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ABSTRACT OF THE DISSERTATION 

 

Mechanism and Function of Membrane Homeostasis of Sortase Modulated by an 

Evolutionarily Conserved Protein Involved in Pilus Assembly in Actinobacteria 

 

by 

 

Nicholas Ramirez 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2022 

Professor Hung Ton-That, Chair 

 

Bacteria utilize proteins at their surface for a multitude of processes including adhesion, 

biofilm formation, motility, and virulence. Thus, understanding the biogenesis and surface 

display of these factors is instrumental in our understanding of bacterial pathogenesis and 

virulence mechanisms. Within this dissertation we describe the identification and 

characterization of a newly identified peptide which is functionally conserved amongst 

Actinobacteria and serves to modulate anchoring of proteins to the cell wall through modulation 

of membrane homeostasis of the housekeeping sortase. In the oral cavity associated bacterial 

species, Actinomyces oris, we identified a small peptide consisting of 52 amino acids which is 
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encoded directly downstream of the gene encoding the housekeeping sortase SrtA. Henceforth 

we refer to this peptide as SafA for Sortase Associated Factor A.  

Firstly, through bioinformatic analysis we found that nearly all Actinobacteria encode a 

SafA homolog immediately downstream of their respective housekeeping sortase genes, with the 

exception of Bifidobacterium dentium in which the genome does not contain a separate SafA 

reading frame, but rather the C-terminus of the housekeeping sortase harbors a domain 

homologous to SafA in A. oris. In A. oris we found that deletion of safA results in phenotypes 

consistent with deletion of the housekeeping sortase itself, which include the formation of 

abnormally long pili as detected by electron microscopy and the failure of A. oris to interact with 

another oral bacterial species Streptococcus oralis. Cellular fractionation and immunoblotting 

revealed that in the absence of SafA, SrtA is cleaved and released into the extracellular milieu. 

While software predictions did not identify a signal peptide sequence in SrtA, manual amino acid 

sequence, sequence analysis did in fact reveal that SrtA contains a tripartite domain consistent 

with a type I signal peptide sequence and a predicted cleavage site between A56 and S57. Edman 

degradation amino acid sequencing confirmed this cleavage site and mutational analysis revealed 

that the signal peptidase LepB2 is responsible for this observed cleavage of SrtA. 

To elucidate how SafA protects SrtA from cleavage we utilized a Bacterial Adenylate 

Cyclase Two-Hybrid system which demonstrated that SafA and SrtA directly interact. 

Furthermore, we identified a three amino acid domain in SafA consisting of FPW residues which 

is essential for mediating this interaction. Finally, we found that ectopic expression of SafA from 

A. oris, Corynebacterium diphtheriae, and Corynebacterium matruchotii rescued the 

aforementioned functional defects of the safA mutant of A. oris, thus supporting the conclusion 

that SafA is both functionally and evolutionarily conserved.  
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The findings described herein demonstrate a new paradigm for the modulation surface 

protein display in Actinobacteria. The conservation of SafA across Actinobacteria coupled with 

the essential role for sortases in mediating anchoring of pili and key virulence factors provides a 

unique target and opportunity to inhibit the virulence of Actinobacteria species.  
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Chapter 1 Introduction  

1.1      Objectives 

 Bacteria utilize a variety of surface proteins, including the fiber like appendages known 

as fimbriae or pili for a multitude of functions including cell adhesion, motility, biofilm 

formation, and horizontal gene transfer (1-3).  As Gram-positive bacteria have a thick cell wall at 

their surface, the mechanism in which proteins are localized to the surface had long remained 

elusive. Ultimately, it was revealed that all peptides destined for the cell wall in Staphylococcus 

aureus contain a cell wall sorting signal, consisting of a conserved C-terminal LPXTG motif 

followed by a hydrophobic domain and a positively charged tail (4, 5). Although the archetype 

housekeeping sortase SrtA was first identified in S. aureus, sortases have since been identified in 

many pathogenic Gram-positive organisms including Corynebacterium diphtheriae, and Group 

B Streptococci, the causative agents of diphtheria and neonatal meningitis respectively (6). Since 

these initial reports, sortases have been grouped into six distinct classes based upon structure and 

substrate preference (7). In addition to having the distinct role of anchoring peptides to the cell 

wall, in Gram-positive bacteria, pili are assembled by the pilus-specific sortase. Although the 

precise mechanism in which this assembly occurs varies slightly between species, generally this 

assembly process is conducted by the pilus-specific sortase which recognizes and hydrolyzes the 

cell wall sorting signal of a pilin monomer, then catalyzes a lysine transpeptidase reaction 

between another pilin monomer and the threonine residue of the previously recognized pilin (3, 

8, 9). This reaction occurs repeatedly resulting in the formation of covalent linkages between 

pilin monomers to form a polymer. Ultimately, these pili are anchored to the cell wall by way of 

the housekeeping sortase which catalyzes a transpeptidation reaction between the terminal pilin 

present at the pilus base and peptidoglycan cross bridges. Although the general pilus assembly 
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mechanism remains conserved across Gram-positive bacteria, there are key differences in pilus 

composition and anchoring. Specifically, some organisms such as Corynebacterium diphtheriae, 

Enterococcus faecalis, or Group B Streptococcus species assemble heterotrimeric pilus 

polymers, or pili composed of three individual pilus subunits (6). In C. diphtheriae for example, 

these subunits are SpaC, SpaA, and SpaB which serve as the pilus tip, shaft, and base 

respectively (8, 10, 11). Previous reports have demonstrated that in C. diphtheriae the base pilin 

plays a crucial role in signaling pilus anchoring to the cell wall, thus allowing pili to be 

consistently assembled at an optimal length (11). In contrast to the heterotrimeric pili described 

here other species such as Bacillus cereus, commonly a causative agent of foodborne illnesses, 

assemble heterodimeric pili which are composed of only two subunits which serve as a tip 

adhesin and shaft (6, 12). Although previous studies have established a relatively clear model for 

both the assembly of heterodimeric and heterotrimer pili, one aspect that has remained elusive is 

what signals pilus anchoring in organisms that assemble heterodimeric pili. We have previously 

theorized that this process is regulated by the relative abundance and availability of pilin 

monomers and housekeeping sortase at the pilusosome, or that this process is regulated by some 

other yet to be identified factor(s) which may modulate protein anchoring (3).  

 To this aim, the oral-cavity associated bacterium Actinomyces oris (one of the earliest 

colonizing bacterial species in the oral microbiome) has served as a fruitful model for elucidating 

the mechanism of heterodimeric sortase-mediated pilus assembly and cell wall peptide 

anchoring. In an attempt at gaining a deeper understanding of A. oris peptide anchoring and 

surface morphogenesis, previous studies by our laboratory have revealed a novel paradigm in 

which the housekeeping sortase SrtA of A. oris may have an unprecedented role in modulating 

pilus polymer length (13). Given that it is well established that functionally related genes tend to 
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associate within similar gene loci in bacteria, we probed the srtA gene locus in an attempt at 

identifying additional factors that may modulate SrtA activity. A. oris genome analysis revealed 

the presence of a small open reading frame of unknown function which encodes a 52 amino acid 

protein located immediately downstream of srtA. We named this peptide sortase associated 

factor A, or SafA. Comparative genomics revealed that safA can be identified immediately 

downstream of the housekeeping sortase genes across virtually all Actinobacteria. Of note, the 

housekeeping sortase SrtE in the Actinobacteria species Bifidobacterium dentium lacks a SafA 

reading frame, however the C-terminus of SrtE contains a domain homologous to SafA, thus 

indicating that SafA co-evolved with housekeeping sortases and SafA may modulate sortase 

activity through direct interactions. 

Within this dissertation we aimed to identify and functionally characterize SafA in the 

oral cavity associated Actinobacteria species A. oris. To accomplish this, we used a 

combinatorial approach consisting of bioinformatic analysis, biochemical assays, and molecular 

biology approaches to identify and elucidate the mechanism of SafA-mediated modulation of 

surface morphogenesis in A. oris.  
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1.2     Dissertation Overview 

 This dissertation is separated into five chapters. Chapter 1 provides a brief overview of 

the previously established knowledge in the field of sortase mediated peptide anchoring and a 

brief overview of preliminary studies that led to the conceptualization of this work. Chapter 2 

describes the overall functions and mechanisms of assembly of the main fimbriae types in both 

Gram-negative and Gram-positive bacteria. Chapter 2 as presented is a direct reprint of a 

previously published manuscript from eLS, formerly the Encyclopedia of Life Sciences reprinted 

with permission from John Wiley & Sons, Ltd. Chapter 3 provides a summary of the recent 

advancements in elucidating mechanisms of pilus assembly and peptide anchoring in 

Actinomyces oris, as well as a brief summary of the biotechnical applications of sortases as used 

for sortase-mediated peptide ligation also known as “sortagging”. Chapter 3 is presented as a 

reprint of a previously published manuscript from Trends in Microbiology with permission from 

Elsevier Ltd. Chapter 4 serves as the main body of this dissertation in which we describe the 

identification and functional characterization of SafA in A. oris. Additionally in this chapter we 

present a novel paradigm in sortase activity modulation in which we demonstrate that the 

housekeeping sortase membrane localization is modulated by a signal peptidase. These findings 

as presented are a reprint of an upcoming manuscript which has been accepted for publication by 

Proceedings of the National Academy of Sciences of the United States of America and are 

presented in this dissertation with the permission of the National Academy of Science. In chapter 

5 we present the conclusions drawn from this work as well as a description of the impact that 

these findings will have on bacterial pathogenesis and cell surface peptide anchoring. 

Additionally, in this chapter we suggest future experiments which may serve to elucidate the 
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precise regulation of and role of signal peptidase-mediated cleavage of the housekeeping sortase 

and additional experiments to determine if SafA has a role in mediating bacterial virulence.  
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Chapter 2: Function and Assembly of Bacterial Fimbriae 



8 
 

 



9 
 

 



10 
 

 



11 
 

 



12 
 

 



13 
 

 



14 
 



15 
 

 



16 
 



17 
 



18 
 



19 
 

 



20 
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Chapter 4: A Conserved Signal-Peptidase Antagonist Modulates Membrane Homeostasis of 

Actinobacterial Sortase Critical for Surface Morphogenesis 

4.1 Introduction 

Most Gram-positive bacteria, with a notable exception of the Mycobacterium species, 

encode a housekeeping transpeptidase enzyme called sortase that catalyzes cell wall anchoring of 

surface proteins and pili (1-3). First discovered in Staphylococcus aureus with the prototype SrtA 

(4), the large sortase family members are divided into six classes, i.e. SrtA-SrtF, based on protein 

sequence homology and substrate preference (1, 5, 6). Sortases of class A and class E are 

considered housekeeping sortase enzymes that perform cell wall anchoring of surface proteins, 

whereas class C sortases are “polymerases” that covalently link pilin substrates into pilus 

polymers of various size, which are then anchored to bacterial peptidoglycan by the 

housekeeping sortase (1, 7-9). While sortases are critically important for bacterial virulence, their 

genes are dispensable for cell viability and fitness, with the exception of the housekeeping 

sortase of Actinomyces oris (8, 10-13). 

