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The twin-arginine translocation (Tat) pathway involves an inherent 

quality control (QC) mechanism that assimilates proofreading of substrate 

protein folding with lipid bilayer export. However, the molecular attributes of 

how this QC mechanism is achieved remains poorly understood. Here, I 

hypothesized that the folding state of Tat substrates is “sensed” by the 

membrane-extrinsic domain of the TatB component of the Escherichia coli Tat 

translocase. In support of this hypothesis, removal of 80 membrane-extrinsic 

residues from the C-terminus of TatB led to the formation of functional 

translocases in vivo but with compromised quality control as corroborated by 

the uncharacteristic translocation of misfolded protein substrates.  

Furthermore, in vitro chaperone assays showed that the membrane-

extrinsic domain of TatB possessed general chaperone activity, interacting 

with highly structured, early-unfolding intermediates of the model substrate 

protein, citrate synthase (CS). Collectively, my results shed light on how the 

Tat translocase may use chaperone-like client recognition to monitor the 

conformational status of its substrates. 



 

 In addition to mechanistic insights that can be gained into the biology of 

Tat translocation, an understanding of how the Tat system exports substrates 

to the periplasm can be utilized for biotechnology purposes. E. coli remains 

one of the preferred hosts for biotech protein production due to its robust 

growth in culture and ease of genetic manipulation. Often it is desired to 

secrete these proteins into the periplasmic space over cytosolic production to 

decrease downstream purification costs and increase protein stability by 

preventing cytosolic proteolytic degradation. While it is beneficial to have the 

proteins in the periplasm, the bottleneck lies in the export of heterologous 

proteins across the membrane in sufficient quantities. To address this, I have 

engineered the Tat system for enhanced export of the antibody fragment, 

scFv13R4 (R4) into the periplasm using a directed co-evolution approach. Our 

selection yielded three unique hypersecretors of R4 with mutations in TatB 

and TatC. Further, the hypersecretors revealed quality control suppression 

alluding to a tight association between translocation and quality control, and 

that perhaps the quality control mechanism serves as a barrier retarding the 

kinetics of substrate translocation. 

 



 

v 

BIOGRAPHICAL SKETCH 

May Nyan Taw was born to her parents Dr. Nyan Taw and Indra Soe in 

Yangon, Myanmar but was raised across many different countries within 

South-East Asia. In 2005, May came to the United States on a scholarship to 

pursue a B.Sc. in Biochemistry at Fairleigh Dickinson University in Teaneck, 

NJ. After graduating, she went to the University of Texas at Arlington to pursue 

a Masters’ in Biology minoring in Microbiology. Here, she joined the Chang lab 

and did research to study host-microbial interactions between the soybean 

plants and the N2-fixing microbe, Bradyrhizobium japonicum. Finally, May 

entered to the Microbiology doctoral program at Cornell University where she 

joined the DeLisa Lab to understand the mechanistic basis behind Tat quality 

control. 

  



 

vi 

 

 

 

 

 

 

 

 

 

 

 

This work is dedicated to my family and especially my parents. 



 

vii 

ACKNOWLEDGMENTS 

I would never be where I am today were it not for the sacrifices and 

endless encouragement from my family: Dr. Nyan Taw, Indra Soe, Khun Taw, 

and Han Taw. To my parents, I was inspired by your work ethic and 

perseverance to make it through both good times and especially through 

tough life experiences. 

To my amazing husband, Dr. Sudeep Banjade, thank you for always 

pushing me to improve myself, and encouraging me through the toughest 

times. You are my biggest inspiration and also my best friend. 

I would like to thank Dr. Mark Rocco, Dr. Jason Boock, and Dr. Matthew 

DeLisa as this work would not have been possible without the foundations 

they set before me. I would like to thank all the members of the DeLisa lab for 

their constant support both in and out of the lab, especially Dr. Michael-Paul 

Robinson, Dr. Xiaolu Zheng, and future PI Thapakorn (Tommy) 

Jaroentomeechai for lively discussions about everything under the sun (both 

science and non-science related). I would also like to thank my committee, Dr. 

Linda Nicholson, Dr. Steve Winans, and Dr. Julius Lucks for all your wonderful 

advice and support.  

 

 

 

 

 



 

viii 

TABLE OF CONTENTS 
CHAPTER 1 ...................................................................................................... 1	

Introduction .................................................................................................... 1	
Significance of protein secretion in bacteria ............................................... 1	
Introduction to the Tat pathway .................................................................. 3	
Rationale for the Tat Pathway/Tat substrates ............................................ 5	
Structure of the Tat proteins ....................................................................... 7	
Formation of the translocase complex ..................................................... 10	

Chapter 2 ........................................................................................................ 15	
Mutation of the membrane-extrinsic domain of TatB results in quality 
control suppression in vivo ......................................................................... 15	

Introduction .................................................................................................. 15	
The Tat complex has an inherent quality control mechanism .................. 15	

Results ......................................................................................................... 21	
Folding quality control is dependent on the membrane-extrinsic domain of 
TatB. ......................................................................................................... 21	
Histidine residues in membrane-extrinsic domain are essential for folding 
QC. ........................................................................................................... 29	
Yersinia pseudotuberculosis TatB regulates QC activity in E. coli. .......... 31	

Discussion ................................................................................................... 35	
Materials and Methods ................................................................................ 38	

Plasmid construction ................................................................................ 38	
Subcellular fractionation and western blot analysis ................................. 38	
Selective Plating of Bacteria .................................................................... 39	

Chapter 3 ........................................................................................................ 41	
The membrane-extrinsic domain of TatB interacts with unfolding 
proteins and exhibits chaperone-like activity ............................................ 41	

Introduction .................................................................................................. 41	
Molecular Chaperones ............................................................................. 41	
Bacterial Secretion Chaperones .............................................................. 42	

Citrate synthase assays for the characterization of chaperone-like activities
 ..................................................................................................................... 44	
Results ......................................................................................................... 48	

Membrane-extrinsic domain of TatB functions in vitro as a molecular 
chaperone. ............................................................................................... 48	

Discussion ................................................................................................... 56	
Materials and Methods ................................................................................ 59	

Plasmid construction ................................................................................ 59	
Protein purification and preparation ......................................................... 59	
CS aggregation assay .............................................................................. 61	
CS Inactivation and reactivation ............................................................... 61	

Chapter 4 ........................................................................................................ 63	



 

ix 

Directed co-evolution of TatABC for enhanced export of a heterologous 
protein results in quality control suppression ........................................... 63	

Introduction .................................................................................................. 63	
Utilization of E. coli as a platform for protein production .......................... 63	
Benefits of secreting protein targets for protein production ...................... 64	
Bottlenecks in secretion of heterologous proteins .................................... 65	
Directed evolution as a tool for isolating Tat hypersecretors ................... 66	

Results ......................................................................................................... 68	
Selection and isolation of Tat mutants for enhanced export of scFv13R4
 ................................................................................................................. 68	
Dissecting minimal mutations needed for enhanced export ..................... 73	
Determining the Periplasmic Yields of scFv13R4 from batch culture ...... 76	
Substrate-specificity in the hypersecretors .............................................. 77	
Hypersecreters maintain export of native Tat substrates ......................... 80	
Signal-peptide specificity remains intact in hypersecreters ...................... 80	
Quality control is suppressed in Tat hypersecreters ................................ 82	
QC suppressor mutant exhibits enhanced export of R4 .......................... 83	

Discussion ................................................................................................... 85	
Materials and Methods ................................................................................ 90	

Plasmid construction ................................................................................ 90	
Library selection ....................................................................................... 91	
Subcellular fractionation and western blotting .......................................... 91	
Selective Plating of Bacteria .................................................................... 93	
Protein purification ................................................................................... 94	
ELISA ....................................................................................................... 94	

Chapter 5 ........................................................................................................ 95	
Future Directions and Conclusions ............................................................. 95	
References ....................................................................................................... c	

 



 

x 

LIST OF FIGURES 
 
 

Figure 1.1 Current model of Tat assembly for translocation. .......................... 11	
Figure 2.1 Mapping QCS mutations in high-resolution structures of E. coli 

TatA, TatB, and TatC. .............................................................................. 18	
Figure 2.2 Structure of TatB translocase component ...................................... 22	
Figure 2.3 Truncation of membrane-extrinsic domain abrogates QC activity. 25	
Figure 2.4 Functionality of Tat export for AmiA and AmiC .............................. 27	
Figure 2.5 Histidine patch in membrane-extrinsic domain of TatB regulate 

folding QC ................................................................................................ 30	
Figure 2.6 Expression of TatB orthologue from Y. pseudotuberculosis in E. coli 

complements Tat export and QC. ............................................................ 33	
Figure 2.7 Truncation of C-terminal residues of YpTatB abrogates Tat QC. .. 34	
Figure 3.1 Unfolding pathway of CS during thermal or chemical denaturation.

 ................................................................................................................. 45	
Figure 3.2 Truncation of TMH for purification of soluble TatB forms oligomers

 ................................................................................................................. 49	
Figure 3.3 Membrane-extrinsic domain of TatB suppresses thermal 

aggregation of CS .................................................................................... 51	
Figure 3.4 Influence of membrane-extrinsic domain of TatB on thermal 

inactivation of CS ..................................................................................... 53	
Figure 3.5 Influence of EcTatB and YpTatB on the aggregation of chemically 

denatured CS and on reactivation of thermally denatured CS ................. 55	
Figure 4.1 Selection strategy for isolation of Tat mutants with enhanced export 

of a target protein. .................................................................................... 69	
Figure 4.2 Isolated mutants showed enhanced export of R4-Bla and R4-Flag

 ................................................................................................................. 71	
Figure 4.3 Mapping mutations of hypersecretor mutants onto TatA, TatB, and 

TatC structures. ........................................................................................ 73	
Figure 4.4 Narrowing down essential mutations of hypersecretors by 

comparing resistance profiles of dissected mutants ................................ 75	
Figure 4.5 Purification yields of R4 from wtTat and H2 by osmostic cold shock

 ................................................................................................................. 77	
Figure 4.6 Hypersecretors display broad substrate specificity in spot plating . 79	
Figure 4.7 Characterization of hypersecretor mutants .................................... 81	
Figure 4.8 A QCS mutant also displays enhanced export of R4 ..................... 84	



 

xi 

LIST OF TABLES 
Table 1. Key features of the de novo designed α3 proteins. ........................... 16	
Table 2. Amino acid substitutions of ten isolated QCS mutants ...................... 17	
Table 3. Point mutations of hypersecretor Tat translocases ........................... 72	
Table 4. Properties and functions of alternate substrates ............................... 78	
 



 

xii 

  LIST OF ABBREVIATIONS 
Abs - Absorbance 
Amp - Ampicillin 
APH - Amphiphatic helix 
Bla - β-lactamase 
BLI - Bio-layer interferometry 
BSA - Bovine serum albumin 
Carb - Carbenicillin 
CD - Circular dichroism 
Cm - Chloramphenicol 
coilSer - Coiled-coil serine 
CS - Citrate synthase 
Cyt - Cytoplasm 
DADE - MC4100ΔtatABCDE 
DARPin - Designed ankyrin repeat protein 
EcTatB - E. coli TatB protein 
FN3 - Fibronectin III 
Hsp - Heat shock protein 
INV - Inverted membrane vesicles 
LL - Twin lysines 
MGD - Molybdopterin guanine dinucleotide 
MIC - Minimum inhibitory concentration 
PBS - Phosphate buffered saline 
Per - Periplasm 
PhoA - Alkaline phosphatase 
PMF - Proton motive force 
QC - Quality control 
QCS - Quality control suppressor 
R4 - scFv13R4 
REMP - Redox enzyme maturation proteins 
RR - Twin arginines 
SAXS - Small-angle X-ray scattering 
SB - Superbroth 
scFv - Single-chain variable fragment 
Sec - General secretory pathway 
sHsp - Small heat shock protein 
SPR - Surface plasmon resonance 
spTorA - TorA signal peptide 
Tat - Twin-arginine translocation 
Tc - Tetracycline 
TMAO - Trimethylamine N-oxide anaeobic 
respiration 



 

xiii 

TMH - Transmembrane helix 
TorA - Trimethylamine N-oxide reductase 
Wt - Wildtype 
YpTatB - Y. pseudotuberculosis TatB protein 



 

 1 

CHAPTER 1 

Introduction 

Significance of protein secretion in bacteria 

All cells, whether prokaryotic or eukaryotic, are enclosed within a type 

of membrane. In fact the membrane is one of the most important and defining 

features of a cell acting as a barrier against an external environment. 

Contained within the membrane are vast numbers and types of proteins and 

protein complexes that perform functions essential to the cell, including those 

involved in the movement of substrates such as small molecules, proteins, and 

DNA into the membrane itself, other compartments, and the abiotic/biotic 

environment. This ability to send small molecules and macromolecules out of 

the cytoplasm to other compartments is a function necessary for all living 

things to survive. When this process involves the export of proteins, it is 

generally called protein secretion.  

Protein secretion is essential for a wide range of physiological 

functions. This may be particularly true for bacteria as often times these 

organisms are in direct contact with its surroundings and thus are often 

challenged to survive in fluctuating and competitive settings. Protein secretion 

plays a significant role in sensing and adapting to changes in the environment, 

energy production, metabolism, and pathogenicity to name a few examples.  

Since bacteria require protein secretion for a diverse set of functions, it 

may not be surprising that they have evolved an assortment of secretion 
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machineries for the translocation of proteins, some of which are found in all or 

many bacteria, whereas others only exist in a select few.  

More specifically, in Gram-positive bacteria at least three specialized 

secretion pathways have been discovered, whereas in Gram-negative bacteria 

six specialized pathways have been identified thus far1.  

In addition to these specialized pathways, there are two additional 

pathways that are found in both Gram-positive and Gram-negative microbes -- 

the well-studied general secretory (Sec) pathway and its less understood 

counterpart, the twin-arginine translocation (Tat) pathway2.  

In Gram-negative bacteria, depending on the secretion pathway, a 

substrate may be targeted to the membrane, periplasm, the external 

environment, or into another cell -- either prokaryotic or eukaryotic2. It is also 

important to note that in the case of certain substrates, there is some level of 

cross-talk and association between the different secretion pathways. For 

example, the type II secretion pathway in Gram-negative bacteria relies on the 

export of some substrates through the Sec or Tat pathway, first into the 

periplasm before sending the substrate through the outer membrane3. 

In addition to the respective secretion machinery, very often, the 

substrate itself innately carries information and features that dictate which 

pathway it is set to go through, usually in the form of a signal peptide at the N-

terminus of a substrate2,4.  

In this thesis, my primary focus will be on the twin-arginine translocation 

(Tat) pathway. My aim is to better understand and elucidate the mechanism of 
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how this secretion pathway translocates substrates in the Gram-negative 

model bacteria, Escherichia coli. Furthermore, I intended to utilize the Tat 

pathway and exploit its features as a means to improve protein production of 

heterologous recombinants proteins in E. coli, while characterizing how 

mutations to the Tat translocases may lead to greater export.  

 

Introduction to the Tat pathway 

The Tat pathway was originally discovered in the pea thylakoid 

membranes of chloroplasts and initially called the Sec-independent ATP 

pathway5,6. As the pathway was studied further, it was later renamed the Tat 

pathway and since then has been identified in bacteria, both Gram-positive 

and Gram-negative, as well as archaea4.  

The main feature of the Tat pathway that distinguishes itself from most 

other secretion/export pathways is that it exports folded proteins across a 

tightly-regulated lipid bilayer4. On the other hand, most other secretion 

pathways translocate proteins as unstructured/unfolded polypeptides2. One 

such example of this is the well-studied general secretory (Sec) pathway. The 

Sec pathway is essential for all living organisms, as knocking out the pathway 

is lethal for the survival of all cells7.  

The Tat pathway on the other hand is not found in all bacteria or 

archaea, and its expression has only been found essential in a select few 

microbes such as Mycobacterium tuberculosis, certain haloarchaea, and 

Sinorhizobium meliloti4. However, it is conserved in plant thylakoids and some 
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eukaryotic mitochondria where it is involved in photosynthesis or energy 

production4. 

Although the Tat pathway typically only translocates a fraction of the 

substrates compared to the Sec pathway, when present it contributes to a 

variety of biological processes8. Some examples include pathogenesis, 

quorum sensing, energy metabolism, cell division, motility, and adaptation and 

response to the environment4,8. 

