were 

plated using the “dribble plating” method described previously onto 2 sets of plates: GCB plates 

and plates containing GCB supplemented with 1.5 µg/ml Nalidixic acid (both supplemented with 

Kellogg supplements). Plates were left to grow for two nights at 37˚C 5% CO2 before assessing 

colony growth. For quantitative transformation in the presence of IPTG, cells were grown on 

GCB agar supplemented with 1 mM IPTG on the surface of the agar. Subsequent GCBL media 



 

used for resuspension, transformation, and serial dilutions were also supplemented with 1 mM 

IPTG. Plates used for dribble plating did not contain IPTG. 

Movie analysis was performed with videos of AMN64 and AMN70 taken under identical 

conditions. The LUTs were set to the same range. Videos have their intensities equalized over 

time and are portrayed as a rolling median over 3 frames.   
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Figure 3-S1. Schematic of genetic loci for several T4F discussed in this chapter.  
Numbers above genes indicate locus tags. Protein homologues are colored correspondingly.  
 



 

 
Figure 3-S2.  A β-strand at the extreme C-terminus of PilC/PilY1 adhesins is predicted to 
act in trans to complete the β-sheet of minor pilin PilK homologs in T4aP.  
AlphaFold models are shown for minor pilin heterotrimers in complex with PilC or PilY1. In 
each model, the C-terminal β-strand is colored black.  
 
 



 

 
Figure 3-S3. AlphaFold confidence metrics for tip complexes from wildtype N. gonorrhoeae 
(PilI/J/K/C, top) and a complex with the PilK-Cβ chimeric protein used in this work 
(PilI/J/K-Cβ, bottom) . Structures on the left are colored by confidence intervals indicated at the 
top. The boxes on the right show predicted aligned error of structures on the left. 
 
 



 

 
Figure 3-S4. AlphaFold confidence metrics for the tip complex from wildtype A. baylyi. 
Structure on the left is colored by confidence intervals indicated at the top. The box on the right 
shows the predicted aligned error of structure on the left. 
 
 



 

 
Figure 3-S5. AlphaFold confidence metrics for the tip complex from wildtype P. aeruginosa  
Structure on the left is colored by confidence intervals indicated at the top. The box on the right 
shows the predicted aligned error of structure on the left. 
 
 



 

 
Figure 3-S6. AlphaFold confidence metrics for the tip complex from wildtype M. xanthus.  
Structure on the left is colored by confidence intervals indicated at the top. The box on the right 
shows the predicted aligned error of structure on the left. 
 
 
 
 
 



 

 
Figure 3-S7. PilY13xFLAG and immunofluorescence supplementary data.  
(A) Representative Western analysis of indicated strains. RpoA was used as a loading control. 
Blot was probed with both ⍺-FLAG and ⍺-RpoA antibodies. (B) Natural transformation assay 
data from indicated strains. Bar graph shows the mean +/- SD. Each dot represents an 
independent, biological replicate. Statistical analysis for natural transformation assays was 
performed on log-transformed transformation frequency data. Statistics were determined by 
Sidak’s multiple comparisons test. ****P<0.0001; *P<0.05. (C) Representative microscopy 
image of sheared T4P with tip-associated PilY1 signal. White arrows indicate examples of PilY1 
localized to the tips of sheared T4P filaments. Scale bar, 2 µm. 
 



 

 
Figure 3-S8. Phylogenetic tree showing the evolutionary relatedness between different types 
of T4F. 
(Previously published Figure 7 from Denise et al. 2019) Black stars (★) were added here to 
indicate clades with evidence of β-strand complementation as a mechanism for tip complex 
licensing. Gray arrows and gray text were added here to indicate potential evolutionary 
trajectories of tip complex components and aid in discussion.  
 
Modified from Denise et al. 2019 Figure 7 legend:  
The tree was based on the information of the trees of the concatenate and simplified to highlight 
the key clades and events. The colour of the triangles indicates the type of the systems. Each 
vertical bar on the branch indicates a numbered evolutionary event, whose details are specified 
under the corresponding number in the list ‘Key events’. The hypotheses for the composition of 
the last common ancestor of the T4F superfamily are indicated at the root, and the distant 
homologues of these systems are indicated in the list ‘Homologous of ancestral components’, in 
which homology was observed by sequence (‘aa’) or structural (‘struct’) similarity. Halo pilus 
indicates two pili characterised in Halobacteria. Aap, adhesive archaeal pilus; Epd, EppA 
dependent; IM, integral membrane; MSH, mannose-sensitive hemagglutinin pilus; Tad, tight 
adherence; T4F, type IV filament; T2SS, type II protein secretion system; T3SS, type III protein 
secretion system; T4aP, type IVa pilus; T4bP, type IVb pilus; Ups, UV-inducible pilus of 
Sulfolobus. 



 

 
Figure 3-S9. A conserved β-strand is predicted to strand-complement the β-sheet in GspK 
homologues of diverse T4F 
AlphaFold-predicted models of predicted tip complexes for indicated species. In all models, the 
conserved C-terminal β-strand is colored black.  



 

 
Figure 3-S10. AlphaFold confidence metrics for the tip complex from the T2SS in A. baylyi.  
Structure on the left is colored by confidence intervals indicated at the top. The box on the right 
shows the predicted aligned error of structure on the left. 
 
 



 

Figure 3-S11. AlphaFold confidence metrics for the tip complex from the Com pilus in B. 
subtilis.  
Structure on the left is colored by confidence intervals indicated at the top. The box on the right 
shows the predicted aligned error of structure on the left. 
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