 A. oris, an oral colonizer that interacts with a wide range of microbes and plays an 

important role in oral biofilm development (14), expresses a housekeeping class E sortase, SrtA, 

and two class C sortases, SrtC1 and SrtC2 (2). SrtC1 and SrtC2 are specifically required for 

assembling the type 1 and type 2 heterodimeric fimbriae (or pili), respectively (15, 16), with the 

latter essential for polymicrobial interactions (or coaggregation) and biofilm formation (16-18). 

Coaggregation involves the adhesin CafA located at the tip of type 2 fimbriae (18), and biofilm 

formation requires FimA making up the type 2 fimbrial shaft; thus, a mutant strain lacking fimA 

is defective in biofilm formation (16, 17) and coaggregation (16). The housekeeping sortase SrtA 

is mainly responsible for covalent attachment of both fimbrial types to the cell wall (19), as well 
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as many surface proteins such as AcaC (or GspA) and AcaB (18), although SrtC2 is able to 

mediate cell wall anchoring of fimbriae when srtA is genetically inactivated (20).  

 In contrast to many other sortases studied to date, A. oris srtA is an essential gene since 

srtA deletion is lethal to cells, with conditionally srtA-depleted cells exhibiting cell morphology 

and coaggregation defects and abnormal elongation of pili (19). The genetic basis of this lethality 

was determined by a Tn5 transposon screen in the absence of srtA, which generated many 

suppressor mutations mapped to 7 genes including gspA and lepB2 (19, 21). gspA encodes a cell 

wall anchored glycoprotein, GspA, and in the absence of srtA, GspA glycopolymers are 

accumulated in the cytoplasmic membrane, resulting in a membrane toxicity phenomenon we 

referred to as lethal glycol-stress (19). LepB2 is one of two signal peptidases in A. oris (21). 

Critically, a non-polar, in-frame deletion mutant lacking both lepB2 and srtA is viable yet 

defective in producing cell wall anchored GspA polymers (19, 21). We hypothesized that LepB2 

might be responsible for membrane processing of factors linked to GspA glycosylation (21). It is 

still unclear, however, why the housekeeping sortase SrtA is uniquely essential in Actinomyces. 

 The analysis of many bacterial genomes sequenced to date has enabled identification of 

srtA homologs and numerous sortase-associated factors (5, 22), among which is a previously 

neglected small transmembrane protein, hereafter called SafA (saf for sortase-associated factor), 

encoded by a gene immediately downstream of the housekeeping sortase srtA in A. oris (19). 

This transmembrane protein is highly conserved in Actinobacteria (see Appendix Figure A-1) – 

Gram-positive bacteria with high G+C content in their genomes – and it is absent from 

Firmicutes – Gram-positive bacteria with low G+C content in their genomes. The conserved 

linkage and gene arrangement consisting of a housekeeping sortase followed immediately by 
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safA (see Figure 4.1) suggested to us that they are functionally related. Here, we employed a 

combination of biochemical and genetic approaches to demonstrate that indeed SafA is a signal-

peptidase antagonist that interacts with SrtA and prevents SrtA cleavage by the signal peptidase 

LepB2, hence maintaining membrane homeostasis of the housekeeping sortase. Remarkably, 

SafA homologs are not only highly conserved, they are functionally interchangeable, leading us 

to propose that the mechanism of signal-peptidase antagonism by SafA is conserved in 

Actinobacteria. Thus, our study presents a new paradigm for future investigations in other 

bacteria of this phylum, many of which are human commensals and pathogens 

4.2 Materials and Methods 

4.2.1 Bacterial strains, plasmids, and media 

Bacterial strains and plasmids used in this study are listed in Appendix Table A-2.  A. 

oris strains were grown in heart infusion broth (HIB) or heart infusion agar (HIA) plates at 37°C 

and in the presence of 5% CO2. S. oralis was grown on HIA supplemented with a final 

concentration of 1% glucose and incubated at 37⁰C in an anaerobic chamber. E. coli strains were 

grown on Luria-Bertani (LB) broth or agar in the presence or absence of 100 μg/mL ampicillin 

or 50 μg/mL kanamycin.  

4.2.2 Generation of strains and plasmids 

A. oris mutant strains and plasmids used in this study were constructed according to 

published protocols as described and listed in Appendix A (16, 23). 

  



34 
 

4.2.3 Cellular fractionation and immunoblotting 

Cell fractionation and immunoblotting analysis were conducted as previously described 

with some modification (19, 21). Briefly, 5 mL cultures of A. oris were grown in HI broth with 

shaking at 37⁰C to mid-log phase. Cells of different strains harvested by centrifugation were 

normalized to an OD600nm of 1.0 and subjected to cell fractionation. Protein samples from culture 

supernatant (S), cell wall (W), membrane (M), and cytoplasmic (C) fractions were obtained by 

precipitation with 7.5% trichloroacetic acid. All samples were boiled in sodium dodecyl sulfate 

(SDS) containing 3 M urea prior to SDS-PAGE electrophoresis using 15% acrylamide gels and 

immunoblotting with antibodies against SrtA, SrtC2, or GspA (19, 24), as well as GFP 

(ABclonal) or poly-Histidine (Invitrogen). 

4.2.4 Proteolytic protection assay 

Cell wall digestion and protoplast isolation was conducted as previously described with 

some modification (19, 21). Briefly, 5 mL cultures of different A. oris strains grown to mid-log 

phase at 37⁰C were harvested by centrifugation and normalized to an OD600nm of 4.0. Protoplasts 

were obtained by digestion with mutanolysin in SMM buffer (0.5M sucrose, 10 mM MgCl2, and 

10mM maleic acid, pH 6.8). The protoplast suspension in SMM was treated with proteinase K (a 

final concentration of 5 µg/mL) for 2-8 minutes at 37⁰C. Proteinase K digestion was quenched at 

time intervals by 0.2M PMSF, followed by centrifugation to separate supernatants from 

protoplasts. The treated protoplasts were subjected to repeated freeze-thaw cycles, and 

membrane fractions were obtained by centrifugation. Proteins samples from the membrane 

fractions and the supernatants were obtained by precipitation with 7.5% trichloroacetic acid. 
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Samples were boiled in SDS sample buffer containing 3M urea prior to SDS-PAGE analysis 

with 15% acrylamide gels and immunoblotting with polyclonal anti-GFP (ABclonal). 

4.2.5 Bacterial coaggregation 

Polymicrobial interactions were determined by previously published coaggregation 

assays (18, 20). Briefly, A. oris and S. oralis cells were grown in HIB and HIB supplemented 

with 1% glucose, respectively. Bacterial cells were normalized by optical density, washed, 

resuspended in coaggregation buffer (20mM Tris-HCl pH: 7.4, 150mM NaCl, 1mM CaCl2) in a 

1:1 ratio, and agitated by gentle rotational shaking. Coaggregation was recorded by a FluorChem 

Q (Protein Simple). 

4.2.6 Biofilm formation 

A. oris biofilms were cultivated according to a previously published protocol with some 

modification (21). Overnight cultures of A. oris strains were used to inoculate fresh cultures 

(1:100 dilution) in HIB supplemented with 1% sucrose in 24-well plates, which were allowed to 

grow for 48 hours at 37°C in the presence of 5% CO2. Biofilms were washed with phosphate 

buffered saline (PBS) three times prior to drying in a Savant speedvac (Thermo Scientific). 

Biofilms were stained with 1% crystal violet for 10 minutes, washed 3 to 5 times with water, de-

stained, and dissolved in 30% acetic acid for 5 minutes, and quantified by measuring absorbance 

at 580 nm.  
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4.2.7 Bacterial two-hybrid 

Cells of the E. coli adenylate cyclase deficient strain BTH101 were grown at 30°C to 

mid-log phase and washed three times in cold 10% glycerol to prepare for transformation. 200 ng 

of each plasmid construct (pUT18C and pKT25) were added to the 50 uL of electrocompetent 

cells. Transformations were conducted via electroporation in pre-chilled 1-mm gap cuvettes 

under the following conditions: 2.5 kV, 25 µF capacitance, 100 Ω resistance. Cells were allowed 

to recover for 2 hours in LB at 30°C prior to washing with sterile 0.9% saline and spreading onto 

MacConkey agar plates supplemented with 1% maltose, 50 µg/mL kanamycin, and 100 µg/mL 

ampicillin to select for cells containing both pUT18C and pKT25 plasmids.  

For spot dilution and plating assays, cells of BTH101 strains containing both plasmid 

constructs were grown overnight in LB at 30°C, washed twice and normalized to an OD600nm of 

0.1 in 0.9% saline. 4-uL aliquots of each cell suspension was spotted onto MacConkey agar 

plates supplemented with 1% w/v maltose, 50µg/mL kanamycin, and 100µg/mL ampicillin and 

incubated at 30°C for up to 72 hours prior to imaging. 

 To quantify BACTH interaction, a ß-galactosidase assay was followed as previously 

described (25, 26). BTH101 cells grown overnight in LB supplemented with 0.5mM Isopropyl β-

D-1-thiogalactopyranoside (IPTG), 50 µg/mL kanamycin, and 100 µg/mL ampicillin were 

normalized by OD600 and harvested by centrifugation. Washed cells were resuspended in Z 

buffer (0.06M Na2HPO4, 0.04M NaH2PO4, 0.1M KCl, 1mM MgSO4, 0.05M β-mercaptoethanol, 

pH 7.0) and lysed by the addition of chloroform and SDS. Ortho-Nitrophenyl-ß-galactoside 

(ONPG) was added to cell lysate and incubated 35 minutes at 30⁰C before quenching by the  
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addition of Na2CO3. OD420nm was recorded and Miller units calculated using the equation, Miller 

units = 1000 * [(OD420nm / (OD600nm of culture * volume of culture in mL * reaction time in 

mins)]. Experiments were performed in triplicate and statistical analysis was determined by t-test 

using GraphPad Prism.  

4.2.8 Electron microscopy 

Cell morphology and surface assembly were analyzed by electron microscopy according 

to published protocols with some modification (20). Briefly, cells of different A. oris strains were 

washed in 0.1 M NaCl, suspended in sterile water, immobilized on carbon coated nickel grids, 

and stained with 1% uranyl acetate prior to viewing under an electron microscope. 