Like most other secretion pathways, substrates fated to be exported via 

the Tat system usually contain an N-terminal signal peptide9. This signal 

peptide bears some resemblance to that of the signal peptide for the Sec 

pathway. The general architecture of a Tat signal peptide at the N-terminus of 

a substrate consists of three distinct parts: a consensus motif often containing 

two adjacent arginines, a hydrophobic middle region, and a polar region 

followed by a signal peptide cleavage site for either a type I/II signal 

peptidase9. 

The consensus motif was deduced by comparing the signal peptides of 

Tat substrates and defined as ‘SRRXFLK’, whereby X represents any amino 

acid9. The twin arginines, for which the pathway is named after, tend to be 

highly conserved and play a crucial role in designating the substrate towards 

the Tat pathway, whereas other amino acid residues in the motif occur at less 

than 50% frequency4. Furthermore, this consensus motif has been used in 

tools to predict proteins that may be Tat substrates10. 
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The hydrophobicity of the middle region is also an important factor for 

the substrate to be directed to the Tat system. The Sec signal peptide also 

contains a hydrophobic middle region, however, the middle region of the Sec 

signal peptide is typically more hydrophobic than that of the Tat signal 

peptide11. Previous works have shown that increasing the hydrophobicity of a 

Tat signal peptide can be enough to redirect the substrate to get exported via 

the Sec pathway11. 

 

Rationale for the Tat Pathway/Tat substrates 

As mentioned previously, one of the main features of the Tat pathway is 

that it natively exports folded proteins. Although the reason why cells have 

evolved such a pathway remains difficult to answer and would depend on its 

function within the host, it is clear that the majority of Tat substrates fold or 

mature in the cytoplasm often times with the help of a chaperone before being 

exported12.  

In addition to substrates that readily fold in the cytoplasm, there are a 

few other types of Tat substrates -- proteins that require complex cofactors, 

metalloproteins, and hetero-oligomeric complexes4,8.  

It has been suggested that one of the raison d’etre for the Tat system is 

to be able to export proteins whose folding kinetics are too fast or difficult to 

keep in an unfolded state for export through other secretion systems like the 

Sec pathway. Indeed, previous studies have found that certain proteins must 

fold in the cytoplasm and be exported through the Tat pathway in order for the 
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substrate to be functional after export13. If said protein is transported as an 

unstructured polypeptide through an alternative system, it is unable to form its 

native structure after export and becomes nonfunctional13. 

Some Tat substrates require complex cofactors (e.g. molybdopterins, 

flavin nucleotides, NAD+, cobalamins) in order to fold around the factor and 

form their mature structure12. Exporting the substrate with its cofactor already 

in place relinquishes the need for a mechanism to transport the cofactor 

separately. 

Other Tat substrates are metalloproteins, which means they require 

binding to specific metal clusters (Fe-S, Ni-Fe, Fe-Fe, Cu-S clusters) in order 

to mature and function properly12. However, because metals compete for 

binding sites on proteins it is crucial that the appropriate metal cluster binds 

before a mismatched metal ion14.  

One elegant example of this was displayed by the Tat exported 

substrate, MncA, in Synechocystis sp. PCC 680314. MncA is a protein that 

functions in the periplasm and requires Mn2+ to fold properly14. In the 

periplasm other competing metals such as copper is prevalent and has a 

higher binding affinity than Mn2+ according to the Irving-Williams series14. The 

cytoplasm on the other hand keeps competing metal ions at low levels 

allowing for Mn2+ to bind MncA first before being exposed to other metals in 

the periplasm14. 

Still the last type of substrate is translocated through the Tat system in 

a ‘piggy-back’ manner. In these cases, a hetero-oligomeric complex is 
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translocated wherein just one of the substrates is carrying a Tat signal peptide 

while the other(s) tags along by binding to the signal-peptide carrying 

substrate4. This process is called the ‘hitch-hiker mechanism’ through Tat. 

Regardless of the evolutionary reason of why the Tat system exists 

today in a variety of organisms, it is intuitive to think that most substrates that 

go through the Tat pathway do so at least in part because of its incompatibility 

to go by alternate means, i.e. in an unfolded/unstructured manner. 

The number of substrates that are exported via the Tat pathway is 

highly dependent on the organism. They can vary in number from just a 

handful of substrates to tens or hundreds12. To date, the organism with the 

most identified substrates is the Gram-positive genus Streptomyces which at 

times depending on the species can export over 100 different proteins4. 

Furthermore, some halophilic archaea utilize the Tat pathway to export around 

half of its own secretome4. 

 

Structure of the Tat proteins 

Proteins that make up Tat complexes are divided into two distinct 

families -- the TatA and TatC families15. Some organisms, often Gram-positive 

microbes, require only a single component from TatA and TatC families to 

make a functional translocase15. Others, predominantly Gram-negative 

bacteria, require an additional TatA family protein, termed TatB, that bear 

similarity to TatA but carries out a distinct function from the TatA protein15. 
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From hereon, I will focus mainly on the Tat pathway within the Gram-

negative model bacterium, E. coli. In E. coli, the Tat system is minimally 

composed of three membrane proteins -- TatA, TatB, and TatC16. Within the 

same operon a tatD gene is also encoded, however it does not seem to affect 

Tat export when knocked out and its function has yet to be eludicated15. Lastly 

there is also another TatA paralogue called TatE located outside the tatABCD 

operon, which has been shown to be able to inefficiently compensate for the 

lack of export in the absence of TatA15.  

As mentioned before, TatA and TatB are both members of the TatA 

family that bears some homology to each other. However, knock-out of TatA 

or TatB results in the almost complete loss of Tat export denoting that 

although the two share some level of sequence homology, each carries out a 

nonredundant function needed for export17. 

E. coli TatA is an 89 amino acid residue protein (9.6 kDa) that is 

composed of a single N-terminal transmembrane helix followed by a hinge, 

amphiphatic helix, and a short unstructured C-terminus exposed in the 

cytoplasm18. The solution structures of both monomeric and oligomeric forms 

E. coli TatA in micelles were solved by NMR18,19. Previous works have shown 

that TatA has the ability to self-oligomerize to form complexes of different 

sizes through interactions on the transmembrane and amphiphatic helices20. 

The E. coli TatB protein shares a 20% sequence similarity with TatA 

carrying a larger cytoplasmic domain and consisting of 171 amino acid 

residues (18.5 kDa)21. The solution structure of a C-terminally truncated E. coli 
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TatB (residues 1-101) in micelles was determined through NMR 

spectroscopy21. 

Its structure adopts an extended L-shape conformation consisting of a 

single transmembrane helix followed by a hinge region, an amphiphatic helix, 

two more alpha-helices, and what is predicted to be a highly unstructured C-

terminal domain21. Analyses of the backbone dynamics indicates that the TMH 

and amphiphatic helices are relatively rigid compared to alpha helix 3 and 

alpha helix 4 which are much more mobile which may allow them to promote 

interactions with substrates in the cytoplasm21,22. 

Lastly, TatC is the most conserved element of the Tat proteins is often 

used to map the evolutionary divergence of the Tat pathway among different 

organisms23. TatC proteins are distinct from the TatA family in that it usually 

consists of multiple alpha helices traversing the bilipid layer with an N-in C-out 

topology24. The TatC structure of the hyperthermophillic bacterium, in 

detergent Aquifex aeolicus, was solved by X-ray crytallography24,25. In this 

structure, TatC consisted of six transmembrane helices with only a few regions 

of the structure protruding outside the membrane19. 

TatC plays an integral role in the initial recognition of the signal peptide 

of the substrate as shown by cross-linking analyses26. More specifically, two 

negatively charged residues on the first cytoplasmic loop of TatC, Glu9 and 

Glu96, coordinate with the positively charged guanidinium side groups of the 

two arginines of the signal peptide24. What was impressive about this 

discovery was that in isothermal titration calorimetry experiments, the 
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solubilized TatC showed binding activity towards a synthetic Tat signal peptide 

but not to an inactive variant in which the twin arginines were mutated to 

lysines24. This provided physiological relevance to the structure in that the 

purified TatC was able to selectively recognize and bind to a Tat signal peptide 

containing the twin arginine residues. 

Utilizing data from previous works studying mutations in E. coli TatC 

that negatively impact Tat translocation and aligning the sequences of E. coli 

TatC onto the A. aeolicus TatC structure mostly mapped the inactivating 

mutations to conserved regions of TatC (the amino-terminal, the 

first cytoplasmic loop, TM5, and TM6) or the periplasmic ‘cap’ consisting of 

loops that help stabilize TatC24.  

 

Formation of the translocase complex 

Most of what is known about how the Tat translocase comes together 

has come from work done in either the Tat system from the thylakoid 

membranes of plant chloroplasts or from E. coli. Cross-linking studies have 

helped elucidate contacts that occur between the Tat proteins and 

substrates22,27,28. The current model of how TatABC assembles is represented 

in Figure 1.1. 

Before coming into contact with a substrate -- also known as ‘resting 

state’ -- hetero-oligomers of TatB and TatC together have been found via 

cross-links to form a complex17. This TatBC complex, called the ‘substrate 

recognition complex’ is responsible for the initial recognition of the signal 
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peptide with its precursor substrate. It has been estimated that the hetero-

oligomeric complex consists of at least tetramers in which TatB and TatC are 

present in a 1:1 ratio17. Cross-linking studies and structural analyses have 

supported that the TMH of TatB rests in a polar cluster site on TM5 of TatC at 

resting state29,30.  

 
Figure 1.1 Current model of Tat assembly for translocation.  

Cartoon representation of how TatABC complex assembles in the presence of 
a substrate. Hetero-oligomers of TatB and TatC (simplified here as a single 
TatBC unit) together form the substrate recognition complex responsible for 
initial interactions with the signal peptide and substrate, followed by 
recruitment of protomers of TatA to the complex to form the translocase unit. 
This is followed by translocation of the substrate across the lipid bilayer 
utilizing energy from the PMF. 

 
More recently, two studies have been published showing evidence that 

in fact TatA may also be present in the substrate recognition complex at a 

1:1:1 ratio with TatB and TatC, whereby the TMH of TatA predominantly 

shows cross-linking at TM6 of TatC during resting state29,30. This would place 

the TMH of TatA positioned directly adjacent to the TMH of TatB. However, 

precisely what role TatA plays in this step remains unclear. 

RR

TatA TatB TatC

Cytoplasm

Periplasm

PMF
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The initiation of a translocation cycles begins when a substrate is 

recognized by the substrate recognition complex through interactions with the 

signal peptide sandwiched between TatB and TatC in a ‘hairpin loop’ 

manner12. It is also interesting to note that complexes of TatBC-substrate from 

E. coli have been purified and structural analyses have been done at low 

resolution with electron microscopy31. This study revealed that TatBC 

undergoes conformational changes when encountering a substrate31. In 

addition, complexes of TatBC formed at least tetrameric hetero-oligomers up 

to heptameric oligomers, thus if substrate occurred at a 1 to 1 ratio with each 

TatBC subunit theoretically at least 4 substrates could be bound at a time. 

However, only up to two substrates could be found bound to the complex, 

indicating that perhaps not all Tat(A)BC subunits are active at the same time31. 

Substrate binding to the substrate recognition complex then triggers 

polymerization of TatA to the complex until translocation of the substrate has 

occurred expending energy from the proton motive force (PMF) though at 

which precise step PMF is needed is still unclear16. Once again the actual 

mechanism as to how a large globular protein is passed through an ionically 

tight membrane is poorly understood at this time. However, there are two main 

models that are being considered -- the ‘trapdoor’ model and the ‘membrane-

weakening’ model. 

In the trapdoor model, the amphiphatic helix of TatA acts like a gate 

that has to change its conformation for translocation, whereby during resting 

state the APH rests along the cytoplasmic face of the lipid bilayer but in the 
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presence of a substrate flips inward to generate a pore-like structure and allow 

passage of the substrate15. 

Counter to this is the membrane-weakening model which has been 

garnering favor more recently. In the membrane-weakening model, 

polymerization of TatA protomers at the translocase in the presence of a 

substrate basically destabilizes the membrane by allowing the APH to partially 

disturb the bilayer15.  

Regardless of how translocation occurs, upon completion of export 

disassociation of the polymerized TatA occurs and is brought back to the 

resting state. The process of Tat export of a substrate has been measured to 

take around 1 minute up to a few minutes depending on the substrate32. 

In addition, the structures of the TatA, TatB, and TatC, in-depth 

structural analyses and modelling simulations have been conducted to fine-

tune understanding of the interactions between the Tat translocase 

components with substrates in the hopes that it could help elucidate the 

translocation mechanism29. 

Finally, much of the work done to this point has focused on 

understanding the translocation mechanism of the Tat pathway and signal 

peptide specificity. But another aspect of the Tat pathway that remains a ‘black 

box’ is its quality control mechanism.  

In this thesis, my goal is to achieve a better mechanistic understanding 

of how the Tat pathway accomplishes quality control, allowing it to discern and 

translocate well-folded substrates while preventing misfolded and aggregated 
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substrates from being exported. I further aim to use the knowlegde gained to 

generate a model of how Tat quality control fits into the process of 

translocation and perhaps also gain insight into how the two processes -- 

translocation and quality control -- are tied together. 
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Chapter 2 

Mutation of the membrane-extrinsic domain of TatB results in quality 

control suppression in vivo 

Note: Parts of this chapter are from a version of a manuscript to be submitted 

and was written by myself and Dr. DeLisa. 

Introduction 

The Tat complex has an inherent quality control mechanism 

There is growing evidence that the Tat machinery possesses a quality 

control mechanism. This was first shown in E. coli with alkaline phosphastase 

(PhoA). PhoA is a dimeric enzyme that is normally exported to the periplasm 

via the Sec pathway33. In the periplasm, PhoA acquires its folded state 

through the formation of two disulfide bonds, on the other hand, PhoA 

expressed to remain in the cytoplasm is poorly folded owing to reduced 

cysteines unable to form disulfide bonds33. DeLisa et al. found that when the 

native Sec signal peptide of PhoA is replaced with an N-terminal Tat signal 

peptide, spTorA, the fusion protein is not translocated through the Tat system 

in E. coli34. However, in another E. coli strain whereby conditions permit 

cysteine disulphide formation in the cytoplasm, spTorA-PhoA can be 

expressed and translocated through Tat efficiently33.  

A later study from our group further investigated the quality control 

aspect of the Tat pathway to determine that this quality control mechanism 

was indeed inherent to the Tat system itself and not necessarily due to 

external factors. To prove this, a mutant Tat library was generated through 
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random mutagenesis of the tatABC operon. The Tat library was then screened 

for quality control suppressors using a set of de novo designed α3 proteins35. 

The α3 proteins consist of a set of four variants that form alpha-helical 

bundles: α3A, α3B, α3C, and α3D36,37 (Table 1). The initial protein α3A was 

based on a de novo designed coiled-coil serine (coilSer) structure, that was 

found to form aggregates of dimers and trimers36. α3A was then engineered 

through several rounds of design with each round producing a more stable 

variant of the parent α3A protein. Table 1 describes the features of each of the 

α3 variants. 

Table 1. Key features of the de novo designed α3 proteins. 

Variant 
Overall 

structure Features 
α3A Molten globular Failed to form stable helical bundle  

(Parental 
form)    Aggregation-prone (monomers/dimers/trimers) 
α3B Molten globular Able to form alpha-helical bundle 

    Formed mostly monomers 
α3C Ordered Near native-like structure 

    Completely monomeric 
α3D Ordered Native-like feature compared to native proteins 

    Completely monomeric 
 

Although α3B showed minimal aggregation, its low thermodynamic 

stability prevented it from being exported efficiently when compared to α3C or 

α3D35. A Tat mutant library of approximately 5.5 x 106 members was 

generated and screened for higher export of α3B to the periplasm relative to 

wildtype TatABC to obtain mutants with abolished or impaired QC35. Isolated 

mutants were grouped as class I and class II quality control suppressors 
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(QCS) (Table 2) and the positions of each mutation were mapped in the 

protein structure as shown in Figure 2.1.  

Table 2. Amino acid substitutions of ten isolated QCS mutants 

QCS 
Mutant TatA TatB TatC Class 
Mut 51 K82T N119S P97S; A133T  I 

Mut 57 K49M 
H109N; A122T; 
E147G; A162V  

P8A; T62I; F94I; 
A98T; M122T; 
F136Y; N247S  I 

Mut 66 G2S; G3S K68M; E139K I183T  I 
Mut 64   V12M; K30I; E102G E103D II 

Mut 65 
Q75R; 
K77N E120D; A153T E15V; F94Y II 

Mut 68 
S35A; 
T78A S7C 

P97S; M159L; 
M163L  II 

Mut 63 

Q68P; 
D85N; 
V89M 

A38T; P128S; 
S136G F94I; N247D II 

Mut 78 I6V T75M; N99D 
L9I; L161Q; 

D248N  II 
Mut 73 K24R A98S F94L II 

Mut 76 D46E 
I36N; L39M; A43V; 

A129V  A98T; S253C  II 
 

The QCS mutants showed native export of natural Tat substrates 

indicating that their substrate specificity had not changed35. Additionally class I 

mutants exported the different α3 variants equally and also exported poorly 

folded PhoA, indicating loss in ability to discern folded from unfolded proteins. 

Class II mutants retained some level of QC, as they were able to differentiate 

aggregation-prone α3A from α3B and did not export PhoA. These studies add 

to the foundation of an inherent quality control within Tat.  

Recent publications of high-resolution structures of the individual Tat 

proteins allow us to map the genetic mutations and find structure-function 
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relationships18,21,24. However, more genetic and biochemical studies are 

needed to elucidate the underlying biological mechanism. 

 
Figure 2.1 Mapping QCS mutations in high-resolution structures of E. 
coli TatA, TatB, and TatC. 

Class I and II QCS mutations are displayed as spheres on solution NMR 
strucutres of E. coli TatA18 and TatB21 proteins and the crystal structure of 
Aquifex aeolicus TatC26. The unstructured C-terminal tails of TatA and TatB 
are exhibited as dashed lines. 

 
 

At least a third of the known Tat substrates in E. coli require one or 

more metal cofactors, and a large fraction of these proteins also have specific 

chaperones called redox enzyme maturation proteins (REMPs) that help with 

cofactor insertion and maturation38-41.  

A model example is trimethylamine N-oxide reductase (TorA), which is 

involved in trimethylamine N-oxide anaerobic respiration (TMAO)42. The 

REMP, TorD, acts as a dedicated chaperone for TorA and aids in 
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molybdopterin guanine dinucleotide (MGD) cofactor insertion43. Although 

cofactor-less TorAD resulted in a high degree of folding in comparison to 

mature TorA protein, the lack of MGD resulted in solvent-exposure of its C-

terminal domain as shown by circular dichroism (CD) and small-angle X-ray 

scattering (SAXS)39.  

Since cofactors are often essential to catalyze folding of redox proteins 

as exemplified through TorA, perhaps the Tat machinery is able to innately 

distinguish cofactor-free complexes from those that are bound by sensing the 

folded state of the protein. However, little is known about interactions between 

REMPs and the Tat machinery.  

It would be interesting to determine if the function of REMPs and Tat 

QC are redundant or if these are independent substrate-specific processes. 

We hypothesize that Tat QC may work as an additional quality control 

checkpoint to REMPs to determine if a substrate is competent for export. In 

some cases Tat QC may act as the only checkpoint in the case of redox 

substrates that have no known specific binding chaperone partners. 

Richter et al showed that FG repeats from the yeast protein Nsp1p are 

natively expressed as unstructured and hydrophilic proteins in E. coli, and yet 

are competent for Tat export when fused with a Tat signal peptide44. Only 

when a cluster of hydrophobic residues from the alkaline phosphatase 

hydrophobic core, NIILLI, was introduced to the FG repeats was export 

blocked44. 
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It was previously shown that up to 70 residues can be truncated from 

the C-terminal end of TatB without significant effects on native export, opening 

up the question as to what function the majority of the cytoplasmic domain 

serves if not for translocation45. Crosslinking studies have also shown that the 

cytoplasmic region of TatB comes into close proximity to folded Tat precursor 

substrates, leading to the proposal of a cage-like structure of the cytosolic, 

membrane-extrinsic TatB domain that transiently accommodates the folded 

Tat substrate prior to its translocation (Figure 2.2a)28. The observed floppiness 

of helices α3 and α4 21 would allow TatB to sample a large conformational 

space, thus providing high structural plasticity to interact with substrate 

proteins of different sizes and shapes21.  

From our own analysis of the QCS mutants isolated, we found that a 

cluster of QCS mutations localized to the TatB cytoplasmic tail suggests this 

region may play a role in quality control rather than in the process of 

translocation. From these results, we hypothesize that the cytoplasmic tail of 

TatB is directly involved in Tat QC and acts as a ‘sensor’ to distinguish folded 

proteins from unfolded or aggregated substrates. To test if the cytoplasmic 

region of TatB plays a role in Tat quality control, through rational design we 

generated Tat mutants targeting the membrane-extrinsic domain of TatB and 

determined whether mutation or truncation of this region resulted in quality 

control suppression. To test if the cytoplasmic region of TatB binds with 

substrates, we utilized methods to test Tat QC with unfolded and folded 

substrates in vivo. 
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Results 

Folding quality control is dependent on the membrane-extrinsic domain 

of TatB.  

The E. coli TatB protein is 171 amino acids in length and adopts an 

extended “L-shape” conformation consisting of four α-helices: a 

transmembrane helix (TMH) α1 (residues Ser7-Leu20); an amphipathic helix 

(APH) α2 (residues Val27-Gln47); and two highly hydrophilic and flexible 

helices α3 (Leu56-Leu71) and α4 (Glu77-Tyr96) (Figure 2.2b and c)21. To test 

our hypothesis that the C-terminal domain of TatB following the TMH (the 

membrane-extrinsic domain) is involved in folding QC, we performed 

truncation analysis by removing up to 140 residues from the C-terminus of 

TatB in 10-residue increments (Figure 2.3b) and evaluating the resulting 

mutants using a genetic assay that directly links Tat-dependent folding QC 

activity with antibiotic resistance 35. This assay involves a panel of fusion 

constructs comprised of: (i) an N-terminal Tat signal peptide derived from 

trimethylamine N-oxide reductase (spTorA); (ii) a designed three-helix-bundle 

protein representing a continuum of folded structures, ranging from 

aggregation-prone (α3A) and monomeric molten globular (α3B) to native-like, 

well-ordered (α3C and α3D) (Figure 2.3a) 36,37; and (iii) a C-terminal TEM-1 β-

lactamase (Bla). 
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Figure 2.2 Structure of TatB translocase component 

(a) Models of possible TatB-substrate interactions adapted from Maurer et 
al28. (left) Four TatB monomers are shown (green cylinders) with their 
transmembrane helices contacting one TatC protomer each and with their 
cytosolic amphipathic helices encapsulating a folded Tat precursor (gray 
ellipse) with signal peptide (black line with small gray cylinder). The tetrameric 
nature of the TatBC complex is based on previous findings of Lee et al. 46, but 
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the model would easily accommodate higher order oligomeric structures. 
(right) An alternative model with two Tat precursor molecules simultaneously 
binding to TatB as suggested by Tarry et al. 31. (b) Sequence alignment of 
TatB proteins from γ-proteobacteria E. coli and Y. pseudotuberculosis 
generated using CLUSTALW. Identical amino acids are marked with an 
asterisk, those that were marked with a colon indicates conservation between 
groups of strongly similar properties and those that were marked with a 
period indicates conservation between groups of weakly similar properties. 
Also shown is a structural prediction for E. coli TatB determined with the 
PSIPRED program at http://bioinf.cs.ucl.ac.uk/psipred/. The α-helical regions 
are represented as cylinders. The transmembrane α-helical (TMH) α1 domain 
of TatB is shown in dark gray, the strongly amphipathic α-helical α2 domain is 
shown in white, and the two highly hydrophilic and flexible α3 and α4 helices 
are shown in light gray. The three histidines at positions 109, 112, and 123 are 
shaded red. (c) Ribbon diagram representation of the solution structure of 
TatB1-101 adapted from Zhang et al. 21. QC suppressor residues isolated by 
Rocco et al. 35 are marked as red balls. Locations of C-terminal truncation 
sites in 10-residue increments are labeled in gray. The three histidines at 
positions 109, 112, and 123 are marked in black.  
 

The ampicillin (Amp) resistance conferred by these different constructs 

to E. coli DADE cells (MC4100 ΔtatABCDΔΕ) carrying a plasmid-encoded 

copy of the wild-type (wt) TatABC operon was in the following order (from 

highest to lowest): α3D ≈ α3C >> α3B > α3A (Figure 2.3b), which was in close 

agreement with the resistance conferred by these constructs to the isogenic 

parental MC4100 strain that expressed TatABC natively 35. Nearly identical 

resistance profiles were observed for DADE cells expressing TatB proteins 

lacking as many as 70 C‐terminal amino acids (TatB1-121) (Figure 2.3b), 

indicating that these residues were dispensable for both QC and translocase 

activities. In contrast, truncation of 80 C-terminal amino acids of TatB (TatB1-

91) resulted in noticeably increased export of α3B but not α3A (Figure 2.3b), a 

phenotype that was previously ascribed to class II-type QCS translocases 
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(e.g., mut73) 35. Further truncation of TatB by an additional 10 residues 

resulted in severely diminished export of all spTorA-α3-Bla reporter constructs. 

It should be pointed out that there were no obvious growth defects for any of 

the strains when plated in the absence of Amp (Figure 2.3b).  

To determine whether the Amp resistance was attributable to 

translocases that retained native function, the truncated TatB proteins were 

assessed for the ability to export two native Tat substrates, namely the N-

acetylmuramoyl-L-alanine amidases AmiA and AmiC. In E. coli, these 

enzymes cleave the peptide moiety of N-acetylmuramic acid in peptidoglycan 

and contribute to daughter cell separation by helping to split the septal murein 

47. Mutations that impair Tat export lead to mislocalization of AmiA and AmiC, 

rendering E. coli sensitive to SDS and disrupting cell division 48. The cell 

division defect results in the formation of cell chains ranging from 6 to 24 cells 

in length. Indeed, DADE cells carrying an empty plasmid formed characteristic 

chains (more than 6 cells per chain) whereas DADE cells carrying a plasmid-

encoded copy of the wt TatABC operon showed no visible cell-division defects 

(Figure 2.4a). Importantly, DADE cells expressing truncated forms of TatB 

lacking as many as 120 C-terminal amino acids (TatB1-51) appeared to divide 

properly (Figure 2.4a), indicating that the majority of the TatB truncation 

mutants possessed residual Tat function. Only after removal of 130 or more 

amino acids from the C-terminus of TatB did we observe cell division defects 

associated with the absence of TatB (Figure 2.4a).  
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Figure 2.3 Truncation of membrane-extrinsic domain abrogates QC 
activity. 

(a) Schematic representation of the α3 family of designed three-helix-bundle 
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proteins developed by DeGrado and coworkers 36,37 which represent a 
continuum of folded structures, ranging from aggregation-prone (α3A) and 
monomeric molten globular (α3B) to native-like, well-ordered (α3C and α3D). 
(b) Serially diluted DADE cells co-expressing spTorA-α3-Bla chimeras (A, B, C 
or D) along with a Tat operon plasmid encoding either wt or one of the TatB 
variants were spotted on LB-agar plates containing either 100 µg/mL Amp or 
25 µg/mL chloramphenicol and 20 µg/mL tetracycline (0 µg/mL Amp). (c) 
Western blot analysis of cytoplasmic (cyt) and periplasmic (per) fractions 
prepared from DADE cells co-expressing spTorA-PhoA along with a Tat 
operon plasmid encoding either wt or one of the TatB variants. An equivalent 
number of cells was loaded in each lane. Blots were probed with anti-PhoA 
antibody. Quality of fractions was confirmed by probing membranes with anti-
GroEL antibody. 
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Figure 2.4 Functionality of Tat export for AmiA and AmiC 

Export of native Tat substrates, AmiA and AmiC, were determined by 
visualizing cells by microscopy and if Tat export was functional as indicated by 
formation of single cells or nonfunctional indicated by formation of ‘chains’ in 
wildtype and truncated EcTatB mutants (a) and wildtype and truncated YpTatB 
(b). 
 

DADE (MC4100 ΔtatABCDΔE) + wt TatABC + TatAB1-131C+ TatAB1-151C

+ TatAB1-71 C + TatAB1-51C+ TatAB1-111C + TatAB1-91C

+ TatAB1-31 C + TatAB1-21C

+ TatA(YpTatB)C + TatA(YpTatB1-91)Cb

a

DADE (MC4100 ΔtatABCDΔE)

+ TatABH112A C + TatABH109A/H112A/H123A C
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Overall, these phenotypic observations were broadly consistent with 

previously reported truncation analyses 45,49 and indicated that the observed 

QC suppression by TatB1-91 involved translocases that retained the ability to 

export native substrates expressed from the chromosome. 

To further explore the role of the membrane-extrinsic domain of TatB in 

folding QC, the truncated TatB proteins were assessed for their ability to 

export misfolded alkaline phosphatase (PhoA). Previously, we demonstrated 

that PhoA was only exported by the Tat pathway if its native disulfide bonds 

had formed to generate the correctly folded molecule in the cytoplasm before 

export34. This outcome required the genetically modified cytoplasm of E. coli 

strain FÅ113, which has the unnatural capacity to catalyze disulfide bond 

formation in the cytoplasmic compartment. More recently, we found that 

reduced, misfolded PhoA could be exported from the naturally reducing 

cytoplasm of E. coli cells that co-expressed QCS translocases 35.  

Here, we hypothesized that C-terminally truncated TatB would similarly 

promote export of reduced PhoA given the ability of this mutant to export the 

molten globular α3B substrate. Western blot analysis confirmed that PhoA was 

exported from the reducing cytoplasm of cells expressing translocases 

containing TatB1-91, TatB1-101, and TatB1-111, but not wt translocases or 

translocases containing other truncated TatB proteins (Figure 2.3c). It should 

be noted that the amount of PhoA exported by TatB1-91, TatB1-101, and TatB1-

111 was visibly lower than that achieved with the class I QCS translocase 

mut51 (Figure 2.3c) that was isolated previously 35. 
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Histidine residues in membrane-extrinsic domain are essential for 

folding QC.  

Of the 13 individual QCS mutations that were previously isolated in the 

C-terminal membrane‐extrinsic domain of TatB, one of these was a histidine 

to asparagine substitution at residue 109 35. Located nearby to this residue are 

two additional histidine residues (H112 and H123), making a total of three 

histidine residues within a 14-amino acid span of the membrane-extrinsic 

domain of TatB (Figure 2.5a). The identification of this histidine patch was 

intriguing in light of similar occurrences of histidine residues in molecular 

chaperones such as HSP47 and calreticulin, which appear to play important 

roles in substrate binding and release 50-52. When each of these histidines was 

mutated to alanine either individually or concurrently, there was no visible 

effect on native Tat function as evidenced by the lack of chain formation in 

cells expressing hybrid translocases containing these TatB mutants (Figure 

2.4a), shown for TatBH112A and the triple mutant).  
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Figure 2.5 Histidine patch in membrane-extrinsic domain of TatB 
regulate folding QC 

 (a) Sequence of amino acids 90-140 of the membrane-extrinsic domain of 
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TatB. Arrows denote the histidine residues at positions 109, 112, and 123. (b) 
Serially diluted DADE cells co-expressing spTorA-α3-Bla chimeras (A, B, C or 
D) along with a Tat operon plasmid encoding one of the TatB variants were 
spotted on LB-agar plates containing either 50 µg/mL Amp or 25 µg/mL 
chloramphenicol (0 µg/mL Amp). (c) Western blot analysis of cytoplasmic and 
periplasmic fractions prepared from DADE cells co-expressing spTorA-PhoA 
along with either wt TatABC, mut51, or one of the histidine mutants as 
indicated. An equivalent number of cells was loaded in each lane. Blots were 
probed with anti-PhoA antibody. Quality of fractions was confirmed by probing 
membranes with anti-GroEL antibody. 
 

To determine the importance of these residues to QC, the same strains 

were subjected to spot plate analysis and all exhibited a QC suppressor 

phenotype based on their ability to confer increased resistance in the context 

of α3B compared to that conferred by wt TatB (Figure 2.5b). All of the histidine 

mutants were able to export misfolded PhoA at levels that greatly exceeded 

TatB1-91-mediated export and rivaled the export observed with mut51 (Figure 

2.5c), confirming the importance of these residues to the folding QC 

mechanism. 

Yersinia pseudotuberculosis TatB regulates QC activity in E. coli.  