4.3 Results 

4.3.1 An evolutionarily conserved membrane protein is required for membrane 

localization of the housekeeping sortase SrtA in A. oris 

 To date, no trans-acting factors directly affecting sortase-catalyzed surface assembly 

have been identified. Considering that functionally related genes tend to cluster together within 

bacterial genomes, we began to probe the function of safA, coding for a small transmembrane 

protein of 52 amino acids, located immediately downstream of the gene for the housekeeping 

sortase SrtA (Figure 4.1A). As stated above, the srtA-safA locus appears to be a common feature 

in Actinobacteria, as safA homologs are found in close proximity with the housekeeping sortase 

gene in many Actinobacterial species including C. diphtheriae, Corynebacterium jeikeium, and 

Corynebacterium matruchotii (Figure 4.1A and Appendix Figure A-1). Interestingly, in 

Bifidobacterium dentium, a SafA-like domain is fused to the C-terminus of the housekeeping 
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sortase (Figure 4.1A and Appendix Figure A-1), further supporting the idea of co-evolution and 

functional relationship between SrtA and SafA.  

To elucidate the function of SafA in A. oris, we first generated a non-polar, in-frame 

deletion mutant of safA, using a previously described method of plasmid mediated allelic 

exchange we developed for A. oris (23). To examine whether deletion of safA affects srtA 

expression, we isolated mRNA from the parent (WT) and safA deletion mutant (ΔsafA) strains 

and determined the srtA expression level by quantitative reverse transcription polymerase chain 

reaction (qRT-PCR). As shown in Figure 4.1B, no significant difference in the expression level 

of srtA was observed between both strains. Next, to determine the expression level of the 

membrane-bound SrtA protein, protein samples isolated from the membrane of A. oris strains 

were analyzed by immunoblotting with antibodies against SrtA (α-SrtA). Surprisingly, the SrtA 

level in the ΔsafA mutant was drastically reduced compared to the WT strain, and this defect was 

recused by a plasmid expressing safA from A. oris (Ao) (Figure 4.1C; second, third and fourth 

lanes). Remarkably, ectopic expression of safA from C. diphtheriae (Cd), or C. matruchotii (Cm) 

in the ΔsafA mutant also enhanced the level of membrane-bound SrtA (SrtAm) (Figure 4.1C; last 

2 lanes), demonstrating the functional conservation of SafA in Actinobacteria. 

 To investigate how the absence of SafA resulted in diminished membrane expression of 

SrtA without any change in srtA mRNA levels (Figure 4.1B), we determined SrtA levels in 

subcellular compartments as well as the culture medium, using a previously described cell 

fractionation method (21). Proteins samples from equivalent amounts of the culture supernatant 

(S), cell wall (W), membrane (M), and cytoplasmic (C) fractions were analyzed by 

immunoblotting with polyclonal antibodies against SrtA (residues 52-253) (α-SrtA) (24). SrtA 
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was detected mostly in the M fraction from the WT cells (SrtAm), with a minor amount of a 

small fragment detected in the extracellular milieu (Figure 4.1D; WT lanes). Intriguingly, the 

small SrtA species (SrtAs) was the predominant form found in the supernatant of the ΔsafA 

mutant, with only a miniscule amount of SrtA detected in the membrane fraction (Figure 4.1D; 

ΔsafA lanes). Ectopic expression of A. oris safA not only restored SrtA membrane localization 

but also prevented accumulation of SrtAs in the culture medium (Figure 4.1D; last 4 lanes). The 

results suggest that SafA might block proteolytic cleavage and secretion of SrtA, thereby 

promoting the stable retention of SrtA on the cytoplasmic membrane.  

 Membrane anchored SrtA normally catalyzes the anchoring of surface proteins on the cell 

wall. To determine if deletion of safA and the consequential mislocalization of SrtA results in 

altered cell wall anchoring of SrtA substrates, we extended our cellular fractionation experiment 

and immunoblotting to probe for the abundance and location of GspA – a highly expressed 

glycoprotein anchored to the cell wall by SrtA (19). In both WT and safA complementing strains, 

GspA was found in the cell wall fraction exclusively; by striking contrast, GspA was largely 

accumulated in the membrane compartment in the safA mutant with minor amounts also detected 

in the cell wall and the culture supernatant (Figure 4.1E). This cell wall anchoring defect is 

similar to the phenotype we previously described with the genetic disruption or diminished 

expression of srtA (19). Since inactivation of srtA causes gross abnormalities in pilus assembly 

and cell morphology (stumpy and bent cells) (19), we sought to determine if safA deletion would 

produce similar phenotypes. Here, intact cells of various strains were analyzed by electron 

microscopy as previously reported (20). The results revealed that indeed unlike the WT strain, 

the safA mutant displayed an altered cell morphology and production of exceedingly long pili 

that are anchored to the cell wall by pilus-specific sortase SrtC2 (20) – both phenotypes similar 
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to that of srtA disruption (Figure 4.1F) that was due to toxic membrane accumulation of 

glycosylated GspA (19). Consistent with this, a mutant strain lacking both safA and gspA 

displayed the same phenotypes of cell morphology and pilus assembly as the WT strain 

(Appendix Figure A-2). Importantly, ectopic expression of safA from A. oris, C. diphtheriae and 

C. matruchotii successfully rescued the defects of the safA mutant (Figure 4.1F and Appendix 

Figure A-3).  

 As previously mentioned, the type 2 pili of A. oris are essential for mediating 

polymicrobial interactions or coaggregation in the oral cavity (2, 18). Because the long pili 

previously observed in the srtA mutant of A. oris are associated with a defective coaggregation 

phenotype (20), we subjected the safA mutant to a coaggregation assay as previously reported 

(18), whereby wildtype A. oris and Streptococcus oralis interact and form visible clumps of 

bacteria. As shown in Figure 4.1G, the safA mutant was defective in forming aggregates with S. 

oralis (So34) compared to the WT. In further support of our hypothesis that SafA is both 

functionally and evolutionarily conserved, ectopic expression of safA from A. oris, C. 

diphtheriae, or Corynebacterium matruchotii rescued the coaggregation defect of the safA 

mutant (Figure 4.1G and Appendix Figure A-3). Since biofilm formation is mediated by the type 

2 shaft FimA (16), and the safA deletion mutant still forms type 2 pili, albeit at a longer length 

than wildtype, we sought to determine if loss of safA alters the ability of A. oris to form mono-

species biofilms in vitro. The results show that relative to the WT strain, the safA mutant 

displayed a slight, albeit statistically significant decrease in its ability to form biofilms in vitro 

(Figure 4.1H-I); note that the observed defect of the safA mutant was not as drastic as what is 

observed in the fimA deletion mutant. Altogether, the results support that SafA is an 
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evolutionarily conserved protein required for proper membrane localization of SrtA, hence 

bacterial coaggregation. 

 

Figure 4.1 A conserved membrane protein, SafA, is required for membrane localization of the housekeeping 

sortase SrtA, cell morphology, surface assembly, and biofilm formation. (A) Presented are genetic loci coding 

for the housekeeping sortase (black) and a conserved membrane protein, SafA (grey), found in Actinobacterial 

species; note that the B. dentium sortase harbors a SafA domain at its C-terminus. (B) Relative expression of srtA in 

the ΔsafA mutant, as compared to the parent strain, was determined by qRT-PCR. Results are presented as average 

of three independent experiments with error bars representing standard deviation. 16S rRNA was used as reference. 

(C) Cells of the A. oris parent strain (WT), ΔsafA mutant, and ΔsafA mutant harboring a plasmid expressing safA 

from A. oris (Ao), C. diphtheriae (Cd), or C. matruchotii (Cm) were grown to mid-log phase and normalized prior to 

isolation of membrane fractions. Membrane protein samples were analyzed by immunoblotting with antisera raised 
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against SrtA (α-SrtA). Shown are molecular mass markers (kDa) and a non-specific band (asterisk) serving as 

loading control. (D-E) Equivalent cells of indicated strains grown to mid-log phase were subjected to cell 

fractionation. Protein samples collected from culture supernatant (S) cell wall (W), membrane (M) and cytoplasmic 

(C) fractions were immunoblotted with antisera raised against SrtA, SrtC2 (D), or GspA (E), with SrtC2 used as 

membrane control. Membrane-bound SrtA (SrtAm), secreted SrtA (SrtAs), and GspA polymers (P) are indicated. (F) 

Mid-log phase cells of indicated strains and a conditional srtA deletion mutant (ΔsrtA, 0) were immobilized on 

carbon-coated nickel grids and stained with 1% uranyl acetate prior to viewing with an electron microscope. Scale 

bar indicates 0.5 μm. (G) Equal cell numbers of indicated A. oris strains and S. oralis So34 were mixed in co-

aggregation buffer (20 mM Tris, 150 mM NaCl, 100 mM CaCl2) prior to imaging. (H-I) Indicated A. oris strains 

were analyzed for their ability to form monospecies biofilms, which were stained by crystal violet and quantified by 

measuring absorbance at 580 nm. Results in (I) are average of three independent experiments performed in 

triplicate. Statistical significance was determined by t-test using GraphPad Prism; *, p <0.05; ***, p<0.001. 

 

4.3.2 The transmembrane SrtA protein contains a non-canonical signal peptide whose 

cleavage is blocked by SafA  

The results shown in Figure 4.1D above suggest that SrtA might be subjected to 

proteolytic processing. This observation and the tangential connection between SrtA and the 

signal peptidase LepB2 mentioned earlier (19, 21) led us to examine whether SrtA harbors a 

signal sequence. Although the bioinformatics tool SignalP (www.cbs.dtu.dk/services/SignalP/) 

failed to identify a signal peptide sequence in SrtA, a close inspection of the protein sequence of 

SrtA revealed that in fact SrtA contains a positively charged domain (N), a hydrophobic domain 

(H), and a neutral- polar domain (C) with a possible cleavage site between A56 and S57 after the 

cleavage motif AXA (Figure 4.2A). All of these features are typical of a bacterial signal peptide 

sequence (27). We also found similar domains in the N-terminal sequence of the housekeeping 

sortase SrtF in C. diphtheriae, but not in S. aureus SrtA (Figure 4.2A), which reportedly does not 

harbor a signal peptide (28).  

To determine that A. oris SrtA contains a bona fide signal peptide, we generated various 

mutants within its predicted signal peptide and ectopically expressed these mutants in a mutant 

strain lacking both srtA and safA in the background of a genetic suppression ΔgspA that confers 
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cell viability in the absence of srtA (19). This triple mutant Δ(srtA/safA/gspA) expressing ectopic 

SrtA mimicked the phenotype of ΔsafA in that the small fragment of SrtA was released into the 

supernatant and the membrane-bound SrtA was only weakly detected in the membrane fraction 

by immunoblotting analysis (Figure 4.2B; first 2 lanes). Since proline substitution of the residue 

in the +1 position relative to the cleavage site is known to inhibit the cleavage of substrate 

proteins by signal peptidases (29, 30), we generated a similar mutant, substituting S57 by P 

(S57P). Indeed, the S57P mutation greatly enhanced the membrane localization of matured SrtA 

in the absence of SafA (Figure 4.2B; lanes S57P). Replacement of the potential cleavage site 

AXA motif with FFF residues also enhanced membrane retention (Figure 4.2B; lanes 3F); it is 

noteworthy that in each case, a fraction of unprocessed SrtA was recovered from the culture 

supernatant implying the mutations might somehow perturb the membrane retention. Strikingly, 

deletion of a 13-amino acid region encompassing the AXA motif (Figure 4.2A, highlighted in 

light blue) completely prevented SrtA cleavage and enhanced membrane localization of SrtA in 

the absence of SafA (Figure 4.2B; lanes Δ13). A similar phenotype was observed when this 

region was replaced by 13 amino acids from S. aureus (Figure 4.2B; lanes Sa13). Importantly, 

when the 13-amino acid region was replaced by a homologous region from the C. diphtheriae 

housekeeping sortase, this SrtA mutant was cleaved and released into the supernatant (Figure 

4.2B; lanes Cd13). This establishes that that proteolytic processing of the housekeeping sortase 

and its inhibition by SafA is a conserved phenomenon in Actinobacterial envelope 

morphogenesis. 

 Next, to map out the SrtA cleavage site(s), we engineered a recombinant SrtA protein 

with a 6-histidine tag inserted after E67 (Figure 4.2A; H6), and this construct (SrtAH6) was 

introduced in the same strain Δ(srtA/safA/gspA) (Figure 4.2C). Compared to wildtype SrtA, 
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SrtAH6 was similarly processed (Figure 4.2C). Using this H6-engineered SrtA, we purified the 

cleaved SrtA fragment from the culture supernatant by affinity chromatography (Figure 4.2D) 

and analyzed the cleaved sequence by N-terminal Edman degradation sequencing as previously 

described (21). The result (Table S1) proved that the cleavage takes place between residues A56 

and S57 as predicted (Figure 4.2A). 

 

Figure 4.2 The housekeeping sortase SrtA harbors a cleavable signal peptide sequence. (A) A. oris SrtA 

appears to contain a signal peptide sequence with a positively charged N-region, hydrophobic (H), and a C-region 

consisting of a conserved AXA motif (bracket) predicted to be cleaved by the signal peptides LepB. A recombinant 

SrtA protein was engineered with a 6-His tag (H6) inserted after a Glu residue for protein purification. The 

housekeeping sortase of C. diphtheriae also contains a signal peptide sequence that is homologous to A. oris SrtA. 

(B) A triple mutant, Δ(srtA-safA-gspA), devoid of srtA, safA, and gspA, was transformed with a plasmid expressing 

wildtype SrtA (pSrtA) or its variants. Supernatant and membrane fractions of indicated strains were analyzed by 

immunoblotting with α-SrtA and α-SrtC2. A SrtA mutant strain with S57 mutated to P is indicated as S57P, whereas 

3F indicates the AXA motif changed to FFF. Δ13 denotes a SrtA mutant, in which the 13-amino acid region, 

highlighted in cyan in (A), was deleted. Sa13 and Cd13 represent SrtA mutants that the highlighted 13-amino acid 

region of A. oris SrtA replaced by that of S. aureus or C. diphtheriae, respectively. (C) Similar to the experiment in 

B, protein samples of indicated strains were immunoblotted with specific antibodies. (D) Supernatants of the Δ(srtA-

safA-gspA) mutant expressing His-tagged SrtA were subjected to affinity chromatography with nickel-sepharose 

resins. Purified SrtA was analyzed by SDS-PAGE electrophoresis using Coomassie Blue (CB) staining and 

immunoblotting with α-SrtA. 
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4.3.3 The signal peptidase LepB2 in Actinomyces oris cleaves SrtA’s signal peptide 

A. oris encodes two signal peptidases, LepB1 and LepB2, however, lepB2 deletion 

suppresses the lethal phenotypes of srtA deletion, and LepB2 is required for pilus assembly (21). 

These results prompted us to determine whether SrtA is processed by the signal peptidase LepB2 

or not. As shown in Figure 4.3A, immunoblotting for SrtA in membrane and culture medium 

fractions demonstrate that while the ΔlepB1 mutant did not change the membrane/culture 

medium distribution of SrtA as normally observed in the WT, the ΔlepB2 mutant retained SrtA 

exclusively on the membrane without any SrtA cleavage or secretion into the medium. Further, 

in contrast to the ΔsafA mutant, in which SrtA is largely cleaved and secreted into the medium 

(see Figure 4.1D), the ΔsafA/ΔlepB2 double mutant displayed mostly unprocessed SrtA on the 

membrane (Figure 4.3A; lanes ΔsafA and ΔsafA/ΔlepB2). The same result was also observed in 

strain ΔsafA/ΔlepB2 expressing catalytically inactive LepB2, i.e. S101A or K169A (21), as 

opposed to the catalytically active counterpart (Figure 4.3A; last six lanes). Clearly, LepB2 is the 

signal peptidase that processes and secretes SrtA in the absence of SafA.  

To further illuminate the impact of LepB2-mediated SrtA cleavage, we analyzed the 

aforementioned mutants by electron microscopy. Unlike the ΔsafA mutant, which was stumpy 

and produced long pili, the ΔsafA/ΔlepB2 strain displayed the wild-type cell morphology, 

although it produced less pili (Figure 4.3B). This is consistent with our previous report that 

establishes the role of LepB2 in pilus assembly (21); of note, deletion of lepB2 does not affect 

cell morphology (21). Ectopic expression of LepB2 in this double mutant yielded the phenotypes 

of stumpy cells and long pili as observed in the ΔsafA mutant (Figure 4.3B). Furthermore, 

expression of the catalytically inactive LepB2 mutants, S101A or K169A, in ΔsafA/ΔlepB2 
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phenocopied this double mutant (Figure 4.3B). Altogether, these results establish that SafA is 

necessary to prevent SrtA cleavage by the signal peptidase LepB2 so as to enable proper 

anchoring of surface proteins and assembly of pili.  

 

Figure 4.3 SafA prevents SrtA from cleavage by the signal peptidase LepB2. (A) Indicated strains, including 

strains expressing wild type LepB2 or its catalytically inactive mutants (S101A and K169A), were analyzed by 

immunoblotting with α-SrtA and α-SrtC2. (B) Cells of indicated strains were analyzed by electron microscopy as 

described in Figure 4.1F; scale bars of 0.5 µm. 
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4.3.4 SafA directly interacts with SrtA, preventing SrtA from cleavage by the signal 

peptidase LepB2 

 SafA is predicted to contain a transmembrane (TM) domain (residues 13-35), with its N-

terminus facing towards the cytoplasm and the C-terminus toward the exoplasm (see TMHMM 

2.0 Server, http://www.cbs.dtu.dk/services/TMHMM/) (Figure 4.4A). To confirm this 

topological prediction, we generated two yellow fluorescent protein (YFP) fusion proteins with 

SafA, whereby YFP is attached to either the N- or C-terminus of SafA; a cytoplasmic YFP 

construct was used as control (Figure 4.4B). Analysis of these fusion constructs demonstrated 

that they functionally complemented the ΔsafA mutant and were able to restore membrane 

localization of SrtA (Figure 4.4C). Next, fluorescence microscopy demonstrated that only the N-

terminal YFP-SafA fusion protein was fluorescent with intensity similar to the cytoplasmic YFP 

control, whereas the C-terminal SafA-YFP construct displayed spotty YFP signal (Appendix 

Figure A-4). Considering that the unfolded proteins are transported through the Sec translocon, 

we surmised that in the N-terminal YFP-SafA construct, YFP remained cytoplasmic, hence 

fluorescent.  

To further confirm this point, we used the same set of strains in the fluorescence 

microscopic experiment for a proteolytic protection assay, whereby protoplasts of these strains 

obtained by digesting their cell wall by mutanolysin in an isotonic solution were subjected to 

proteinase K treatment; at timed intervals protein samples were obtained for immunoblotting 

with antibodies against a green fluorescent protein (GFP) that is cross-reactive with YFP. 

Consistent with the results in Appendix Figure A-3 and Figure 4.4C, the N-terminal YFP-SafA 

construct was protected from proteolytic cleavage, similar to that of the cytoplasmic YFP 
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control, while the C-terminal SafA-YFP construct demonstrated exoplasmic exposure for 

proteolytic processing (Figure 4.4D).  

Since both SafA and SrtA are membrane localized, we hypothesized that they might 

interact. To examine this attractive possibility that also provides a mechanism for how SafA 

might protect SrtA from secretory processing, we utilized the Bacterial Adenylate Cyclase-based 

Two-Hybrid (BACTH) assay (26, 31). We fused SrtA with the T25 subunit of adenylate cyclase 

from Bortedella pertussis and SafA with the T18 subunit; both constructs were expressed in an 

E. coli strain devoid of native adenylate cyclase. Evidence for SrtA-SafA interaction was 

determined by E. coli growth on MacConkey agar plates supplemented with maltose and further 

quantified by ß-galactosidase activity. As shown in Figure 4.4F, the full-length fusions of SrtA 

and SafA showed positive interaction, giving rise to strong signal similar to the positive control 

Zip proteins, whereas the construct pairs pUT18C/pKT25, lacking either SrtA or SafA, were 

negative, mirroring the negative control with empty vectors. Strikingly, the truncated SrtA 

construct (SrtAΔ), encompassing the SrtA TM domain (residues 10-49), was sufficient to interact 

with full-length SafA (Figure 4.4E-F). 

To probe this interaction further, we focused our attention to the conserved features of the 

SafA proteins from Actinobacteria. Sequence alignment analysis revealed several conserved 

motifs, such as PGP (residues 10-12) and FPW (residues 36-38), the latter of which is just 

outside of the TM domain facing the exoplasm (Appendix Figure A-1 and Figure 4.4E). To 

determine if these conserved motifs are important for SafA functionality, we generated SafA 

mutants combined with a His-tag to monitor both SafA expression and membrane localization. 