To determine whether the TatB-mediated QC mechanism is conserved 

in other bacteria, we attempted to functionally reconstitute the QC mechanism 

in E. coli cells with an orthologous TatB from Y. pseudotuberculosis (YpTatB) 

in place of E. coli TatB. YpTatB shares sequence homology of ~57%, most of 

which occurs at the TMH, amphipathic helix, and the two subsequent α-helices 

that follow. We chose YpTatB because starting at residue Y96 in the 

membrane-extrinsic domain the two orthologues diverge significantly and 

YpTatB also has a 49-residue C-terminal extension that is absent in E. coli 
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TatB (Figure 2.2b). Despite these differences, YpTatB was able to form 

heterologous translocases with E. coli TatA and TatC that exported AmiA and 

AmiC to the periplasm as evidenced by the restoration of normal cell division 

in DADE cells (Figure 2.4b). Encouraged by this result, we next investigated 

whether YpTatB could exert QC by regulating export of the Tat-targeted α3 

reporter constructs. When spot plated on Amp, DADE cells co-expressing the 

different α3 constructs along with TatA(YpTatB)C exhibited resistance profiles 

that were indistinguishable from cells expressing E. coli TatABC, with α3A-

expressing cells the least resistant and α3D-expressing cells the most (Figure 

2.6a). We also observed that heterologous TatA(YpTatB)C translocases were 

able to efficiently export folded PhoA from the oxidizing cytoplasm of redox-

engineered E. coli but rejected misfolded PhoA for export from a normal 

reducing cytoplasm, mirroring the ability of E. coli TatABC translocases to 

regulate export of PhoA in a folding-dependent manner (Figure 2.6b). Taken 

together, these results confirm that folding QC activity is functionally 

conserved within TatB orthologues despite the significant divergence of their 

membrane-extrinsic sequences. 
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Figure 2.6 Expression of TatB orthologue from Y. pseudotuberculosis in 
E. coli complements Tat export and QC. 

 (a) The gene encoding TatB in a plasmid containing the E.coli tatABC operon 
was substituted with YpTatB and transformed into DADE cells carrying the 
pSALect-α3A/B/C/D. These strains were serially diluted and spot plated onto 
LB agar plates containing 300 µg/mL Carb or 25 ug/mL Cm (0 µg/mL Carb). 
(b) YpTatB was used to complement E. coli ΔTatB strains with oxidizing and 
reducing cytoplasmic conditions. Subcellular fractionation and western blotting 
were carried out to determine localization of PhoA under these conditions. 
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To determine whether the membrane-extrinsic domain of YpTatB was 

similarly important for QC as it was for E. coli TatB, we created a truncation 

variant of YpTatB in which all C-terminal residues after A91 were removed 

(YpTatB1-91). When we expressed YpTatB1-91 in DADE, predominantly singlet 

cells were observed (Figure 2.4b) indicating the formation of hybrid 

translocases that could export AmiA and AmiC.  

 
Figure 2.7 Truncation of C-terminal residues of YpTatB abrogates Tat 
QC. 

Western blot analysis of cytoplasmic and periplasmic fractions of DADE cells 
co-expressing spTorA-PhoA along with a Tat operon plasmid encoding 
wildtype or truncated mutant variants of TatB from E. coli or Y. 
pseudotuberculosis. In addition, a previously isolated QCS suppressor (mut51) 
was included for comparison35. 
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Similar to its truncated E. coli counterparts (e.g., TatB1-91), YpTatB1-91 

was able to increase the level of misfolded PhoA that was exported in cells 

having a reducing cytoplasm (Figure 2.7), suggesting that QC was indeed 

encoded within the membrane-extrinsic portion of YpTatB. 

Discussion 
In previous work, we found that substitutions in TatABC could result in 

quality control suppression in E. coli. Since many of the mutations also 

seemed to localize to the cytoplasmic domain of TatB, we decided to focus on 

this region to determine if TatB alone could interfere with quality control in 

vivo.  

Previously, it was found that the majority of the C-terminal cytoplasmic 

domain of TatB was not needed to maintain Tat export of TorA45. Only after 

truncation of 90 amino acid residues from the C-terminus of TatB was there a 

significant decrease in the translocation efficiency of TorA measured by 

activity. Similar to this study, we also found that TatB could be truncated from 

the C-terminus by up to 120 aa without affecting the ability of cells to divide 

and form singlets/doublets, indicative of Tat export of the AmiA/C. 

Since then studies have shown that the cytoplasmic domain of TatB 

comes into close proximity not only with the signal peptide but also with 

residues on the surface of the mature substrate itself in inverted membrane 

vesicles (INVs). These contacts between TatB and substrates, which included 

pSufI and spTorA-PhoA, come from cross-linking analyses introducing amber 

codons into TatB and the substrate and utilizing tRNA charged with BPA that 
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can undergo covalent linkage under UV light. Interestingly, cross-linking 

between TatB and spTorA-PhoA was detected under both reducing and 

oxidizing conditions suggesting that TatB comes into close proximity with the 

substrate whether or not it is was able to form disulfide bonds and become 

fully folded28.  

However, these studies only focused on determining contacts of 

regions thought to be essential for translocation and thus only focused on 

cross-links that occurred within the first 42 residues of TatB rather than the 

full-length 171 residues. 

Mutation of a single histidine, H109A, alone in TatB was enough to 

induce a significant increase in the amount of partially unfolded PhoA into the 

periplasm. Further, mutation of any of the three histidines in the unstructured 

region of TatB alone or in combination also resulted in a significant increase of 

PhoA translocation. This led us to believe that this domain, largely thought to 

be nonessential for Tat translocation, might instead play an important role in 

maintaining Tat quality control. 

It is also interesting to note that Ulfig et al isolated mutants of TatB that 

were able to translocate transport-defective substrates due to substitution of 

RR to KQ in the signal peptide, whereby many of the mutations (eg. K30I, 

I36N, T51I) overlapped with mutations isolated for quality control 

suppression22. Finally, mutations in regions after the signal peptide also could 

rescue lack of transport induced by KQ mutation. This points to the fact that 

both the signal peptide and protein itself are factors sensed by TatB to 
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determine competency for translocation. 

Since substitution of single mutations in the membrane-extrinsic domain 

could lead to QCS, does truncation of the region also result in QCS? We 

tested this by successively truncating TatB 10 amino acid residues at a time 

from the C-terminus and comparing the levels of PhoA translocated into the 

periplasm. Truncation by 60, 70, and 80 codons from the C-terminal resulted 

in a gradual increase in the levels of misfolded PhoA exported to the 

periplasm. However, it is interesting to note that these levels were still lower 

than introducing a single His to Ala substitution. This may be because specific 

mutations may actively disrupt TatB conformation or interactions with its 

protomers, other Tat components, or the substrate itself. On the other hand, 

deletion of the region may simply reduce its ability to carry out QC without 

disrupting complex formation with the substrate. 

This begged the question to determine if the importance of TatB in 

quality control was limited to E. coli. Thus, we expanded our results to include 

a TatB orthologue from Y. pseudotuberculosis. When tested in E. coli, we 

found similarities in the phenotypes pertaining to Tat translocation and quality 

control we replaced EcTatB with YpTatB despite the divergence in sequences 

of the unstructured domains between the two orthologues. 
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Materials and Methods 
 

Plasmid construction 

Plasmids constructed in this work are denoted in the Table 1. To 

generate the pPRATABC-XX TatB truncation mutants, PCR was performed 

using the same forward primer to amplify the 5’ end of TatB and a reverse 

primer that successively truncated TatB 10 codons at a time from the 3’ end of 

the TatB gene until only the N-terminal 21 residues remained. These PCR 

fragments were cloned into pPRATABC-XX with the restriction enzymes 

flanking TatB – XbaI and XhoI, respectively. pPRATABYp(1-220)C and 

pPRATABYp(1-91)C were generated in the same approach with the exception 

that PCR fragments were amplified with primers to amplify the gene or 

truncation mutant from gBlock fragments of the Yersinia pseudotuberculosis 

TatB gene. To clone pMAF10-EcTatB, the EcTatB gene fragment was 

amplified and cloned into pMAF10 backbone between the cut sites XbaI and 

SphI. Similarly, the YpTatB gene was amplified and cloned into the XbaI and 

SphI restriction sites. 

 

Subcellular fractionation and western blot analysis 

Cells were grown overnight and subcultured 50-fold in LB containing 

antibiotics at 37°C until an OD (Abs600) of approximately 0.5-0.7 was achieved, 

at which time the cultures were induced with 1mM IPTG and incubated further 

at 30°C for an additional 2-3 hours. The OD of each culture was measured 
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and the amount of cell harvested was normalized. Cells were harvested by 

spinning cultures at 3,200 rpm and subcellular fractionation was performed by 

the ice-cold-osmotic shock method. The pelleted cells were resuspended in 1 

mL of fractionation buffer consisting of 30mM Tris-HCl, pH 8.0 1 mMEDTA, 

and 0.58 M sucrose and left at room temp for 10 min. Samples were 

centrifuged at 10,000 rpm for 10 minutes and resuspended in 150 ul of ice-

cold 5mM MgSO4 and kept on ice for 10 min. Samples were again centrifuged 

at 4°C for 10 min at 13,200 rpm. The supernatant was kept as the periplasmic 

fraction. The remaining pellet was washed once in PBS buffer and 

resuspended in 300 ul of BugBuster and spun down once more to yield the 

cytoplasmic fraction from the supernatant. Periplasmic and cytoplasmic 

fractions were then run on SDS-PAGE gels and western blotting was 

performed according to standard protocols using the following antibodies: anti-

PhoA (Millipore MAB1012; 1:2500), anti-mouseHRP (Abcam ab6789; 1:5000), 

anti-GroEL (Sigma G6532; 1:30,000), anti-rabbitHRP (Abcam ab205718; 

1:5000). 

Selective Plating of Bacteria 

DADE was transformed with one of the pSALect-α3 plasmids and a 

version of pPRATABC carrying the Tat machinery were grown overnight at 

37°C in LB containing 20 ug/mL tetracycline (Tc) and 30 ug/mL 

chloramphenicol (Cm). The cell densities (Abs600) of cultures were measured 

and normalized to an OD of 1.0 and resuspended in fresh LB media without 

antibiotics after which they were serially diluted 10-fold into sterile 96-well 
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plates. Subsequently, 5 µl from the serial dilutions were spotted onto LB-Agar 

containing either Tc and Cm or a specific concentration of ampicillin (Amp) as 

dictated in the figures. Lastly, spot were allowed to dry before plates were 

incubated at 30°C overnight. 
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Chapter 3 

The membrane-extrinsic domain of TatB interacts with unfolding 

proteins and exhibits chaperone-like activity 

Note: Parts of this chapter are from a version of a manuscript to be submitted 

and was written by myself and Dr. DeLisa. 

Introduction 

Molecular Chaperones 

Typically, there are a variety of proteins involved in protein secretion 

that play different structural and functional roles throughout the process. One 

key class of such proteins are molecular chaperones which play a significant 

role in ensuring the conformation integrity of the proteome. This quality control 

of the proteome is achieved through a large network of molecular chaperones 

that bind to and stabilize proteins at varying stages of folding to aid in the 

process of folding, assembly, translocation, and degradation.  

Some of the most extensively studied chaperones -- termed heat-shock 

proteins (Hsps) and small-heat shock proteins (sHsps) chaperones are often 

subdivided into groups according to their molecular weight. Examples of these 

‘classic’ chaperones are the Hsp70, Hsp90, and sHsp classes. However, 

another feature that helps to distinguish different types of chaperones are 

those that utilize ATP to carry out their chaperone activity and those that are 

ATP-independent.  

ATP-dependent chaperones typically work by kinetic partitioning, 

whereby exposed hydrophobic patches of a non-natively folded protein is 
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bound to a chaperone and ATP-triggered release promotes folding, at times 

termed ‘foldases’. One such example is  the GroEL/GroES system of bacteria 

in which substrates are caged and secluded from the external environment in 

a ‘barrel-like’ cage, inducing binding and release of the unfolding substrate to 

promote refolding. The cycles of binding and release are regulated 

allosterically through ATP hydrolysis. On the other hand, ATP-independent 

chaperones, like sHsps, act as ‘holdases’ binding to unfolding proteins to 

prevent aggregation or slow down folding without the use of ATP and often 

work in conjunction with foldases. 

 

Bacterial Secretion Chaperones 

As mentioned in the previous section, molecular chaperones play an 

important role not just in the quality of the cytoplasmic proteome but also in the 

integrity of the secretome. Therefore, while the major classes of chaperones 

play some role in providing this integrity, bacteria have also developed 

chaperones that have co-evolved with secretion pathways they associate with. 

One of the archetypes of a chaperone dedicated to secretion is the 

highly conserved, ATP-dependent translocase motor, SecA7. SecA is involved 

the post-translation export of substrates through the Sec pathway. In post-

translational export, translation and translocation are not coupled and thus 

substrates must be kept in an unstructured state in order to remain competent 

for export. SecA recognizes Sec substrate and directs them to the Sec 

translocon (SecYEG) at the plasma membrane7. Interestingly, SecA can 
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interact with unfolded proteins even if they do not carry a Sec signal-peptide, 

and through cycles of binding and release with substrates prevents them from 

becoming structured53.  

In contrast, another example of a Sec pathway-specific chaperone is 

the SecB protein. Although utilized for approximately only 4% of the E. coli 

secretome, its study has provided insight into how chaperones are applied to 

secretion. SecB is associated with the Sec pathway in proteobacteria and 

works by binding mostly through hydrophobic interactions of nascent precursor 

proteins as they emerge from the ribosome or post-translationally but before 

the preprotein has assumed a tertiary structure54. Dimers of SecB then keep 

precursors in a relatively unfolded and soluble state, targeting them to the Sec 

translocase for export7. Like SecA, SecB also has a general chaperone activity 

as it has no specific affinity towards Sec signal-peptides. Thus, SecB has been 

classified as an ATP-independent holdase as it performs this function without 

the need of ATP.  

In regards to the Tat pathway, many examples of Tat substrates 

requiring specialized chaperones to aid in their folding have been identified, 

especially in those substrates that require metal or complex cofactors, termed 

REMPs12. These REMPs aid in cofactor insertion, protein folding, and 

protection of the signal-peptide from proteolysis12. In addition to these ancillary 

components, work from our lab has found that the Tat complex itself has an 

inherent quality control mechanism providing additional regulation in deciding 

which substrates are competent for export35. Here, we hypothesize that TatB 
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carries out an important function in maintaining quality control for the Tat 

pathway.  

Thus, in order for TatB to perform a quality control function, it must 

have a way to differentiate folded from non-natively structured proteins. Some 

molecular chaperones perform this essential function by binding to proteins to 

prevent aggregation and promoting protein folding55, while others work to 

prevent proteins from folding too quickly and prevent misfolding from occurring 

during translation or export53. 

 

Citrate synthase assays for the characterization of chaperone-like 

activities 

A variety of substrates have been used to help characterize the 

functional characterisitics of chaperones and proteins with chaperone-like 

activities 56. One of the most common proteins used for these types of assays 

is porcine citrate synthase (CS), a homodimer of two identical subunits with a 

molecular weight of approximately 49 kDa each56,57. Natively, CS is involved in 

the citric acid cycle, whereby it catalyzes the formation of citrate and 

coenzyme A by condensing oxaloacetate with acetyl-CoA57.  
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Figure 3.1 Unfolding pathway of CS during thermal or chemical 
denaturation. 

Depiction of the CS unfolding pathway during thermal (A) and chemical 
denaturation (B). The pathway depicted in (A) shows how native and 
functional CS dimers unfold into unfolding intermediates I1 and I2, until finally 
irreversibly aggregating when kept at 43°C. The accumulation of aggregates 
over time in solution causes increased light scattering during 
spectroflourometry. The pathway depicted in (B) begins with native CS being 
completely unfolded by chemical denaturation with 6M Gdn-HCl. Upon dilution 
of the denaturant by 100-fold, in the absence of a chaperone completely 
unfolded CS attempts to refold independently but is unable to do so resulting 
in the formation of aggregates and increased turbidity in solution over a period 
of time. 
 

In this work, I utilized CS because it has widely been used as a 

substrate for in vitro folding assays due to its ability to be recognized by many 

divergent chaperones and its unfolding kinetics has been extensively studied 

(Figure 3.1)53,56,57.  

For example, under heat-shock conditions of approximately 43°C, like 

many other proteins, CS undergoes a process of thermal denaturation 
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producing two unfolding intermediates (I1 and I2) until it irreversibly 

aggregates and is no longer functional, as shown in pathway A in Figure 3.157. 

In solution, this aggregation can be measured through spectroflourometry or 

light scattering. Thus over time as CS denatures, the aggregates make the 

solution increasingly turbid when kept at elevated temperatures, unless CS 

interacts with a protein that has chaperone-like activity enabling them to bind 

to I1 and/or I2 and protecting the early unfolding intermediates from 

aggregation57.  

An alternative way to test the chaperone-like activity of a candidate is 

by following the kinetics of CS inactivation57. In this assay, CS activity is 

measured at multiple time points after heat-shocking a CS sample in the 

presence or absence of a chaperone, and compared to the initial CS activity 

before heat exposure57. Proteins that confer thermoprotectivity may slow down 

CS inactivation kinetics over a period of time57. 

In contrast, to discern if a protein is able to bind to early folding 

substrates, whereby a substrate is almost completely in an unfolded state and 

attempts to refold independently, a similar assay can be done with the 

exception that CS is completely denatured in a chemical denaturant instead of 

heat-shocked (Figure 3.1)57. In this assay, native CS is first denatured in 6M 

Gdn-HCl for at least 1 hour57. The denaturant is then diluted 100-fold allowing 

CS to attempt to refold independently57. However, in the absence of a 

chaperone, CS is unable to fold back to its native conformation and instead 
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generates aggregates that can be detected by light scattering as in the 

thermal denaturation assay57.  

Finally, to determine if a candidate protein has the potential to aid in the 

process of refolding a protein, CS reactivation can help distinguish proteins 

with this foldase activity57. In this assay, CS thermal inactivation is carried out 

in the presence or absence of a chaperone57. The sample is allowed to cool 

and CS activity is measured at multiple time points after cooling to determine if 

CS was able to refold after thermal denaturation57. 

In order to determine if TatB exhibits chaperone-like activity, we 

expressed an N-terminally truncated version of TatB (TatBΔN21) of which the 

amino-terminal transmembrane helix (residues 1-21) was removed. A C-

terminal hexahistidine tag enabled expression and purification of a soluble 

form of TatBΔN21. I utilized this soluble domain of TatB to characterize its 

chaperone-like activity using the CS assays described here. It was found that 

equimolar amounts TatBΔ21 was able to protect CS from thermal aggregation 

and also slowed down CS inactivation, demonstrating new experimental data 

that TatB is capable of suppressing thermal aggregation and binds to early 

unfolding CS intermediates.  
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Results 

Membrane-extrinsic domain of TatB functions in vitro as a molecular 

chaperone.  

Molecular chaperones are well known to recognize distinct 

conformational states of their client proteins. We hypothesized that TatB may 

utilize a similar chaperone-like activity involving its membrane-extrinsic domain 

to directly monitor the conformational state of substrates. To investigate the 

potential chaperone functions of this domain, we expressed and purified a 

truncation mutant of TatB in which the transmembrane helix (residues 1-21) 

was deleted (TatB22-171), yielding a soluble protein comprised of the entire C-

terminal domain of TatB following the TMH. Analysis by SDS-PAGE and gel 

filtration indicated that TatB22-171 was purified from cell lysates and was 

primarily tetrameric (Figure 3.2a and b), consistent with the known 

oligomerization state of full-length TatB28,46.  
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Figure 3.2 Truncation of TMH for purification of soluble TatB forms 
oligomers 

(a) Soluble EcTatB and YpTatB protein were generated by truncation of the N-
terminal TMH and C-terminal fusion to a His-tag. The predicted molecular 
weights based on their sequences were ~17 and ~23 kDa for EcTatB and 
YpTatB, respectively. The soluble proteins were purified by Ni-NTA and size-
exclusion was performed. Both TatB proteins displayed higher order 
oligomers. Based on when the proteins eluted and their predicted molecular 
weights, EcTatB seemed to produce protomers of trimers and tetramers, 
whereas, YpTatB seemed to form dimers and trimers. (b) Fractions from SEC 
were run on an SDS-PAGE gel and stained with Coomassie blue. 
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To investigate the potential chaperone function of purified TatB22-171, we 

employed a set of in vitro assays using a classical chaperone substrate 

protein, mitochondrial citrate synthase (CS), which has served as a standard 

measure of molecular chaperone activity 57-61. An attractive feature of CS as a 

model substrate is that distinct unfolding intermediates can be accessed 

experimentally, which help to shed light on a chaperone’s functional 

mechanism. We first evaluated the ability to suppress the thermally-induced 

aggregation of CS. In the absence of molecular chaperones, CS rapidly and 

irreversibly aggregates at 43°C, a temperature that resembles heat shock in 

vivo 57,58. Indeed, CS was completely aggregated within 15 min of incubation 

at 43°C as monitored by light scattering at 500 nm (Figure 3.3).  
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Figure 3.3 Membrane-extrinsic domain of TatB suppresses thermal 
aggregation of CS 

CS was diluted to a final concentration of 0.15 µM into prewarmed 40 mM 
HEPES-KOH, pH 7.5, at 43°C in the absence (CS alone) or presence of 0.15 
µM of the following proteins: EcTatB22-171, EcTatB22-91,  
EcTatB22-171[H109A/H112A/H123A], YpTatB22-220, YpTatB22-91, or GroEL, as indicated. 
To exclude unspecific protein effects, control experiments in the presence of 
0.15 µM bovine serum albumin (BSA) were conducted. Light scattering 
measurements were performed by measuring absorbance at 500 nm. Data are 
the average of two replicates and the error bars represent the standard 
deviation of the mean (n = 2). 

 

An equimolar ratio of purified TatB22-171 to CS was sufficient to almost 

completely prevent thermal aggregation of CS, a level of suppression that was 

on par with that achieved by equimolar amounts of the molecular chaperones 

GroEL (Figure 3.3). The stoichiometry of TatB22-171’s chaperone action was on 

par with that of known chaperones57,58. To verify that the chaperone activity of 

TatB was a specific effect, an equimolar amount of bovine serum albumin 
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(BSA) was used as a control but failed to inhibit CS aggregation (Figure 3.3). 

When TatB22-171 was further truncated to remove 80 C-terminal residues 

(TatB22-91) or when its three histidine residues were mutated to alanine (TatB22-

171[H109A/H112A/H123A]), the ability to prevent CS aggregation was impaired or 

abolished (Figure 3.3), consistent with the in vivo inactivation of QC observed 

for these TatB variants. Using the soluble membrane-extrinsic domain of 

YpTatB (YpTatB22-220), which purified as an apparent trimer (Figure 3.2a and 

b), nearly identical prevention of CS aggregation was observed (Figure 3.3). 

Moreover, removal of the membrane-extrinsic domain from YpTatB22-220 

yielded a variant (YpTatB22-91) that was diminished in inhibiting CS 

aggregation (Figure 3.3), akin to the C-terminally truncated E. coli TatB 

variant.  
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Figure 3.4 Influence of membrane-extrinsic domain of TatB on thermal 
inactivation of CS 

(a) CS (0.15 µM) was incubated at 43°C in the presence of 0.15 µM (1x), 0.6 
µM (4x), 1.2 µM (8x) TatB22-171, and 0.6 µM (4x) TatB22-91. An amount of 1.2 
µM (8x) BSA served as negative control and 0.15µM yeast Hsp90 served as a 
chaperone positive control. (b) Same as in (a) but with YpTatB22-220 and 
YpTatB22-91. At the times indicated, aliquots were withdrawn and the activity 
was determined as described. The solid lines represent single exponential 
functions fit to the experimental data using Prism 8 software. Data are the 
average of two replicates and the error bars represent the standard deviation 
of the mean (n = 2). 
 

To further characterize the ability of TatB22-171 to productively interact 

with highly structured, early-unfolding intermediates of CS, we studied its 

effect on the thermal inactivation of CS. The enzymatic activity of CS is almost 

completely lost following incubation at 43°C for 10-15 min 60. Likewise, when 
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an 8-fold molar excess of the non-chaperone BSA was added, CS enzymatic 

activity decreased to less than 10% of its initial value in 7 min and was almost 

completely inactivated by 15 min (Figure 3.4a and b). This thermal inactivation 

was significantly slowed by both TatB22-171 and YpTatB22-220 in a concentration-

dependent manner, with an 8-fold molar excess of these proteins resulting in a 

~7-11-fold increase in the half-time of inactivation (Figure 3.4a and b). Even 

equimolar amounts of these proteins were sufficient to measurably slow down 

the inactivation process. Conversely, in the presence of TatB22-91 or YpTatB22-

91, the rate at which CS activity was lost significantly increased relative to their 

full-length C-terminal variants (Figure 3.4 and b), further highlighting the 

importance of the membrane-extrinsic domain in the chaperone-like behavior 

of TatB. It should be noted that the effect of TatB22-171 was significantly weaker 

than that of yeast Hsp90 and in order to achieve comparable CS inactivation 

kinetics to the presence equimolar amounts of yHsp90, TatB was required in 

excess of 8x the molar concentration of CS (Figure 3.4a). 

We next investigated whether TatB22-171 was able to inhibit aggregation 

of refolding CS following complete denaturation in guanidine hydrochloride 

(Gdn-HCl). In this assay, CS is diluted from the denaturant into refolding 

buffer, upon which it immediately aggregates as a result of the high local 

concentration of aggregation-sensitive folding intermediates59. In our hands, 

only GroEL, but not TatB22-171 or YpTatB22-220, were able to prevent 

aggregation of chemically denatured CS (Figure 3.5a).  
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Figure 3.5 Influence of EcTatB and YpTatB on the aggregation of 
chemically denatured CS and on reactivation of thermally denatured CS 

(a) CS was chemically denatured in 6M Gdn-HCl and diluted to a final 
concentration of 0.15µM into 50mM Tris-HCl, pH 8.0. Aggregation was 
measured in the presence of 0.15µM of EcTatB22-171, YpTatB22-220, GroEL, or 
BSA. (b) CS (0.15µM) was inactivated at 43°C in the presence of 0.6µM 
EcTatB22-171, YpTatB22-220, BSA, or 1mM oxaloacetate (OAA) for 30 min before 
reactivation was allowed to occur by moving samples to room temperature. 
Kinetics of CS reactivation were carried out by measuring CS activity at 
different time points following inactivation. OAA is a substrate of CS and also a 
known ‘stabilizer’ for slowing down unfolding CS intermediates from 
irreversible aggregation. 
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We also determined whether TatB22-171 was capable of reactivating 

heat-denatured CS. For this experiment, CS was first inactivated at 43°C for 

30 min and then cooled to ~23°C, after which CS activity in the presence of 

equimolar amounts of TatB22-171 or control proteins was measured over time. 

The CS substrate and stabilizer, oxaloacetate (OAA), was able to promote CS 

reactivation whereas TatB22-171 had no measurable effect under the conditions 

tested (Figure 3.5b). The observation that TatB22-171 and YpTatB22-220 could 

neither prevent aggregation of chemically denatured CS nor reactivate heat-

denatured CS indicated that these proteins do not recognize or bind highly 

unstructured, late-unfolding intermediates of CS. Therefore, we conclude that 

TatB-mediated sensing of substrate foldedness involves preferential 

interactions with more structured protein conformations, akin to some small 

heat shock proteins 57. 

 

Discussion 

The Tat pathway has a preference towards the translocation of folded 

substrates over misfolded/aggregated substrate, the Tat complex must 

somehow discern between the different folding states. To this point, many 

proteins including SecA/SecB of the general secretory pathway have been 

shown to have chaperone-like activities keeping proteins in an unfolded state 

so that they maintain their competency for export53,54. Chaperone-like activities 

have been defined as the ability to ‘stabilize’ and prevent aggregation or 

inactivation of a broad class of substrates undergoing unfolding57. Here, we 
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utilized the well-studied kinetics of CS unfolding to determine if the membrane-

extrinsic domain of TatB exhibits chaperone-like activity. Indeed, we found that 

in the presence stoichiometric amounts of TatB, it is able to stabilize CS and 

slow down aggregation. Further, through studying CS inactivation under heat 

shock conditions, we found that TatB interacts with CS transiently since TatB 

was able to confer thermo-protectivity in a concentration-dependent manner 

similar to that seen with Hsp9060. As in the in vivo experiments, we also found 

significant differences in the histidine and TatB truncated mutants compared to 

the wt construct in which substitution of the three His residues to Ala or 

deletion of a large portion of the C-terminal domain of TatB resulted in a 

significant loss of chaperone-like. We further found that this also applied to 

experiments with the TatB orthologue from Y. pseudotuberculosis, whereby 

the soluble domain of YpTatB exhibited chaperone activity. However, when 

what was predicted to be the majority of the C-terminal unstructured region 

was removed, chaperone-like activity was lost.  

One of the goals of this paper was to begin to identify components of 

the Tat pathway that are involved in QC in order to determine at which stages 

QC occurs during complex formation with the mature substrate. Here, we have 

identified TatB as at least one of the key players involved in this process. TatB 

and TatC are found in 1:1 ratio in oligomeric complexes that is largely 

responsible for the initial recognition of the substrate. This is proceded by the 

recruitment of protomers of TatA to the complex and translocation of the 

substrate utilizing energy from the proton motif force (PMF).  
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The portion of TatB deleted in TatB that resulted in QCS in vivo or loss 

of chaperone-like activity in vitro contained a portion of helix alpha4 as well as 

what is predicted to be an unstructured C-terminal domain. Most studies to this 

point have focused on the structured portions of TatB since those regions 

seemed to be essential for translocation. However, we propose that the 

unstructured region plays an important role in Tat QC. Thus far in the literature 

there have been many examples of unstructured regions playing some 

function in chaperones, whether it be directly involved in client binding or 

affecting the structural conformation that induces its chaperone activity62,63. 

Disordered regions have a propensity to bind to other unstructured/unfolded 

regions. Possibly, contacts that occur between unfolded/aggregated 

substrates and TatB lead to changes in the transient interactions between the 

two or conformational changes in TatB that reduces the efficiency of 

translocation of the substrate.  

Cross-linking studies have determined that TatB largely occupies a 

polar cluster in TMH5 of TatC, a region also closely associated with the signal 

peptide of substrates during resting-state29,30. Recent work has also found that 

TatA occupies an alternate site at the adjacent TMH6 of TatC during resting-

state. Through cross-linking analyses it was hypothesized that in the presence 

of substrate TatA and TatB undergo a substrate-triggered positional exchange 

in which the two proteins switch their positions before recruitment of additional 

TatA protomers to the site. Another way in which interactions between TatB 

and the substrate may prevent translocation is by impeding in the capability of 
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TatA to displace TatB at the TM5 polar cluster and interrupting the substrate-

triggered positional exchange process. 

In conclusion, we have narrowed down a region in TatB that play an 

important role in Tat quality control through mutational analysis as well as 

deletion in the membrane-extrinsic domain of TatB. We further showed that 

this region of TatB exhibits chaperone-like activity and potentially acts as a 

sensor to help discern whether substrates are folded and thus competent for 

export or unfolded/aggregated. These finding may help elucidate how the Tat 

pathway structurally and mechanistically carries out quality control. 

 

Materials and Methods 

Plasmid construction 

To construct pET22-EcTatB22-171 and pET22-EcTatB22-91, full-length or 

truncated EcTatB gene was tagged with a 6xHis-tag and cloned into pET22a 

using the NdeI and HindIII cut sites. Likewise, pET22-YpTatB22-220 and pET22-

YpTatB22-91 were cloned into pET22a using the same restriction sites. 

 

Protein purification and preparation 

Plasmids were freshly transformed into E. coli DADE(DE3) and 

inoculated into LB with 100 µg/mL Amp and incubated overnight at 37°C. 

Strains were subcultured 50-fold into fresh LB with Amp to an OD between 

0.5-0.8 where they were induced with 0.1mM IPTG overnight at 30°C. Cells 
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were harvested and lysed using a homogenizer (Avestin), and the soluble 

fraction was collected by spinning down at 12,000xg for 30 min. The soluble 

fraction was incubated with Ni-NTA resin in equilibration buffer (1xPBS buffer 

with 10mM imidazole, pH 7.4) for 1-2 hours at 4°C. Proteins were washed and 

eluted using 1xPBS buffer with 40mM imidazole and 250mM imidazole, pH 

7.4, respectively. Concentrations were measured using a Bradford assay 

using BSA for standards. Size exclusion chromatography was performed using 

an FPLC and a GE Superdex75 column. Fractions were collected and 

analysed using SDS-PAGE and subsequent staining with Coomassie blue. 

Porcine citrate synthase (CS) from Sigma (C3260) was dialysed into 40mM 

HEPES-KOH, pH 7.5, SEC and further purified by SEC, until finally being 

concentrated using a concentrator with a 30 kDa cut-off and spun down at 

15,000 x g to remove insoluble products. This purified porcine CS utilized in all 

assays involving citrate synthase. 