The His-tagged constructs were introduced to the A. oris ΔsafA mutant and analyzed by 
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immunoblotting. Like the native SafA protein (Figure 4.1), the recombinant wild type His-tagged 

SafA was membrane embedded and enabled membrane localization of SrtA (Figure 4.4G, lanes 

SafA6H). In contrast, both SafA mutant constructs, with PGP or FPW replaced by AAA, failed to 

mediate SrtA membrane localization, nor protect SrtA from cleavage (Figure 4.4G; lanes SafA1 

and SafA2, respectively). Immunoblotting for the His-tag revealed that while the SafA mutant 

protein with PGP mutation (SafA1) could not be detected in either membrane or medium, 

possibly due to protein instability, the other SafA protein with FPW mutation (SafA2) was 

abundantly detected and membrane embedded (Figure 4.4G; compare lanes SafA1 with lanes 

SafA2). It is important to note that SafA2 was unable to interact with SrtA as determined by 

BACTH (Figure 4.4F). We infer that in A. oris, the intra-membranous SrtA and SafA interact 

with each other and that the exoplasmic mini-motif FPW of SafA is essential for this interaction, 

as well as SafA’s function as signal peptidase antagonist, allowing the protection of SrtA from 

proteolytic processing and proper membrane homeostasis that enables the physiological 

assembly of surface proteins on the Actinobacterial cell surface. 
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Figure 4.4 Conserved residues within SafA are essential for interaction with SrtA. (A) Membrane topology of 

SafA is predicted by TMHMM (32), with the N-terminus facing the cytoplasm and the C-terminus towards the cell 

wall. (B) Shown are recombinant plasmids expressing yellow fluorescent proteins (YFPs) that were fused in frame 

to SafA at the N- or C-terminus. A cytoplasmic YFP was used as control. (C) Membrane fractions of the parent 

strain, ΔsafA, or this mutant expressing various YFP constructs in (A) were analyzed by immunoblotting with α-

SrtA. (D) Mid-log phase cells of indicated strains were treated with cell wall hydrolase to remove peptidoglycan. 

Obtained protoplasts were then treated with proteinase K. At timed intervals, protein samples from protoplasts and 

supernatants were collected and analyzed by immunoblotting with α-GFP antibody. The cleaved and uncleaved 

SafA and YFP fusion proteins are marked by an arrowhead and arrows, respectively. (E) Top, a schematic diagram 

of full-length SrtA (257 amino acids) highlights a truncated region (SrtAΔ; residues 10-49) encompassing the 

predicted SrtA transmembrane (TM) domain. Bottom, shown are recombinant SafA constructs, with or without a 6-

His tag (red). (F) Different SrtA and SafA constructs (without H6) were fused to the T18 or T25 fragment of 

adenylate cyclase, and the T18 and T25 construct pairs were co-expressed in E. coli BTH101 cells. SrtA-SafA 

protein interaction was determined by MacConkey agar plating or quantified by ß-galactosidase activity. Constructs 

with leucine zipper proteins were used as positive control. (G) The parent strain, its isogenic ΔsafA mutant, or this 

mutant expressing His-tagged SafA or His-tagged mutant SafA were analyzed by immunoblotting with specific 

antibodies as previously described Figure 4.3A. 
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4.4 Discussion 

Short open reading frames (ORFs) coding for small proteins in bacteria have been 

overlooked in traditional systematic genome annotations and comparative genomics (33). This is 

changing, however, with major recent advancements in computational genomic analysis tools, 

the available platforms, and greater opportunities for systematic experimentation technologies. 

Recently, small bacterial membrane proteins have emerged as key regulators that modulate many 

cellular processes, including transport, signal transduction, cell division, and membrane stability 

(34). We report here our studies of a single 52-amino acid transmembrane protein conserved in 

the Actinobacterium phylum that expands this emerging field. We show that this protein, SafA, 

modulates the membrane homeostasis of a key transpeptidase sortase enzyme in A. oris, SrtA, 

through a direct, protein-protein interaction to prevent the enzyme’s proteolytic processing by a 

signal peptidase, and in turn facilitates the proper surface assembly of numerous bacterial 

adhesins that are variously involved in Actinobacterial commensalism or pathogenesis in humans 

and other organisms. 

Our study began with the realization that a small ORF located immediately downstream 

of the A. oris housekeeping sortase SrtA is conserved in both sequence and genetic linkage with 

the housekeeping sortase among many Actinobacterial species (Figure 4.1A). We readily 

unveiled a functional connection between the two proteins – SrtA and SafA. While safA deletion 

did not affect srtA expression (Figure 4.1B), this mutation induced processing of membrane-

bound SrtA, resulting in secretion of a fraction of the processed sortase (Figure 4.1C-D). 

Concomitantly, the mutation caused the hyper accumulation of a SrtA substrate, GspA, known to 

cause toxicity and lethality of A. oris upon srtA inactivation (19). The physiological impact of 

SafA in preventing cleavage and secretion of SrtA was substantiated with complementation 
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experiments, demonstrating that the defects in SrtA localization, cell morphology, and 

interbacterial coaggregation could all be rescued by the ectopic expression of SafA from not only 

A. oris but also other Actinobacteria including C. diphtheriae (Figure 4.1). This lends strong 

support to our inference that the phenomenon our study uncovered is an evolutionarily conserved 

mechanism. Although SrtA’s retention on the cytoplasmic membrane was grossly diminished in 

SafA’s absence, it was not completely abolished (Figure 4.1D). This result is significant because 

of our observation that while the deletion of srtA is lethal for A.oris, the deletion of safA is not. 

Thus, only a very small amount of membrane embedded SrtA enzyme suffices to allow bacterial 

survival. 

Although SrtA takes part in the anchoring of pilus polymers to the cell wall, the 

housekeeping sortase is not essential for this process because the pilus-specific sortase SrtC2, 

which polymerizes pilins, can also catalyze the cell wall anchoring step (20). Nevertheless, the 

significant loss of membrane-embedded SrtA in the ∆safA mutant displays a pilus 

morphogenesis phenotype that mimics the pilus phenotype seen in the absence of SrtA (Figure 

4.1). Under each of these conditions, the defect in cell wall anchoring leads to the assembly of 

excessively long pilus polymers, so much that it hinders bacterial coaggregation (Figure 4.1G). 

Because biofilm formation requires the fimbrial shaft FimA (16), it is expected that that safA 

mutant should form mono-species biofilms and indeed this was the case (Figure 4.1H-I). It is 

interesting to note that subtle changes in the amount of the membrane-bound SrtA form can 

generate a differential impact on the various attributes of this enzyme critical for Actinobacterial 

envelope morphogenesis, cell viability and cell-cell interaction.  
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 A logical question that emerged from this initial analysis of the phenotypes of ∆safA 

mutant and its complementation by the conserved homologs is whether the proteolytic 

processing of sortase follows a basic biochemical pathway involved in the normal cell envelope 

morphogenesis and homeostasis. Based on conventional bioinformatics, we have long held the 

view that A. oris SrtA did not possess a signal sequence, though it seemed somewhat surprising 

because some sortases contain an N-terminal signal peptide sequence that is physiologically 

processed by signal peptidases (24, 35). Our compelling evidence that SrtA is cleaved in the safA 

mutant (Figure 4.1), combined with the fact that the signal peptidase LepB2 is somehow linked 

to the lethality of srtA deletion (19), led us to re-analyze the sequence of the first 65 amino acids 

of SrtA manually, hence unveiling a typical tripartite domain of a signal peptide in this sequence 

(Figure 4.2A). A combination of mutational, biochemical and genetic analyses subsequently 

established that SrtA harbors a bona fide signal sequence and revealed the actual cleavage site 

(Figure 4.2 and Appendix Table A-1), which is processed by LepB2, one of two signal 

peptidases that are encoded by the organism (Figure 4.3). 

The critical question of how SafA protects SrtA from cleavage by LepB2 signal peptidase 

was next addressed by first demonstrating that SafA is an integral membrane protein with a 

topology that places a conserved mini-motif of SafA in the exoplasmic face of the membrane 

(Figure 4.4).  Subsequently, by a combination of bacterial two-hybrid experiments, alanine-

substitution mutagenesis, and epitope tagging, we demonstrated conclusively that SafA and SrtA 

not only interact directly, but also that the exoplasmic motif FPW of SafA is critically involved 

in this interaction and the associated biochemical and cellular phenotypes (Figure 4.4).  
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Together, these results lead us to propose a model for how SafA modulates SrtA function 

in envelope morphogenesis (Figure 4.5).  According to this model, SafA and SrtA are normally 

co-localized and embedded within the membrane via their respective trans-membrane domains. 

This co-localization enables SafA’s FPW motif to interact with the transmembrane domain of 

SrtA, to mask its cleavage site or cause steric hindrance, thereby preventing SrtA cleavage by 

LepB2 signal peptidase (Figure 4.5A). In the absence of SafA, or when the FPW motif is 

mutated, the signal peptide of SrtA is unmasked, enabling LepB2 to process SrtA (Figure 4.5B). 

As the membrane is now depleted of SrtA, the pilus can continue to elongate until 

polymerization reaction switches to the cell wall anchoring step catalyzed by SrtC2 (20); 

furthermore, without sufficient membrane-bound SrtA, many other surface destined proteins 

including GspA are mislocalized (Figure 4.5B). It is noteworthy that the molecular interaction 

between SafA and SrtA may be transient, or dynamic, in A. oris since we tried but failed to 

capture a SafA-SrtA complex by co-immunoprecipitation experiments, with or without the aid of 

crosslinking, after several attempts. 

 Notably, a small but appreciable fraction of SrtA is cleaved and secreted in the WT strain 

(Figure 4.1 and Figure 4.3), whereas the majority of SrtA is cleaved in the safA mutant (Figure 

4.1). This raises an intriguing question as to why some SrtA is still processed in the presence of 

SafA in the WT strain, and why some SrtA is retained in the membrane even in the absence of 

SafA in the safA mutant. Although it is possible that additional factor(s) might be involved in 

SrtA cleavage, we favor the possibility that it is the relative stoichiometry of LepB2, its substrate 

SrtA, and the antagonist SafA, and their distribution and co-localization on the membrane, that 

together dictate SrtA’s membrane abundance, cleavage and secretion. As such, a small 

imbalance of these components may generate different outcomes. Future experiments will 
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determine if this is the case, using a tightly controlled expression system and perhaps, an in vitro 

micelle system for trans-membrane assembly and processing. 