E. coli GroEL (cat no. C7688) purchased from Sigma was dialyzed into 

40mM HEPES-KOH, pH 7.5 and concentrated using a concentrator with a 10 

kDa cut-off and spun down at 15,000 x g to remove insoluble products. 

Recombinant yeast Hsp90 (cat no. ALX-201-138-C025) fused to His-tag was 

purchased from Enzo Life Sciences. The powder was resuspended and 

dialyzed in 40mM HEPES-KOH, pH 7.5 and concentrated using a concentrator 

with a 10 kDa cut-off and spun down at 15,000 x g to remove insoluble 

products. 
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CS aggregation assay 

To measure aggregation of CS, light scattering using a PTI 

spectroflourometer with a thermostatted cell holder was utilized. To measure 

thermal aggregation of CS, buffer consisting of 50mM Tris-HCl pH 7.5 was 

equilibrated at 43°C stirring in the presence of absence of TatB, GroEL, or 

BSA. Light scattering was measured at 500 nm with both emission and 

excitation slits set to 2nm for the first 5 minutes to ensure that the putative 

chaperone alone would not result in aggregation and to achieve a base-line 

measurement. CS was added into a sample with buffer to a final concentration 

of 0.15µm, and light scattering measurements were performed for a further 15 

minutes to track the thermal aggregation of citrate synthase60.  

To determine the effects of TatB on the aggregation of chemically 

denatured CS, CS was denatured in 6 M guanidinium chloride in 50mM Tris-

HCl, pH 8.0 and left at room temperature for 2 hours to ensure complete 

unfolding of CS. Then, 50mM Tris, pH7.5 was stirred with TatB, GroEL, or 

BSA at 25°C and light scattering was measured for 5 minutes to determine the 

base-line. Light scattering was measured utilizing the same conditions with 

thermal aggregation with the exception that the temperature was kept at 25°C. 

Renaturation of denatured CS was intiated by diluting CS 100-fold to 0.15 µm 

into the sample buffer and light scattering measurements were continued for a 

further 6 minutes. 

CS Inactivation and reactivation 

TatB or BSA was added into 40mM HEPES-KOH, pH 7.5 to 
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concentrations dictated in the legends. CS then was added to the sample at a 

final concentration of 0.15 µm and mixed well. Before the sample was heated, 

an aliquot was taken to denote the original amount of CS activity. The sample 

was then heated to 43°C and aliquots were taken out at given time points 

whereby the remaining activity was measured at each of the time points.  

For CS reactivation, after 30 minutes of CS inactivation at 43°C, 

samples containing CS in the presence or absence of chaperone were allowed 

to cool to room temp. for 5 minutes before CS activity was measured. 

Subsequently, CS activity was measured at different time point over the 

course of an hour after cooling down. 

 Activity was measured as in Srere et al with the exception that 40mM 

HEPES-KOH, pH 7.5 was utilized64. Activity measurements were carried out 

25°C using a Tecan Microplate reader. 

 

 
 

 
 

 



 

63 

Chapter 4 

Directed co-evolution of TatABC for enhanced export of a heterologous 

protein results in quality control suppression 

 

Introduction 

Utilization of E. coli as a platform for protein production 

Purification of a protein is often necessary in order to study its 

structure/function and other biotechnological applications. Although sometimes 

purification directly from the original host is required, depending on the host, 

this can be a challenge as not all organisms are amenable to genetic 

manipulation, laboratory growth, or results in low yield purifications65. 

The utilization of E. coli as a means for protein production was 

pioneered in the 1980s for the expression of commercial insulin66. Since then, 

E. coli has been one of the most widely used platforms for expression and 

production of a vast range of proteins for biotechnological applications67. Not 

to mention, use of E. coli as a microbial cell factory can increase yields for 

some proteins and typically decreases costs, as materials used to grow E. coli 

are significantly cheaper relative to other platforms such as mammalian 

expression platforms67. 

In addition to its fast doubling time of approximately twenty minutes 

depending on the strain and growth conditions used, genetic modulation in E. 

coli is extremely tractable compared to other host platforms and the molecular 

tools available can be easily obtained making it an even more attractive 
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platform when initially optimizing purification of a protein67. However, there 

remain challenges associated with utilizing E. coli as a microbial factory. 

Examples of these limitations include low purity, diversion of targets to 

inclusion bodies, and protease degradation65,67. 

Benefits of secreting protein targets for protein production 

Gram-negative microbes such as E. coli, secrete only a fraction of their 

native proteome out of the cytoplasm and even less into the extracellular 

space65. Thus, in order to circumvent issues related to low purity and complex 

multi-step purification processes, it is often desired to secrete these proteins 

into the periplasmic/extracellular space over cytosolic production65,68. By doing 

so, fewer steps are needed for complex downstream purification processes, 

reducing cost and time to achieve the final product65,68. Further, the 

translocation of target proteins to the periplasm may increase protein stability 

by preventing cytosolic proteolytic degradation65,68.  

As mentioned in earlier chapters, Gram-negative bacteria have evolved 

a number of secretion apparatuses. These secretion systems are often 

subdivided based on where substrates end up, whether it be the periplasm or 

the extracelluar space1. One-step secretion systems, which include the type I 

and type III secretion systems secrete substrates directly from the cytoplasm 

to target hosts or the extracellular milieu1. Whereas substrates for two-step 

systems are first exported to the periplasm via the Sec or Tat pathways before 

reaching their final destination across the outer-membrane1.  
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Substrates that are secreted via a one-step system must be kept in a 

relatively unstructured state in order to fit into the narrow tube-like structure of 

the T1SS or T3SS2. While some proteins have no trouble folding 

independently, others require the presence of chaperones and other factors 

absent in the extracellular space in order to form their native structure2. Thus, 

an advantage of two-step system for recombinant protein production is access 

to chaperones and other protein-folding enhancer present in the 

periplasm65,68. 

Bottlenecks in secretion of heterologous proteins 

While it is beneficial to have the proteins in the periplasm, the 

bottleneck lies in the export of heterologous proteins across the inner 

membrane in sufficient quantities68. Often times engineering strategies to 

enhance export/secretion involve modulating the secretion signal-peptide, 

engineering the secretion apparatus itself, and modulating the expression or 

regulation of the secretion machinery68,69. 

The prevalent mechanism of recombinant protein translocation in E. coli 

is via the Sec pathway68,70. However, many heterologous proteins are 

incompatible for export through the Sec pathway68,70. This may be due to their 

fast folding kinetics in the cytoplasm and thus the inability to keep these 

substrates in an unstructured state prior to translocation68. 

A wealth of information has emerged in the past decade on the 

potential to utilize the sec-independent Tat system. The Tat system has the 

unique advantage of delivering folded proteins into the periplasm and contains 
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a quality-control mechanism to prevent misfolded substrates from being 

transported -- an advantage not conferred by other secretion pathways68,70. 

This provides an alternative means to achieve the export of the correctly 

folded, functionally desired proteins. 

Despite these advantages, translocation through Tat is slower and thus 

less efficient than to the Sec pathway68,70. Here, we address these 

shortcomings by engineering the TatABC proteins in E. coli through directed 

evolution to isolate hypersecretors of an antibody fragment scFv13R4 (R4).  

Directed evolution as a tool for isolating Tat hypersecretors 

In natural selection, mutations that arise within a population give rise to 

variants and result in fitness costs that can be advantageous, neutral, or 

detrimental to host survival71. Directed evolution follows the same principles in 

order to obtain a variant with a desired phenotype on a shorter timespan71,72. 

In biotechnology, directed evolution has been used to isolate target proteins 

with improved catalysis, stability, and substrate preference73. More recently, 

directed evolution has also been used for the repurpose of natural enzymes 

for novel chemistries74. 

 Typically, directed evolution involves iterative rounds of two major 

steps71,72. The first step involves generating a library of mutants of the parent 

molecule being evolved and the second step requires a selection or screen to 

isolate the desired phenotypic outcome71,72. Mutants isolated from this first 

round of selection or screening are then used as templates for additional 

rounds of evolution71,72. An advantage of utilizing directed evolution over 
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rational design, a process by which modifications are strategically predicted 

and implemented by modeling, is that prior understanding of how a protein or 

a complex of proteins works is not necessary to carry out directed 

evolution71,72. This is particularly true in the case of the Tat pathway, whereby 

knowledge of how translocation is achieved is still controversial and new 

insights into how Tat assembly occurs continue to arise.  

Although often the motivator for applying directed stems from 

biotechnological or industrial applications, directed evolution can also be used 

as a tool to gain a better understanding as to how mutations can affect the 

structural properties or biological functions of the protein of interest73. Thus, 

we hope to be able to gain insight into what limitations may exist that prevent 

Tat export from being more efficient at translocation. 

Thus, we generated a mutant tatABC library by error-prone PCR, and 

candidates were selected for increased export of the single-chain variable 

antibody fragment R4 (R4). Our first round of selection yielded three unique 

hypersecretors of R4 with mutations in TatB and TatC. Further, the 

hypersecretors revealed quality control suppression alluding to a tight 

association between translocation and quality control. In the future, we hope 

this work could result in an E. coli strain to be used in the biotech industry and 

provide insight on the poorly understood Tat transport mechanism. 
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Results  

Selection and isolation of Tat mutants for enhanced export of scFv13R4 

We aimed to evolve TatABC for the elevated export a soluble target 

protein. Recombinant single-chain variable fragments (scFvs) are a commonly 

used antibody format in biotechnology that consists of a variable heavy chain 

and a variable light chain attached together via a flexible linker75. For a target 

substrate we utilized the well-expressed scFv13R4, an scFv that binds to beta-

galactosidase. R4 itself was derived from the parent scFv13 antibody 

fragment, for enhanced solubility and folds efficiently in the cytoplasm of E. 

coli making it a compatible substrate for Tat export75.  

In order to isolate Tat mutants for enhanced export of scFv13R4 (R4), a 

selection platform was devised to perform directed co-evolution. A schematic 

of the selection platform is illustrated in Figure 4.1. In our selection platform, 

the target protein, R4, was cloned into the pSALect plasmid. By cloning R4 

into this construct, a Tat signal-peptide from TorA (spTorA) was fused N-

terminally to scFv13R4 as the target protein for export through the Tat 

pathway. On the C-terminus of scFv13R4, the enzyme beta-lactamase was 

fused (Figure 4.1).  
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Figure 4.1 Selection strategy for isolation of Tat mutants with enhanced 
export of a target protein.  

(a) The mutant Tat library was previously generated by error-prone PCR 
amplification of the tatABC operon, followed by ligation into pBR322 
backbone, and transformation into DADE cells35. (b) Selection was performed 
by transforming the library into DADE cells carrying the tri-partite fusion, 
spTorA-R4-Bla, and selecting mutants that would grow at carbenicillin 
concentrations greater than wtTatABC. 
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Beta-lactamase (Bla) is an enzyme that confers resistance to beta-

lactam antibiotics such as ampicillin and carbenicillin. Beta-lactam antibiotics 

work by inhibiting the synthesis of peptidoglycan in the periplasm. To counter 

this, Bla works by modifying and inactivating the structure of the antibiotic and 

can only confer resistance when present in the periplasm with the antibiotic 

and not in the cytoplasm. Therefore, export of this tri-partite fusion via the Tat 

pathway to the periplasm will confer some level of antibiotic resistance (Figure 

4.1).  

 To achieve a baseline of how much spTorA-scFv13R4-Bla was 

exported via wildtype Tat translocase, wildtype TatABC expressed from 

pBR322 was transformed along with pSALect-scFv13R4 into a strain in which 

the chromosomal tatABCDE genes were deleted, MC4100ΔtatABCDE 

(DADE). After growing the strain overnight, serial dilutions were conducted 

through spot plating on LB agar with a range of carbenicillin concentrations to 

determine the minimum inhibitory concentration (MIC) at which the strain 

would show no to little growth. The MIC of this strain expressing wildtype 

TatABC was found to be approximately 300 µg/mL of carbenicillin (Figure 4.2a 

and b). Thus, we hypothesized that Tat mutants able to grow above the MIC of 

a strain expressing wildtype Tat contained mutations that enhanced export of 

spTorA-scFv13R4-Bla. 
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Figure 4.2 Isolated mutants showed enhanced export of R4-Bla and R4-
Flag 

(a) Isolated mutants were retransformed into DADE carrying pSALect-R4. 
Spot plating of serial dilutions of wildtype and mutants H1, H2, and H3, were 
performed on a range of Carb concentration as shown as a kill curve in (b). (c) 
Subcellular fractionation followed by western blotting was performed to 
determine localization of R4-Flag in cytoplasmic (C) and periplasmic (P) 
fractions. 
 

 A Tat mutant library of approximately 5.5 x 106 members was 

previously generated by error-prone PCR of the tatABC operon in pBR32235. 

This library was transformed into DADE containing pSALect-scFv13R4. 

Selection was carried out at carbenicillin concentrations equal to or greater 

than the MIC of the strain where wildtype tatABC was expressed.  
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To remove false-positives, colonies that grew under selection were 

cured of pSALect-scFv13R4 in order to isolate the mutant pBR322-tatABC 

plasmid. Each mutant was back-transformed into fresh DADE cells containing 

pSALect-scFv13R4 and the phenotype was reconfirmed through spot plating. 

Three unique mutants were isolated and sequenced (Table 1, Figure 

4.3), revealing multiple missense mutations in TatB and TatC. Notably, no 

missense mutations were identified in TatA, although it is possible that 

mutations in TatA could also potentially result in enhanced export. H1 and H2 

harbored mutations in both TatB and TatC, whereas all mutations identified in 

H3 were embedded in TatC alone (Table 1, Figure 4.3). 

To further confirm that enhanced export of scFv13R4 could be achieved 

without the Bla fusion, Bla was replaced with a Flag-His tag on the C-terminus 

of scFv13R4. Subcellular fractionation separating the periplasm from the 

cytoplasm, followed by western blotting of the fractions for scFv13R4 revealed 

increased levels of the antibody fragment in the periplasmic fraction of each 

mutant (Figure 4.2c). 

Table 3. Point mutations of hypersecretor Tat translocases 

 
TatA TatB TatC 

H1 - I4V, D169N D5Y, G144R 
H2 - I14V, S164T S66T, I175V 
H3 -   I14T, P97S, D188A, V202A, R243L 
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Figure 4.3 Mapping mutations of hypersecretor mutants onto TatA, TatB, 
and TatC structures. 

The mutations of H1, H2, and H3, were mapped onto the NMR structures of E. 
coli TatA and TatB, as well as the X-ray crystallography structure of Aquifex 
aeolicus TatC. Mutations found in H1, H2, and H3 are represented as yellow, 
red, and green balls, respectively.  
 

Dissecting minimal mutations needed for enhanced export 

 We set out to determine if each of the mutations in the hypersecreter 

mutants were necessary to achieve enhanced export of scFv13R4. To 

determine if specific mutations were necessary for hypersecretion, individual 

or groups of mutations were reverted back to their wildtype residue, 

transformed into DADE along with pSALect-scFv13R4, and spot plated as a 

means to establish whether hypersecretion was affected. 

 H1 contained two mutations in each TatB (I4V and D169N) and TatC 

(D5Y and G144R) (Figure 4.3). Thus, we tested if either the mutant TatB or 
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TatC alone was sufficient to cause hypersecretion. To achieve this, wtTatB 

was replaced with TatBH1 in wtTatABC to generate wtTatABH1C; in a similar 

manner, TatCH1 replaced wtTatC to generate wtTatABCH1. Spot plating 

revealed that neither the mutant TatB or TatC alone was enough to induce 

hypersecretion (Figure 4.4a). In fact, when the H1 TatB or TatC replaced their 

wildtype counterparts, the resistance profile was more similar to that of 

wtTatABC. This suggests the mutations in TatB and TatC may have a 

cooperative effect resulting in enhanced export. 

Similarly, the mutant H2 also contained two mutations in TatB (I14V 

and S164T) and TatC (S66T and G144R). A similar spot plating experiment 

was performed with H2 as with H1, this time replacing wildtype TatB/C with the 

H2 TatB or TatC. As with H1, utilizing either the mutant H2 TatB or TatC 

yielded a resistance profile more similar to wtTatABC indicating a cooperative 

effect among the TatBC mutations (Figure 4.4b).  
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Figure 4.4 Narrowing down essential mutations of hypersecretors by 
comparing resistance profiles of dissected mutants 

(a) Comparison of the resistance profile of H1 TatABC with chimeras in which 
wildtype TatB or TatC in wtTatABC was substituted with either H1-TatB or H1-
TatC individually. (b) Same as (a) except applying H2. (c) Comparison of H3 
resistance profile with single point mutation reversions in TatC of H3. (d) 
Comparison of H3 resistance profile with mutant containing only P97S in TatC 
along with H3 S97P revert. 
 

Finally, H3 contained five mutations in TatC providing the only example 

of a mutation within a single protein was enough to result in Tat hyperexport. 

To dissect whether each mutation was essential for enhanced export, each 

mutation was reverted back to its wildtype residue by site-directed 

mutagenesis and spot plated. Reversion of each mutation revealed that only 

upon reverting a single mutation, P97S, dramatically reverted the 

hypersecretion phenotype back to wtTat levels (Figure 4.4c). This was further 

verified by singly mutating P97 to Ser in TatC of wtTatABC, transforming into 
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DADE carrying pSALect-scFv13R4. As a result, we found identical resistance 

profiles between H3 and when P97S was mutated in TatC alone (Figure 4.4d). 

Thus, most likely the other four mutations in H3 were neutral mutations. 

 

Determining the Periplasmic Yields of scFv13R4 from batch culture 

To measure yields, scFv13R4-Flag-His expressed from the pSALect 

backbone and was transformed into BL21(ΔtatABCDE) along with wt TatABC 

or H2 from the medium copy pBR322 backbone. Cultures of 1L volumes were 

grown in superbroth to determine the periplasmic yields of scFv13R4. After 

osmotic cold-shock, periplasmic fractions were harvested, scFv13R4 was 

captured using a Ni-NTA column, analyzed by coommassie blue staining and 

quantified by the Bradford assay (Figure 4.5a and b). Yields achieved from H2 

were approximately a 2-fold increase in yield compared to wtTat (Figure 4.5b). 

Furthermore, to ascertain how much functionally active target protein was 

isolated in the hypersecreter compared to wtTat, the binding activity of 

scFv13R4 against its antigen, β-galactosidase, was determined by ELISA. 

Correlating with the yield results, H2 had over a 2-fold increase in activity 

compared to wtTat, indicating that much of the target protein isolated was also 

functional (Figure 4.5c). 
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Figure 4.5 Purification yields of R4 from wtTat and H2 by osmostic cold 
shock 

(a) Coomassie stain of spTorA-R4-Flag-His purified from the periplasmic 
fractions of wtTat or H2. In addition, included is spDsbA-R4-Flag-His exported 
via the Sec pathway and purified from the periplasmic fraction. (b) Purified R4 
yields from 1L SB cultures and determined by Bradford assay. (c) Purified R4 
activity from periplasmic purification determined by ELISA against its antigen 
β-galactosidase. 

 

Substrate-specificity in the hypersecretors 

In addition to other antibody fragments, there are a vast number of 

other potential substrates that would be useful for biotechnological 

applications, such as other small binding proteins including DARPins and 

FN3s (Table 4). Thus, we utilized spot plating to determine if the scFv13R4 

hypersecreters could potentially also be used for enhanced export of other 

substrates (Figure 4.6a and b). Utilizing the H2 mutant, which seemed to have 

the highest levels of export among the mutants, we further tested a range of 
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substrates of varying sizes and topologies, including some mammalian 

proteins, to determine a level of substrate specificity (Figure 4.6c). According 

to the spot plating results, in many cases the hypersecreter mutants showed 

increased resistance where the target protein was soluble and expressed well 

indicating a broad substrate compatibility. This also suggested that the mutant 

translocases did not have a greater specificity towards R4, and achieved 

enhanced export through alternate mechanisms. 

 
Table 4. Properties and functions of alternate substrates 

Substrate 
Size 
(kDa) 

Class of 
protein Function 

Ephb2 sterile 
alpha motif 

(SAM) domain 
(Mm) 8 Kinase 

Ephrin receptor tyrosine kinase 
important for diverse biological 
functions through signal 
tranduction 

Raf1 Ras-
binding domain 

(Hs) 9 Kinase 

MAP kinase functioning 
downstream of Ras family 
GTPases 

YS1 10 
Fibronectic 
Domain III FN3 that binds to MBP 

Off7 17 DARPin  
Designed ankyrin repeat protein 
that binds to MBP 

scFvGpd 25 
Antibody 
fragment 

Single chain variable fragment 
(scFv) that binds to Gpd 

Casp2 (Hs) 49 Caspase 
Activates cascade of caspases for 
apoptosis execution 

Gata2 (Hs) 50 
Transcriptional 

activator 
Regulates endothelin-1 gene 
expression in endothelial cells 
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Figure 4.6 Hypersecretors display broad substrate specificity in spot 
plating 

(a) Additional proteins of interest (POI) were cloned into the MCS site between 
spTorA and Bla of pSALect in order to assess their export by serial dilution 
and spot plating. (b) Alternate substrates including scFvgpD, Off7, and YS1, 
showed greater resistances in the hypersecretor mutants compared to wtTat. 
(c) H2 showed greater resistance of further POIs tested (ephB2[SAM], RAF1, 
CASP2, and GATA2) compared to wtTat. 
 

 
 

a

b

c

10-1

10-2

10-3

10-4

10-5

10-6

scFvgpD

200 μg/ml Carb 800 μg/ml Carb 1000 μg/ml Carb

wtTa
t

H1 H2 H3

ephB2(SAM)

10-1

10-2

10-3

10-4

10-5

10-6

400 μg/ml Carb

wtTa
t

H2

RAF1

10-1

10-2

10-3

10-4

10-5

10-6

900 μg/ml Carb

wtTa
t

H2

CASP2

10-1

10-2

10-3

10-4

10-5

10-6

75 μg/ml Carb

wtTa
t

H2
GATA2

10-1

10-2

10-3

10-4

10-5

10-6

1500 μg/ml Carb

wtTa
t

H2

Off7 (DARPin)

wtTa
t

H1 H2 H3

YS1 (FN3)

wtTa
t

H1 H2 H3

pSALect spTorA POI β-lactamase5’ 3’



 

80 

Hypersecreters maintain export of native Tat substrates 

 AmiA and AmiC are amidases responsible for the cleavage of 

peptidoglycan at the septum during cell division and are natively translocated 

to the periplasm to perform this task via the Tat pathway48. Deletion of the Tat 

pathway or its essential components prevents AmiA/C from reaching the 

periplasm and interferes with proper cell division and linkages that prevents 

cells from efficiently separating from one another48. When the mutant Tat 

translocases were expressed from pBR322 in DADE, cells managed to form 

singlets and doublets indicating Tat was functional in the native export of 

AmiA/C (Figure 4.7a).  

Signal-peptide specificity remains intact in hypersecreters 

In some of the hypersecreters, mutations were found towards the N-

terminus and the first cytoplasmic loop of TatC, a highly conserved region that 

comes into close proximity to the signal peptide. A possibility that could allow 

for enhanced export of a substrate is through altered interactions with the 

signal-peptide. These altered interactions could result in relaxed or enhanced 

signal-peptide specificity. Tat mutants that allow translocation of substrates 

with defective signal-peptides have been isolated previously 76,77. However, 

whether such a phenotype could also lead to enhanced export remains 

unknown. Previous works have shown that mutation of the RR residues to KK, 

resulted in abolishment of Tat export for the substrate, and was also used to 

isolate Tat mutants that would allow substrates with defective signal-peptides 

to be exported76-78.  
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Figure 4.7 Characterization of hypersecretor mutants 

(a) Export of native Tat substrates, AmiA/AmiC, are maintained in the 
hyperesecretor translocases as evidence by the formation of singlets and 
doublets. (b) Hypersecretor mutations does not seem to result in relaxed 
signal-peptide specificity as mutation of twin arginines to lysines in spTorA-R4-
Bla does not result in enhanced resistance. (c) pSALect-α3A-Bla was 
transformed into DADE cells carrying a plasmid expressing wtTat, H1, H2, or 
H3. Serial dilutions followed by spot plating indicated increased export of 
misfolded/aggregated α3A-Bla by the hypersecretor mutants compared to 
wtTat. (d) QC suppression was further corroborated by increased levels of 
PhoA detected in the periplasmic fractions of hypersecretors. DADE cells 
carrying pTorA-PhoA were transformed with a plasmid expressing wtTat, H1, 
H2, or H3. Subcellular fractionations of the cytoplasmic (C) and periplasmic 
(P) fractions were western blotted using anti-PhoA. Anti-GroEL was also 
included to assess the quality of the fractionations. 
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To test if our mutants also had relaxed signal-peptide specificity, we 

performed site-directed mutagenesis to the conserved motif (SRRXFLK) of 

spTorA and replaced the hallmark twin arginine residues (RR) to twin lysines 

(KK) in pSALect-scFv13R4. We then spot plated these strains on carbenicillin 

to determine if the mutants had greater resistance compared to wildtype Tat 

(Figure 4.7b). The resistance profiles between wildtype Tat and the 

hypersecreters mutants with the defective signal-peptide were identical, 

suggesting that the signal-peptide recognition was not relaxed (Figure 4.7b). 

Quality control is suppressed in Tat hypersecreters 

 Yet another way to achieve enhanced export through the Tat pathway 

is through the suppression of the Tat quality control mechanism. In previous 

chapters we described how the de novo designed α3 proteins and PhoA were 

utilized to determine if quality control was suppressed. Thus, we used the 

same assays to determine if the hypersecreters exhibited quality control 

suppression. First the export of misfolded and aggregated α3A through 

wildtype Tat was assayed by spot plating and compared to the hypersecreter 

mutants. Indeed, all of the hypersecretor mutants showed greater carbenicillin 

resistance of α3A compared to wildtype Tat (Figure 4.7c). This provided 

indirect evidence that despite α3A being misfolded it was still being exported 

at higher levels than wtTat.  

To corroborate this result, western blotting of PhoA in the periplasm and 

cytoplasm was compared in wtTat and the hypersecreters. Under the reducing 

conditions of the cytoplasm in E. coli, PhoA is unable to form disulfide bonds 
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and misfolds. As a consequence of its unfolding in the cytoplasm, PhoA is 

prevented from being exported efficiently through the Tat pathway when 

quality control is functional.  

When spTorA was fused to PhoA and expressed in DADE alongside 

the hypersecretor translocases or wtTat, PhoA was detected in increased 

levels in the periplasm of all three hypersecretors compared to wildtype Tat 

(Figure 4.7d). This helped to ratify that quality control indeed was suppressed 

in the hypesecretors.  

It was striking to find that all the mutants isolated from this selection 

exhibited some level of QCS despite carrying distinct mutations. Although 

suppression of quality control may not be the only means of heightening Tat 

export, these results suggest a strong association between the two processes. 

However, at this point due to a lack of knowledge in the mechanism of Tat 

translocation, it is difficult to determine if quality control and translocation are 

separate processes and if suppression can cause enhanced export or vice 

versa.  

QC suppressor mutant exhibits enhanced export of R4 

 Although the mutants isolated here were selected for enhanced export, 

all of the mutants also exhibited QC suppression and exported misfolded 

substrates such as PhoA and α3A-Bla. Thus, we aimed to determine if the 

reverse was also true -- that is to say, could mutants that were isolated for QC 

suppression also exhibit properties of hyperactivity for translocation of soluble 

substrates? We utilized a previously isolated class I QC Tat suppressor, 
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mut51, that exhibited severe QC suppression by exporting greater quantities 

of misfolded PhoA, α3A and α3B to the periplasm compared to wtTat35. A 

pBR322 plasmid carrying the mut51 Tat translocase was transformed into 

DADE carrying pSALect-R4. The strain was spot plated onto a range of 

carbenicillin concentrations and compared to when wtTat replaced mut51. The 

results displayed that mut51 had a significantly higher resistance profile than 

wtTat (Figure 4.8a). This result was corroborated when Bla was decoupled 

from R4 and replaced with a Flag-tag to show that even in the absence of 

selective conditions, R4 still showed greater accumulation in the periplasm 

compared to wtTat (Figure 4.8b). 

 
Figure 4.8 A QCS mutant also displays enhanced export of R4 

(a) A previously isolated mutant35, mut51, selected for quality control 
suppression was transformed into DADE cells carrying pSALect-R4 and spot 
plated onto a range of Carb concentrations. The resistance profile indicated 
greater export of R4-Bla from mut51 compared to wtTat. (b) Mut51 or wtTat 
was transformed into DADE cells carrying pSALect-R4-Flag. Subcellular 
fractionation followed by western blotting of the cytoplasmic (C) and 
periplasmic (P) fractions indicated increased accumulation of R4-Flag in the 
periplasm of mut51. 
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Discussion 
Here, we isolated Tat translocase alleles that achieved gain-of-function 

mutations and allowed for enhanced export of the antibody fragment, R4. To 

perform directed co-evolution on the minimal TatABC components, we utilized 

the same mutant Tat library used previously to isolate QC suppressors. In 

addition, we applied a similar selection strategy whereby a soluble target 

protein (scFv13R4) rather than a misfolded substrate (α3B) was chimerically 

fused to a Tat signal peptide and beta-lactamase, in the hopes that we could 

isolate hypersecretor Tat translocases for well-folded protein targets. 

After selection, three unique mutants (H1,H2 and H3) were isolated and 

showed elevated levels of R4 exported to the periplasm even when decoupled 

from the selective marker, Bla.  Achieving enhanced export of R4 even in the 

absence of the selective marker indicated successful isolation of true Tat 

hypersecretor mutants. In addition, we found that the mutations incurred did 

not interfere with the translocation of the native substrates, AmiA and AmiC, 

which could have compromised cell wall integrity and growth fitness. 

In the case of H1, we were able to double the yields of R4 isolated from 

the periplasm via the osmotic cold shock technique while maintaining a high 

level of purity (<95%). The quality of R4 purified was determined by measuring 

binding activity to its antigen, beta-galactosidase, in an ELISA format. As a 

result, we determined approximately a two-fold difference in functional R4 

purified from the periplasm of H1 compared to wtTat, which correlated well 

with the two-fold increase in yield for H1.  
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In further characterizing the hypersecretor translocases, we were 

curious to see if these mutants could also be applied to other heterologous 

targets in addition to scFv13R4. Thus we substituted R4 in pSALect with 

another scFv (scFv-gpD) along with other soluble synthetic binding molecules-

- a DARPin (Off7) and an FN3 (YS1). Spot plating suggests that these very 

different binding scaffolds were also enhanced for export in the hypersecretor 

mutants. This result implied that the mechanism by which enhanced export 

was achieved was not through greater affinity or specificity towards R4 itself, 

as otherwise replacement of R4 would have prevented greater levels of export 

for these other substrates. 

Through structure-function relationships, identifying mutational alleles 

involved in these hyperactive Tat translocases can help elucidate which 

components of the Tat pathway are affected as well as steps during Tat 

assembly that serve as bottlenecks to limit the rate of export. 

Before making assumptions as to how the Tat mutants achieved 

enhanced export, we attempted to dissect which alleles were essential for this 

phenotype. H1 attained two mutations in TatB and two mutations in TatC. Our 

attempts to decouple the TatB and TatC alleles in H1 resulted in regression to 

wtTat levels of R4-Bla export. This indicated that the combination of alleles 

were required, suggesting a cooperative effect between the mutations in TatB 

and TatC. In terms of topology, TatB and TatC form complexes predicted to 

consist of four or more hetero-oligomers in a 1 to 1 ratio12. Thus, it is possible 

that the combination of mutations in TatB and TatC exert their effects through 



 

87 

altered protein-protein interactions. Based on previous cross-linking studies 

and resolved structures, it is difficult to predict whether the residues of these 

mutations come into direct contact with one another although certain 

mutations are predicted to come into the vicinity of the TatBC interface22,27,28.  

For example, past works based on modelling and cross-linking have 

shown that the TMH of TatB lies in a pocket along TM5 of TatC during the 

resting state and switches to TM6 upon recognition of a precursor29,30. Val4 of 

H1 and Val14 of H2, residues positioned on the TatB TMH, may come into 

close vicinity to regions of interactions with TM5 and TM6 of TatC. 