 The fact that SafA homologs from the two Actinobacteria C. diphtheriae and C. 

matruchotii can rescue the safA mutant’s defects in cell morphology, pilus assembly, and SrtA 

localization (Figure 4.1 and Figure 4.3) supports that the mechanism of SafA-mediated 

antagonism of signal peptidase is conserved in Actinobacteria. In this context, it is notable that in 

the genus Bifidobacterium, the class E sortases contain a SafA-like domain present as the C-

terminus of the sortase (Appendix Figure A-1), which further supports the idea of co-

evolutionary existence of class E sortases and SafA. Considering that Bifidobacterium is more 

ancient than other genera of the phylum Actinobacteria, including Actinomyces, 

Corynebacterium, and Streptomyces (36), we surmise that the SafA domain has further evolved 

to become a separate genetic entity. Since the presence of the antagonist in cis (as a linked 

domain of the protein) might lock the signal peptide of SrtA, the continued evolution that 

separated SafA from SrtA might provide organisms an opportunity for regulation of sortase via 

transient or stochastic inhibition of sortase cleavage by the signal peptidase. It remains to be 

determined whether the SafA-like domain of Bifidobacterium class E sortases functions similarly 

as Actinomyces and Corynebacterium SafA. As such, the A. oris SafA system should serve as a 

prototypical antagonist of signal peptidase that would foster further investigations of this 

phenomenon in other important Actinobacteria. 
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Figure 4.5 A working model of SafA-mediated antagonism of signal peptidase. (A-B) See 

text for details. 
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Chapter 5 Conclusions and Impact 

5.1 Summary of Research Findings  

The membrane associated sortase transpeptidase enzymes were first discovered in 

Staphylococcus aureus with the archetype being SrtA (1, 2). Since their initial discovery, a 

multitude of sortase enzymes have since been discovered and characterized in a number of 

Gram-positive bacterial species including Corynebacterium diphtheriae, Actinomyces oris, 

Streptococcus gordonii, Streptococcus pyogenes, Bacillus cereus and Enterococcus faecalis (3). 

To date, sortases have been separated into six major classes based upon function, sequence 

homology, and substrate preference (4). Although sortases have been identified in various other 

Gram-positive bacterial species, Corynebacterium diphtheriae and Actinomyces oris have served 

as particularly fruitful models of sortase mediated surface morphogenesis and pilus assembly.  

The mechanism in which sortases catalyze reactions is well established, as is their roles in pilus 

assembly, protein anchoring, and virulence (5-7). One aspect of this mechanism which remains 

elusive is the regulation of sortase activity. In an attempt at elucidating possible regulation 

mechanisms, previous studies have demonstrated that the housekeeping sortase SrtA in A. oris 

displays an unprecedented role in regulating pilus length at anchoring, as mutations within 

sortase can result in either premature or delayed pilus anchoring which results in pili that are 

shorter or longer than wild-type respectively (8). These observations led to the hypothesis that 

additional factors may serve to modulate sortase anchoring activity, and thus we turned to the 

bacterial genome in an attempt at identifying these factors.  

Traditionally, small proteins within the bacterial genome have remained overlooked and 

understudied (9). With the study described here, we successfully characterize a novel small 

transmembrane protein which modulates sortase activity through a novel paradigm of signal 
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peptidase-mediated cleavage of the housekeeping sortase. Through this work we also highlight the 

importance of these small often overlooked peptides within the bacterial genome. Here we utilize 

the model system of Actinomyces oris to identify and elucidate the function of the conserved 

transmembrane peptide SafA. We demonstrate that safA is encoded immediately downstream of 

the housekeeping sortase srtA. Interestingly, we found that deletion of safA results in phenotypes 

consistent with deletion of srtA, however srtA expression remains un-altered. We do however 

demonstrate that SafA functions to modulate SrtA membrane localization, and thus regulate SrtA 

function by interacting with SrtA to protect it from cleavage by the signal peptidase LepB2. 

Additionally, we utilized Edman degradation amino acid sequencing to identify the precise site in 

which SrtA is cleaved by LepB2. Within this study we establish the membrane topology of SafA 

and using mutational analysis and the Bacterial Adenylate Cyclase Two-Hybrid system identified 

a conserved domain of SafA which is demonstrated to be essential for its interaction with SrtA. 

Further experiments in which we aimed to utilize co-immunoprecipitation of SrtA and SafA failed 

in the presence of various crosslinkers. Based upon our findings, we hypothesize that this observed 

interaction between SrtA and SafA is transient in nature, and that SafA primarily serves to block 

LepB2 from accessing the identified SrtA cleavage site. Given that with study we establish a novel 

paradigm of sortase membrane localization modulation, further investigation into this mechanism 

is needed to establish the precise regulation and function of these processes. 

The study described herein, revealing a sortase-associated factor, SafA, provides the first 

mechanism of the modulation of surface assembly via membrane homeostasis of the housekeeping 

sortase SrtA. As we have demonstrated both the evolutionary and functional conservation of SafA 

in Actinobacteria, this establishes a novel and relevant paradigm in bacterial pathogenesis and 

provides a new class of promising targets for inhibiting Actinobacteria virulence. In addition to 
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establishing a paradigm of cell surface morphogenesis in Gram-positive cell surface 

morphogenesis, these studies also demonstrate a novel paradigm in which small proteins are 

demonstrated to function as signal peptidase agonists by blocking signal peptide processing.  

5.2 Future Studies 

5.2.1 Exploring the evolutionary and functional conservation of SafA in Bifidobacterium 

species 

With the discoveries presented herein, an additional question as to the purpose and 

evolutionary advantage of signal peptidase-mediated cleavage of the housekeeping sortase arises. 

As we have previously stated, the Actinobacteria species Bifidobacterium dentium does not harbor 

a separate SafA homolog, but rather a C-terminal domain of the housekeeping sortase which 

appears homologous to SafA. Additionally, one may attempt to elucidate if fusing SafA to the C-

terminus of SrtA in A. oris may provide full protection of the SrtA signal peptide sequence and 

thus fully inhibit cleavage by LepB2. Based upon evolutionary lineages, it appears that the orders 

of Actinomycetales and Bifidobacteriales diverged from one another yet remain closely related. 

We posit that housekeeping sortases initially harbored the SafA-like C-terminal domain to protect 

the signal peptide sequence of the sortase from processing by signal peptidases, yet Actinobacteria 

evolved this domain to consist of two separate reading frames to more precisely modulate the 

anchoring of proteins to the cell wall. In support of this hypothesis, we demonstrate that deletion 

of SafA does not alter the expression of SrtA (Figure 4.1B), however this does lead to the question 

of the mechanism of the precise regulation of when SafA is protecting SrtA, and when SrtA is to 

be cleaved and released from the cell membrane. We favor the hypothesis that under conditions in 

which it is advantageous to avoid protein anchoring, such as when pili are being polymerized, SrtA 
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is released from the bacterial membrane due to LepB2-mediated cleavage. Once the pilus has 

reached an optimal length, SafA protects SrtA from cleavage, thus allowing SrtA to be maintained 

in the membrane compartment long enough to catalyze the covalent anchoring of the pilus to the 

cell wall.  

5.2.2 Elucidating the precise mechanism of regulation of SafA 

Given our hypothesis that Actinobacteria evolved to include SafA as its own reading frame, 

it begs the question as to the precise dynamics of SrtA cleavage. We hypothesize that the 

modulation of SrtA membrane localization is regulated by stoichiometric ratios of the three 

proteins of interest SrtA, SafA, and LepB2. To further explore this hypothesis future studies may 

utilize an in vitro lipid micelle system in which the precise ratios of each component can be 

regulated to recapitulate both the cleavage and SafA-mediated protection of SrtA.  If successful, 

these studies could reveal the precise relative amount of LepB2 which is necessary to displace 

SafA from its binding partner SrtA, and thus provide more insight into this novel paradigm.  

5.2.3 Determining the conservation of SafA-mediated modulation of surface 

morphogenesis in Actinobacteria using Corynebacterium diphtheriae as an experimental 

model 

Corynebacterium diphtheriae has served as a fruitful model for elucidating the role of 

sortases in both pilus assembly and pilus anchoring. C. diphtheriae was the organism in which 

pilus-specific sortases were identified which led to the first model of sortase mediated pilus 

assembly in which the pilus specific sortase, SrtA, catalyzes polymerization of the SpaABC pili, 

which are then ultimately anchored by way of the housekeeping sortase SrtF (10, 11). Similar to 

as we have demonstrated in A. oris, the gene locus of the housekeeping sortase srtF in C. 
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diphtheriae does contain a SafA homolog immediately downstream of the sortase gene (Figure 

4.1A). Here, we demonstrate that SafA appears to be evolutionarily conserved across 

Actinobacteria (Appendix Figure A-1). In support of this hypothesis, we demonstrate that SafA 

homologs from Corynebacterium diphtheriae and Corynebacterium matruchotii can rescue 

defects associated with safA deletion in A. oris (Figure 4.1G). Furthermore, inclusion of the 

putative C-region of the SrtF signal peptide sequence into SrtA from A. oris does result in cleavage 

of this peptide when ectopically expressed in A. oris (Figure 4.2A-B). Based on these data, the 

conservation of the signal peptide-mediated cleavage of housekeeping sortases in C. diphtheriae 

warrants further study. Thus, this dissertation should serve as a template for future studies to 

determine if SrtF is indeed cleaved by the native signal peptidase in C. diphtheriae. To follow the 

outline set forth herein, SrtF and SafA of C. diphtheriae can be cloned into the bacterial adenylate 

cyclase two-hybrid system  to determine if they too interact in a similar manner as SrtA and SafA 

in A. oris.  

5.2.4 Determining role of SafA in mediating bacterial virulence 

A final area of study for future work with SafA may be to establish its role in mediating 

bacterial virulence. Sortases have served as an attractive target for inhibiting bacterial virulence 

and also may serve as viable vaccine components (2, 12, 13). With these presented findings in 

which SafA modulates sortase localization and therefore its activity, SafA may serve as an 

essential virulence factor for Actinobacteria infection, and thus inhibitors of SafA may prove to be 

an attractive avenue for disrupting Actinobacteria pathogenesis. Currently there are no suitable 

virulence models for A. oris infection, however our laboratory has established multiple animal-

based virulence models to study C. diphtheriae virulence. Firstly, we have established two 

Caenorhabditis elegans models of infection in which worms infected with C. diphtheriae 
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demonstrate decreased survival and the formation of a deformed anal region when compared to 

those infected by E. coli (14). Additionally, we have established a rodent infection model in Guinea 

pigs in which previous studies conducted by our laboratory have demonstrated that mutants of C. 

diphtheriae which produce no pili are avirulent as compared to those infected by wild-type strains 

(15). Therefore, to elucidate if SrtF or SafA appear to have a direct role in mediating bacterial 

virulence, these model systems can be utilized in future studies. If successful these studies may 

provide evidence of SafA serving as a virulence factor and provide a new class of peptides to be 

targeted to limit bacterial virulence.  
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Appendix A: Supporting Information for a Conserved Signal-Peptidase Antagonist 

Modulates Membrane Homeostasis of Actinobacterial Sortase Critical for Surface 

Morphogenesis 

A-1: Materials and Methods 

A-1.1: pSafAAo, pSafACd, and pSafACm.  