H3 contained 5 point mutations all within TatC. We dissected which 

mutations were essential for enhanced export and found that only upon 

reversion of Ser97 back to its wildtype proline residue did export of R4-Bla 

regress to wtTat, whereas reversion of the remaining four residues did not 

have a significant effect. To corroborate this, we utilized wtTat containing only 

a P97S mutation in TatC and found that this single mutation was enough to 

confer the resistance profile achieved for H3. Pro97 is located in the first 

cytoplasmic loop of TatC, a highly conserved region important for recognition 

of the signal-peptide. Interestingly, mutants containing P97S in TatC were also 

isolated as QCS previously35. When these mutants were further dissected, 

mutation of P97S in TatC alone was found to suppress Tat quality control in a 

class II manner35. Therefore, it was not surprising to find that H3 exhibited 

traits similar to that of a QC suppressor. 
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Although the same library utilized to isolate QC suppressor mutants 

was applied here to isolate hypersecretors, it was intriguing to identify a 

mutant with an overlapping mutation to previously isolated QCS mutants. 

What was even more curious was indeed H1 and H2 also displayed traits of 

class I QC suppressors, whereby both misfolded PhoA and α3A-Bla 

accumulated in the periplasm at greater amounts for the hypersecretors 

compared to wtTat. From this, we hypothesized that relaxation of Tat quality 

control could lead to hyper export of substrates. 

To further test this hypothesis, we wondered if a mutant that was 

isolated for QC suppression could also exhibit enhanced export of a well-

folded substrate. Thus, we employed mut51, a mutant isolated previously for 

QC suppression and exhibited severe quality control impairment35. Indeed, 

greater periplasmic accumulation of spTorA-R4-Flag in mut51 compared to 

wtTat corroborates that relaxation of QC can lead to enhanced export of a 

foreign substrate. 

This established QC suppression as a recurrent feature in all the 

hypersecretors isolated from this selection and indicated a strong association 

between QC and enhanced export. Perhaps relaxation of quality control 

relieves a restriction that allows for faster kinetics of export. On the other hand, 

it is also possible that elevated kinetics of export lead to poor quality control 

permitting export of misfolded substrates. 

Yet another possibility that could allow for enhanced export is if ‘proof-

reading’ of the signal-peptide inhibited swift kinetics of export. Alternatively, 
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mutations that enhanced binding between the substrate and the translocase 

could potentially also lead to hyperactive translocation. Thus in further 

characterizing the hypersecretor mutants, we were interested to see if the 

mutations incurred also resulted in altered signal-peptide specificity. To test 

this, we mutated the canonical twin arginines (RR) within the consensus motif 

‘SRRXFLK’ to twin lysines of spTorA in the chimeric fusion, spTorA-R4-Bla. As 

expected, we see a dramatic decrease in the export of spTorA(KK)-R4-Bla 

compared to wildtype spTorA-R4-Bla and a similar pattern is achieved with the 

hypersecretor mutants. Though this result may suggest that signal-peptide 

specificity is not altered, additional experiments are needed to definitively 

corroborate this result. 

In contrast to TatB and TatC, the role of TatA is primarily thought to be 

involved in the later stages of translocation step either through the formation of 

a tightly controlled pore or by membrane-weakening to allow passage of the 

substrate. The lack of mutations identified in late stage component, TatA, for 

these particular mutants suggests that one of the potential bottlenecks limiting 

export rate may occur towards earlier stages of Tat assembly. However, we 

cannot rule out that there are also bottlenecks in late stage Tat assembly, as 

further selection of the library may yet yield mutations in TatA as well. 

In conclusion, we isolated three Tat translocases that obtained gain-of-

function mutations that enhanced export of R4 and potentially other 

substrates. However, at the same time these mutants exhibited a loss in their 
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quality control apparatus. This leads us to the hypothesis of a strong 

relationship between quality control and translocation kinetics.  

 

Materials and Methods  

Plasmid construction 

To generate the tri-partite fusion encoding spTorA-scFv13R4-Bla in 

pSALect, the gene encoding scFv13R4 was amplified by PCR and cloned into 

the MCS site using NdeI and SpeI. The plasmids pSALect-YS1 and pSALect-

Off7 were cloned in a similar manner using the same restriction enzyme sites. 

pSALect-scFvGpD was cloned into pSALect using the restriction enzymes 

sites, XbaI and SalI. Other tri-partite fusions with Bla were generated 

previously and described79. For western blotting and purification, pSALect-

scFv13R4-Flag-His was generated by amplifying R4 with a C-terminal Flag-

6xHis tag into the NdeI and EcoRI restriction enzyme sites of pSALect in order 

to remove Bla. 

To dissect the Tat components of H1 and H2, the pPRATABC-XX 

generated previously was utilized35. In this construct, a XbaI cut-site was 

introduced between TatA and TatB, and a XhoI cut-site was introduced 

between TatB and TatC by site-directed mutagenesis. Thus these cut sites 

were used to generate dissected variants of the H1/H2 mutants with their 

wildtype counterparts. Point mutations of H3 were introduced by Quik-change 

site-directed mutagenesis (Agilent). Using the same technique of site-directed 

mutagenesis, the twin ‘RR’ residues in spTorA were mutated to ‘KK’ in 
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pSALect-R4. 

Library selection 

The mutant Tat library containing 5.5 x 106 members and used for the 

isolation of hypersecretor translocases was generated previously as described 

elsewhere35. As described previously, sequencing of a subset of randomly 

selected clones showed an average mutation rate of two base pairs per gene. 

The mutant Tat library was midiprepped and transformed into DADE cells 

carrying pSALect-scFv13R4 by electroporation. Transformants were grown in 

LB with Tc, Cm, and 0.2% glucose overnight and serially diluted onto LB-agar 

plates containing a range of Carb concentrations below and above the MIC at 

which wtTat would grow (200-500 ug/mL Carb). The plates were incubated at 

30°C overnight. Thirty-six colonies that grew were selected for back-

transformation. To back-transform the selected candidates, the pSALect 

plasmid was cured from the strain by successive growth in the absence of Cm. 

Once the strains had been cured of pSALect, the pPRATABC variant plasmids 

were mini-prepped and transformed into fresh DADE cells carrying pSALect-

R4 and spot plated on a range of Carb concentrations. From the colonies 

selected that showed reproducible growth on Carb, three unique mutants were 

identified and characterized further. 

Subcellular fractionation and western blotting 

For small-scale cultures, cells were grown overnight and subcultured 

50-fold in LB containing antibiotics at 37°C until an OD (Abs600) of 
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approximately 0.5-0.7 was achieved, at which time the cultures were induced 

with 1mM IPTG and incubated further at 30°C for an additional 2-4 hours. The 

OD of each culture was measured and the amount of cell harvested was 

normalized. Cells were harvested by spinning cultures at 3,200 rpm and 

subcellular fractionation was performed by the ice-cold-osmotic shock method. 

Pelleted cells were resuspended in 1mL of fractionation buffer consisting of 

30mM Tris-HCl, pH 8.0 1mM EDTA, and 0.58M sucrose and left at room temp 

for 10 min. Samples were centrifuged at 10,000 rpm for 10 minutes and 

resuspended in 150ul of ice-cold 5mM MgSO4 and kept on ice for 10 min. 

Samples were again centrifuged at 4°C for 10 min at 13,200 rpm. The 

supernatant was kept as the periplasmic fraction. The remaining pellet was 

washed once in PBS buffer and resuspended in 300 ul of BugBuster and spun 

down once more to yield the cytoplasmic fraction from the supernatant. 

Periplasmic and cytoplasmic fractions were then run on SDS-PAGE gels and 

western blotting was performed according to standard protocols using the 

following antibodies: anti-FlagHRP (Abcam ab49763), anti-PhoA (Millipore 

MAB1012; 1:2500), anti-mouseHRP (Abcam ab6789; 1:5000), anti-GroEL 

(Sigma G6532; 1:30,000), anti-rabbitHRP (Abcam ab205718; 1:5000). 

For large-scale cultures, cells were grown overnight and subcultured 

50-fold into 1L of superbroth (SB) media containing antibiotics at 37°C until an 

OD (Abs600) of approximately 0.5-0.7 was achieved, at which time cultures 

were induced with 1mM IPTG and incubated further at 30°C for an additional 

16-18 hours. The OD of each culture was measured and the amount of cell 
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harvested was normalized by centrifugation  at 4,500 rpm for 15 min and 

resuspended in 30mM Tris-Cl, 0.58M sucrose, pH 8.0 at 80mL/g wet weight. 

Cells were kept on ice while 500mM EDTA was added dropwise to a final 

concentration of 1mM EDTA. Cells were incubated on ice for an additional 10 

min with gentle agitation. The cell suspension was centrifuged at 7,000 rpm for 

20 min at 4°C and the supernatant was removed. The pellet was resuspended 

in the same volume of ice-cold 5mM MgSO4 and agitated gently for 10 min in 

an ice bath. The cell suspension was spun down at 7,000 rpm for 20 min at 

4°C, and the supernatant was kept as the osmotic shock fluid containing 

periplasmic contents. The periplasmic fraction was then used for Ni-NTA 

purification. 

Selective Plating of Bacteria 

DADE was transformed with one of the pSALect plasmids and a version 

of pPRATABC carrying the Tat machinery were grown overnight at 37°C in LB 

containing 20 ug/mL tetracycline (Tc) and 30 ug/mL chloramphenicol (Cm). 

The cell densities (Abs600) of cultures were measured and normalized to an 

OD of 1.0 and resuspended in fresh LB media without antibiotics after which 

they were serially diluted 10-fold into sterile 96-well plates. Subsequently, 5µl 

from the serial dilutions were spotted onto LB-Agar containing either Tc and 

Cm or a specific concentration of ampicillin (Amp) as dictated in the figures. 

Lastly, spots were allowed to dry before plates were incubated at 30°C 

overnight. 
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Protein purification 

Osmotic shock fluid containing the periplasmic fraction was incubated 

with Ni-NTA resin in equilibration buffer (1xPBS buffer with 10mM imidazole, 

pH 7.4) for 2 hours at 4°C. Proteins were washed and eluted using 1xPBS 

buffer with 40mM imidazole and 250mM imidazole, pH 7.4, respectively. 

Concentrations were measured using a Bradford assay using BSA for 

standards. Eluted fractions were collected and analysed using SDS-PAGE and 

subsequent staining with Coomassie blue. 

ELISA 

On a 96-well EIA plate, 100 µl of β-gal (Sigma) at concentration of 10 

µg/mL was immobilized overnight at 4°C. The plate was washed with PBST 

(1x PBS, 0.1% Tween20) and blocked with PBST containing 5% milk for 2 

hours at room temp. The plate was washed three times with PBST before 

incubating with 50 µl of the periplasmic fractions obtained from large-scale 

osmotic cold shock fractionations for 1 hour. Plates were washed again three 

times with PBST and anti-FlagHRP was diluted (1:5000) in PBST with 1% milk 

for 1 hour to determine levels of scFv13R4 bound to β -gal. Wells were 

washed again three times and incubated with Sigma OPD substrate for 30 

min. Lastly, wells were quenched with 3N H2SO4 and the absorbance was 

read at 492nm. 
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Chapter 5 

Future Directions and Conclusions 

The first Tat translocase mutants with quality control suppression 

were isolated in our lab through genetic selection35. To further aid in the 

elucidation of how Tat QC is carried out, this work helps to further narrow 

down components of the Tat pathway that are important for this process. 

TatB, one of the components involved in the early stages of signal-

peptide and substrate recognition seems to play a significant role in 

assessing whether substrates are competent for export based on their 

folding state. However, a clear understanding of how quality control is 

achieved is not well understood.  

In this work, we established that E. coli TatB plays a key role in 

Tat quality control. Further, a TatB orthologue from Y. 

pseudotuberculosis was also able to complement Tat export and quality 

control when reinstituted in E. coli indicating that the function of TatB in 

quality control is conserved across these two species. We focused on the 

cytoplasmic domain of E. coli and Y. pseudotuberculosis TatB and found 

that truncation of this unstructured domain suppresses quality control.  

We also demonstrated that the membrane-extrinsic domains of 

EcTatB and YpTatB displays chaperone-like activity with a non-native 

protein, citrate synthase. Thus, we hypothesize that the Tat pathway 

utilizes the chaperone-like activity of TatB to interact with substrates and 

determine the folding state of the precursor before translocation. 
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However, how such an interaction prevents the export of misfolded and 

aggregated proteins still remains unclear.  

Since QC suppression seems to occur when TatB and TatC are 

targeted for mutagenesis, it is possible that the quality control process 

begins in the early phases from when a signal-peptide is recognized. If a 

substrate shows signs that it is not natively folded, such as through 

exposure of hydrophobic patches, then interactions with TatB prevent 

export of the substrate or subsequent steps leading up to translocation 

may be aborted.  

To achieve a greater understanding of the mechanism behind Tat 

quality control, further characterization of the TatB cytoplasmic domain 

with both folded and unfolded substrates would be crucial to 

understanding how proteins of differing folding states are treated by the 

Tat system. Ideally, since TatB seems to function in close concert with 

TatC, it would be interesting to study interactions between substrates and 

the two proteins in complex to one another. However, due to the 

challenges of isolating and working with multi-spanning membrane 

proteins, work with TatC would be formidable. In the meantime, much 

can be gained from studying the soluble cytoplasmic domain of TatB. 

 An open question that remains eludes to how well-folded 

substrates are differentiated from misfolded and aggregated substrates. 

Is the chaperone-like activity of TatB utilized to help discern the folding 

state of precursors and if so, how does it achieve this? From our in vitro 
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work, we have seen that to some extent the membrane-extrinsic domain 

of TatB interacts with early unfolding intermediates even in the absence 

of a signal-peptide, indicating some level of general chaperone-like 

activity. However, whether a similar interaction occurs with well-folded 

proteins or if this interaction is altered has yet to be determined. One way 

to assess these interactions is by utilizing the de novo designed α3 

variants, which were used in the initial isolation of quality control 

suppressor mutants35. The α3 proteins are relatively similar in sequence 

but differ in their folding properties and can be used to measure binding 

interactions with TatB by surface plasmon resonance (SPR) or bio-layer 

interferometry (BLI). In addition to the α3 variants, PhoA in its reduced, 

unfolded form as well as oxidized, native conformation could be utilized 

to study differential interactions with TatB. Characterization of the binding 

kinetics can provide insight into understanding how interactions between 

a substrate and the Tat complex occurs during substrate recognition and 

the transition towards export. 

Publication of the structures of TatA, TatB, and TatC have led to 

many studies focused on the structure-function relationships between the 

Tat substrates and their signal-peptides to the Tat components. However, 

there has been less focus on understanding the structure-function 

relationship with respect to the Tat quality control mechanism. Previous 

cross-linking studies have found extensive contact points between the 

cytoplasmic domain of TatB with the substrate, leading us to speculate 
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that interactions with substrates may lead to conformational changes in 

TatB with TatC, that then lead to the recruitment of TatA protomers and 

formation of the translocase. Therefore, it would be interesting to utilize 

cross-linking to determine how interactions with misfolded proteins differ 

with wtTatBC versus a QC suppressed TatBC. Also, it would be intriguing 

to find how C-terminal truncation of TatB would affect assembly of the Tat 

components as well as substrate interactions with the Tat complex. Does 

truncation of TatB alter its contact with TatC or its substrates? Likewise, 

are these interactions altered with respect to an unfolded/aggregated 

substrate?  

Finally, how does Tat quality control prevent the translocation of 

incorrectly folded substrates? Do interactions with a misfolded substrate 

lead to the abortion of subsequent steps that lead to translocation, or is 

there an alternate mechanism that keeps the substrate from being 

exported across the bilayer? One way to determine if the former is true is 

through crosslinking analysis dissecting contact between an unfolded 

substrate and TatA – a component believed to be predominantly involved 

in the latter stages of translocation.  

Another way to test if interaction of an unfolded substrate with the 

substrate recognition complex inhibits subsequent recruitment of TatA for 

translocation is through fluorescence microscopy and fusion of TatA to 

YFP76. Previous work has shown that in the presence of an 

overexpressed substrate, such as AmiA, can result in the increased 
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formation of TatA oligomerization that can be visualized as puncta under 

fluorescence microscopy 76. Visualization of the TatA-YFP puncta 

suggests that active Tat translocation is occurring. Thus, through this 

technique we may ask if overexpression of a misfolded substrate also 

leads to enhanced TatA recruitment and oligomerization to the complex. 

In conclusion, I hope this work can be used to further shed light on 

the mechanism behind Tat quality control and how, in addition to 

recognition of the signal-peptide, it is closely linked to translocation. So 

few pathways have been evolved for the sole purpose of exporting folded 

three-dimensional protein structures of varying shapes and sizes, it has 

been surmised that the raison d’etre is owed to this. Thus, if this is the 

case then quality control must play an integral part in its existence. 
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