The primer pair rpsJ-F/R and specific primer pairs safA-F/R (Table S3), were used to 

PCR-amplify the A. oris rpsJ promoter and the safA open reading frame (ORF) from A. oris, C. 

diphtheriae, or C. matruchotii, respectively, while appending appropriate restriction sites to each 

DNA fragment. Amplified fragments were digested with corresponding restriction enzymes 

(KpnI and NdeI for the rpsJ promoter, NdeI and EcoRI for A. oris and C. diphtheriae safA, or 

KpnI and HpaI for the rpsJ promoter, HpaI and EcoRI for C. matruchotii safA), and the digested 

promoter and safA fragments were ligated into the E. coli/Actinomyces shuttle vector pJRD215 

precut with KpnI and EcoRI. The cloned sequences were confirmed by DNA sequencing. 

A-1.2: pSafA1 and pSafA2.  

The primer pairs, rpsJ-F/R and safA-F/R (Table S3), were used to PCR-amplify the A. 

oris rpsJ promoter and the safA ORF from A. oris, respectively, while appending appropriate 

restriction sites for cloning into pHTT117 (Table S2) at KpnI and EcoRI sites. The resulting 

plasmid was used as template for site-directed mutagenesis according to a published protocol (1), 

using primer pairs, SafA(PGP/AAA)-F/R and SafA(FPW/AAA)-F/R, to generate PGP or FPW 

to AAA mutations, respectively. The resulting mutations were verified by DNA sequencing. 
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DNA fragments encompassing the A. oris rpsJ promoter and safA with mutations were 

subcloned into pJRD215. 

A-1.3: pYFP, pSafA-YFP and pYFP-SafA.  

The promoter region of fimQ was generated by PCR with the primer pair Pcom-fimQ-

F/Pcom-fimP-R (2) and digested with KpnI and NdeI. The digested fimQ promoter was ligated 

into pJRD215 precut with KpnI and NdeI, resulting in pJRD-PfimQ. The primer pair rpsJ-F/R and 

safA-F/R (Table S3), was used to PCR-amplify the A. oris rpsJ promoter, which was digested with 

KpnI and NdeI, prior to ligation into pJRD215 precut with the same enzymes, resulting in pJRD-

PrpsJ. The yfp gene was amplificated with primers yfp-F/R from pK-PIM-YFP as template (3).  

The yfp amplicon was digested with NdeI and XbaI and ligated into pJRD215-PfimQ precut with 

the same enzymes to generate pYFP. For constructing pSafA-YFP, the primer pairs C-safA-F/R 

and C-YFP-F/R were used to PCR-amplify the safA and yfp genes, respectively. The safA and yfp 

fragments were digested with NdeI/KpnI and KpnI/XbaI, respectively, prior to ligating into the 

NdeI and XbaI sites of pJRD-PrpsJ to generate pSafA-YFP. To construct pYFP-SafA, the yfp and 

safA fragments were-PCR amplified with primer pairs N-YFP-F/R and N-safA-F/R, and then 

digested with NdeI/XbaI and XbaI/EcoRI, respectively. The digested yfp and safA fragments were 

ligated into pJRD-PrpsJ pre-treated with same enzymes. All cloned sequences were verified by 

DNA sequencing. 

A-1.4: pSrtA-S57P, pSrtA-3F, pSrtA-Δ13, pSrtA-Sa13 and pSrtA-Cd13.  

The srtA coding sequence and rpsJ promoter region were amplified from pSrtA (4) with 

primers prpsJ-F and C-SrtA-R.  The PCR product was digested with EcoRI and HindIII and ligated 
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into pHTT177 precut with the same enzymes, resulting in pHTT-SrtA. To generate SrtA mutants, 

pHTT-SrtA was used as template for site-directed mutagenesis with mutations incorporated into 

the 5’ end of the synthesized primers (Table S3) according to a published procedure (1). The PCR 

products were purified by gel extraction and phosphorylated to facilitate re-ligation of the 

amplicon into circular plasmids, which were then transformed into E. coli DH5α. Mutant srtA 

fragments were verified by DNA sequencing, prior to subcloning into pJRD215 at BamHI and 

EcoRI sites. 

A-1.5: pSrtAH6.  

pHTT-SrtA generated above was used as a template for inverse PCR amplification using 

primers Re-srtA-(his6)-3F and Re-srtA-(his6)-3R, while appending a 6xHis-Tag to the C-terminus 

of SrtA. The obtained PCR product was circulated to generate pHTT-SrtAH6, which was further 

verified by DNA sequencing. A region encompassing the rpsJ promoter and this srtA with H6 

insertion was subcloned into pJRD215 at BamHI and EcoRI sites.  

A-1.6: SrtA and SafA constructs for BACTH.  

According to a previously established method (5, 6), srtA and safA fragments were cloned 

in-frame with adenylate cyclase subunits present on BACTH vectors by PCR amplification in 

which the 5’ primer contained BamHI site and the 3’ primer contains KpnI restriction sites. The 

resulting PCR products and empty vectors (pUT18C or pKT25) were digested by BamHI and KpnI 

prior to ligation. Resulting ligation reactions were transformed into DH5α E. coli, and colonies 

containing pUT18C or pKT25 were selected for by plating on LB supplemented with 100μg/mL 

ampicillin or 50μg/mL kanamycin, respectively. Plasmids were isolated and constructs were 
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confirmed by DNA sequencing. pUT18C and pKT25 constructs were co-transformed into 

adenylate cyclase deficient E. coli BTH101 and selected for by plating on Macconkey agar 

supplemented with 1% sucrose, 100 μg/mL ampicillin and 50μg/mL kanamycin.  

A-1.7: Generation of deletion mutants in A. oris.  

A. oris deletion mutants were generated according to a previously established protocol (4, 

7, 8). Briefly, 1-kb flanking regions upstream and downstream of a gene of interest were PCR-

amplified with appropriate primers (Table S3) and cloned in the deletion vector pCWU2 (4). The 

generated plasmid was electroporated into A. oris CW1 cells, and cells with the plasmid 

integrated into the bacterial chromosome, integrants, were selected by HIA plates supplemented 

with 50 μg/mL kanamycin. An integrant was used to inoculate a culture without antibiotics to 

facilitate a second recombination event leading to wild type or mutant alleles, which were 

selected on HIA plates containing 2-deoxy-D-galactose (2-DG). Deletion mutants were verified 

by PCR and immunoblotting. Single deletion mutants were then used to make double and triple 

mutants. 

A-2: Tables and Figures 

Appendix Table A-1: Edman degradation sequencing data 

 

 

Asp (D) Asn (N) Ser (S) Gln (Q) Thr (T) Gly (G) Glu (E) His (H) Ala (A) Arg (R) Tyr (Y) Pro (P) Met (M) Val (V) Trp (W) Phe (F) Ile (I) Lys (K) Leu (L)

1 5.667 0.996 48.53 11.92 4.94 14.83 4.563 1.687 12.26 5.767 3.315 2.117 0.865 7.04 0.244 1.198 2.361 1.964 2.578

2 4.503 1.518 9.75 4.312 4.028 16.82 3.901 1.334 75.05 4.875 2.767 2.592 0.605 4.869 0.26 2.133 3.378 2.258 5.62

3 5.041 1.669 5.572 42.27 4.41 18.34 9.276 1.909 29.26 5.77 3.006 4.708 0.513 11.08 0.176 2.281 3.224 2.878 4.643

4 5.413 2.06 4.917 21.73 5.657 20.72 7.034 2.181 57.95 6.257 3.339 4.933 0.635 7.472 0.38 2.656 3.486 3.566 4.337

5 6.633 2.082 5.203 11.65 7.699 23.79 6.453 2.904 42.58 7.767 3.963 5.142 1.027 32.14 0.488 4.052 3.747 4.066 4.925

6 7.611 2.854 5.462 10.17 8.509 25.88 6.938 3.915 51.8 7.681 4.304 4.99 1.198 24.77 0.585 4.62 3.966 4.21 5.669

7 8.742 3.117 5.83 9.322 9.856 27.78 8.151 4.545 45.1 8.528 4.731 5.322 1.345 15.54 0.627 6.697 4.098 4.432 6.305

8 9.574 3.373 6.288 18.42 10.73 30.4 10.23 6.204 36.46 7.213 5.155 5.852 1.573 12.03 0.65 7.362 4.215 4.613 6.943

9 10.58 2.82 6.871 22.02 11.46 33.98 12.43 7.797 33.34 9.832 5.714 6.689 1.82 11.17 0.59 15.07 4.417 5.057 7.485

10 11.67 4.293 7.668 20.41 12.43 37.96 13.95 13.39 33.61 8.084 6.141 7.765 2.038 12.21 0.669 19.71 4.833 5.729 8.49

Amino acid (pmol)
Cycle 
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Appendix Table A-2: Bacterial strains and plasmids used 

Strain & Plasmid Description Reference 

Strain 

  

A. oris MG1 Wild type A. oris (9) 

A. oris CW1 Δgalk; an isogenic derivative of MG1  (8) 

A. oris WU36 A conditional srtA deletion mutant  (4) 

A. oris AR4 ΔfimA; an isogenic derivative of CW1 (4) 

A. oris WU49 ΔgspA-ΔsrtA; a double mutant lacking gspA and srtA (4) 

A. oris WU12 ΔsafA; an isogenic derivative of CW1 This Study 

A. oris WU49b ΔgspA ΔsrtA ΔsafA; isogenic derivative of MG1 This Study 

A. oris WU42 ΔlepB2; lacking lepB2 (10) 

A. oris WU50 ΔlepB1; lacking lepB1 (10) 

A. oris WU47 ΔlepB2-ΔsafA; lacking lepB2 and safA This Study 

E. coli BTH101 An adenylate cyclase deficient strain used for a bacterial 

two hybrid assay 

(6) 

S. oralis So34 Cell surface receptor RPS positive (11) 

Plasmid 
  

pHTT177 A derivative of pUC19; KanR (12) 

pCWU2 A derivative of pHTT177 for generating deletion mutants (8) 

pCWU2-ΔsafA A derivative of pCWU2 for deletion of safA This Study 

pJRD215 E. coli/Actinomyces shuttle vector; KanR and SmR (13) 

pCWU10 A derivative of pJRD215; KanR (10) 

pUT18C A vector containing the T18 fragment of adenylate 

cyclase; AmpR 

(6) 

pKT25 A vector containing the T25 fragment of adenylate 

cyclase; KanR  

(6) 

pUT18C-Zip A derivative of pUT18C expressing a leucine zipper 

protein fused in frame to the T18 fragment; AmpR 

(6) 

pKT25-Zip A derivative of pKT25 expressing a leucine zipper 

protein fused in frame to the T25 fragment; KanR 

(6) 

pUT18C-SafA A derivative of pUT18C expressing SafA fused in frame 

to the T18 fragment 

This Study 

pUT18C-SafA1 A derivative of pUT18C-SafA with PGP to AAA 

mutation 

This Study 

pUT18C-SafA2 A derivative of pUT18C-SafA with FPW to AAA 

mutation 

This Study 

pKT25-SrtA A derivative of pKT25 expressing SrtA fused in frame 

with the T25 fragment 

 

pKT25-SrtAΔ A derivative of pKT25 expressing the N-terminal SrtA 

(residues 10-49) fused in frame with the T25 fragment 

This Study 
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pSrtA A derivative of pJRD215 constitutively expressing SrtA (4) 

pSafAH6 A derivative of pJRD215 constitutively expressing A. 

oris SafA with a 6xHistidine tag at the C-terminus 

This Study 

pSafAAo pJRD215 constitutively expressing A. oris SafA This Study 

pSafACd pJRD215 constitutively expressing C. diphtheriae SafA This Study 

pSafACm pCWU10 constitutively expressing C. matruchotii SafA This Study 

pSafA1 A derivative of pSafAH6  expressing A. oris SafAH6 with 

PGP residues mutated to AAA 

This Study 

pSafA2 A derivative of pSafAH6  expressing A. oris SafAH6 with 

FPW residues mutated to AAA 

This Study 

pSafA-YFP pJRD215 constitutively expressing SafA fused at its C-

terminus with YFP 

This Study 

pYFP-SafA pJRD215 constitutively expressing SafA fused at its N-

terminus with YFP 

This Study 

pYFP pJRD215 constitutively expressing cytoplasmic YFP This Study 

pSrtA-S57P A derivative of pSrtA with S57P mutation This Study 

pSrtA-3F A derivative of pSrtA with the AXA motif replaced by 

FFF 

This Study 

pSrtA-Δ13 A derivative of pSrtA with deletion of 13 residues 

encompassing the cleavage site 

This Study 

pSrtA-Sa13 A derivative of pSrtA with the A. oris 13 residues 

replaced with an analogous sequence from S. aureus 

SrtA 

This Study 

pSrtA-Cd13 pJRD215 expressing SrtA with the A. oris 13 residues 

replaced with the C. diphtheriae homologous sequence 

This Study 

pLepB2 pJRD215 constitutively expressing LepB2 (10) 

pLepB2-S101A A derivative of pLepB2 expressing LepB2 with S101A 

mutation 

(10) 

pLepB2-K169A A derivative of pLepB2 expressing LepB2 with K169A 

mutation 

(10) 

 

Appendix Table A-3: Primers used in this study 

Primer Sequence Used For 

safA-up-F GGCGGAATTCACCAGCGCGGTGAGGCGGTGTCCT pCWU2-

ΔsafA 

safA-up-R GGCGGGTACCAGGACCCGGCAGGTGCCGCCAGAT

G 

pCWU2-

ΔsafA 

safA-down-F GGCGGGTACCGTCGGCTGACCGGCGGCCCGTCAG pCWU2-

ΔsafA 
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safA-down-R GGCGTCTAGACGGCCGACCCGCGCCTGGTCAACG pCWU2-

ΔsafA 

rpsJ-F GGCGGGATCCCGCCCGAGCGCGGGGACCAGT rpsJ-promoter 

rpsJ-R GGCGCATATGGGCGCCTAACCTCTCTTGTACTTG rpsJ-promoter 

safA-RH6 GGCGGAATTCTCAGTGGTGGTGGTGGTGGTGGCCG

ACGTCGGCGTTGCCG GAC 

pSafAH6 

SafA-F GGCGCATATGATGTACGGCTTCATCTGGCGGCAC pSafAAo 

SafA-R GGCGGAATTCAGGCCTGACGGGCCGCCGGTCAG pSafAAo 

SafAC.dip-F GGCGCATATGATGTATGGATTTTTGTGGCATCTC pSafACd 

SafAC.dip-R GGCGGAATTCTCCAAGCAGCAGAGGCGGTAGGC pSafACd 

PrpsJ-KpnI-5 AAAAAGGTACCCGCCCGAGCGCGGGG pSafACm 

PrpsJ-safAc.mat-

3 

GGGAACGCCATAATAATCCATACATCTTGTTGCCT

CCTTAGCAGGGTGC 

pSafACm 

safAc.mat-5 GCAACAAGATGTATGGATTATTATGGCGTTCCCTG

CCTGGG 

pSafACmt 

HpaI-safAc.mat-

3 

AAAAAAGTTAACGGCCCAATGCCTACACGGACAC

G  

pSafACm 

SafA1-5 GCGGCTGCTGCGTGGCTCAAGGCCATTGAGTCG pSafA1 

SafA1-3 CAGGTGCCGCCAGATGAAGCCGT pSafA1 

SafA2-5 GCCGCCGCG GCCAACGCCACCTGGC ACCTGTCCG pSafA2 

SafA2-3 GACGTACTGCATGAGC ACGTAGAC pSafA2 

C-safA-F(NdeI) GGCGCATATG ATGTACGGCTTCATCTGGCGGC pSafA-YFP 

C-safA-

R(KpnI) 

GGCGGGTACCGCCGACGTCG GCGTTGCCGGAC pSafA-YFP 

C-YFP-F(KpnI) GGCGGGTACCGTGAGCAAGG GCGAGGAGCTGTTC pYFP-SafA 

C-YFP-

R(XbaI) 

GGCGTCTAGATCACTTGTACAGCTCGTCCATG pYFP-SafA 

YFP-F GGCGCATATGGTGAGCAAGG GCGAGGAGCTGT pYFP 

YFP-R GGCGATCGATTCACTTGTAC AGCTCGTCCATG pYFP 

SrtA-S57P-5 CCTGCGCAGGCGGTGGCCACGCAG pSrtA-S57P 

SrtA-S57P-3 GGCGTTGGCGTCAATGCCGGTCCA pSrtA-S57P 

SrtA-3F-5 TTCTTCTTCAGCGCGCAGGCGGTGGCCACGCAG pSrtA-3F 

SrtA(3F)-3 GTCAATGCCGGTCCACCACAGCTGCCAG pSrtA-3F 

SrtA-Δ13-5 ACGCAGTTCCACGAGAAGCAGGTCCAG pSrtA-Δ13 

SrtA-Δ13-3 GGTCCACCACAGCTGCCAGCACAGGAAG pSrtA-Δ13 

SrtA(c-sau)-F TACCTGCACGACAAGGACACGCAGTTCCACGAGA

AGCAGGTCCAG 

pSrtA-Sa13 

SrtA(c-sau)-R GTTGTCGATGTGCGGCTTGGTCCACCACAGCTGCC

AGCACAG 

pSrtA-Sa13 

SrtA-c-cdip-F GCACAGGCAGCCGTCTCCACGCAGTTCCACGAGA

AGCAGGTCCAG 

pSrtA-Cd13 

SrtA-c-cdip-R CTTGCCTGCCTCGATGTTGGTCCACCACAGCTGCC

AGCACAG 

pSrtA-Cd13 
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Re-srtA-(his6)-

3F 

TCGCACAAGACCTCCTCTAGTCAT pSrtAH6 

Re-srtA-(his6)-

3R 

CACCACCACCACCACCACCACCGAGCACCCGGCC

AGAGTCG 

pSrtAH6 

BamHI-SafA-5 CGCGGATCCAATGTACGGCTTCATCTGGC pUT18C-

SafA 

KpnI-SafA-3 CGGGGTACCTCAGCCGACGTCGGCG pUT18C-

SafA 

BamH-SrtA-5 CGCGGATCCAATGACTAGAGGAGGTCTTGTG pKT25-SrtA 

KpnI-SrtA-3 CGGGGTACCGTTGACCCCCGGGTCG pKT25-SrtA 

BamHI-SrtAΔ-5 GGGGGATCCACGAGCACCCGGCCAG pKT25-SrtAΔ 

KpnI- SrtAΔ-3 GGGGGTACCTTACCACCACAGCTGCCAGC pKT25-SrtAΔ 

RT-16s-5 GTCGCTAGTAATCGCAGATCAG RT-PCR 

RT-16s-3 GGTGTTGCCGACTTTCATG RT-PCR 

RT-SrtA-5 GTACCTACGGCAACTCCTTC RT-PCR 

RT-SrtA-3 TCACCTTGAACACGTACCAG RT-PCR 



78 
 

 

Appendix Figure A-1 Conservation of SafA in Actinobacteria. (A) With the A. oris SafA amino acid sequence as 

query, a phylogenetic tree was constructed with the minimum evolutionary algorithm with a bootstrap value of 100 

(MEGA X (14)). (B) Protein sequence alignment of SafA homologs from Actinomyces oris (Aori), Corynebacterium 

diphtheriae (Cdip), Corynebacterium efficiens (Ceff), Corynebacterium matruchotii (Cmat), Bifidobacterium 

dentium (Bden), Bifidobacterium catenulatum (Bcat), Bifidobacterium adolescentis (Bado), Bifidobacterium longum 
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(Blon), and Bifidobacterium breve (Bbre) was performed by Clustal Omega (15). Of note, all Bifidobacterium SafA 

sequences are part of the C-terminus of the housekeeping sortase SrtE proteins, with numbers in parentheses 

showing the starting and ending positions. Conserved residues are shaded. 
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Appendix Figure A-2 Electron microscopy of A. oris Log-phase cells of indicated strains were analyzed by 

electron microscopy using negative staining with 1% uranyl acetate. Scale bar indicates 0.5 μm. 

 

 

 

Appendix Figure A-3 :Functionality of Actinobacterial SafA homologs in A. oris (A-E) Log-phase cells of 

indicated strains were analyzed by electron microscopy using negative staining with 1% uranyl acetate. Scale bar 

indicates 0.5 μm. The A. oris MG1 (WT), ΔsafA mutant, and ΔsafA mutant strains constitutively expressing SafA 

from A. oris (Ao), C. diphtheriae (Cd), or C. matruchotii (Cm) were analyzed for their ability to aggregate with S. 

oralis So34 in a coaggregation assay as previously reported (16, 17). 
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Appendix Figure A-4 Determination of SafA membrane topology with fluorescent microscopy.Mid-log phase 

cells of the ΔsafA mutant or this strain expressing YFP fused in frame to SafA at the N- (ΔsafA/pSafA-YFP) or C-

terminus (ΔsafA/pYFP-SafA) were analyzed by differential interference contrast (DIC) and fluorescent microscopy. 

A cytoplasmic YFP (ΔsafA/pYFP) was used as control.  
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