


 
 

ABSTRACT 

Cellular fitness as a proxy to determine the physicochemical 

parameters of an antibiotic efflux pump 

by 

Anisha Maria Perez 

Determining the quantitative link between protein function and cellular fitness can 

be challenging as even the modestly sized genome of Escherichia coli is comprised of 

thousands of genes. Using an appropriate survey of fitness across a range of selective 

conditions, we can reduce the complexity of this system by tightly linking cellular fitness 

to the function of one protein essential for growth within that selective environment. 

Several model proteins have been studied in this fashion whereby in vitro protein 

parameters are used to predict cellular fitness as a function of selection strength. 

Underlying this approach, however, is the idea that the reverse relationship is also true: 

analysis of cellular fitness can be used to predict protein physicochemical properties.   

In this study I present a physiological model that uses cellular fitness as a proxy to 

predict the biochemical properties of the tetracycline efflux pump, TetB, and a family of 

strategically chosen single amino acid variants. TetB is a member of the Major Facilitator 

Superfamily (MFS) of transporters which have a conserved protein fold and for which we 

have a general understanding of how protein structure relates to function. We first 

performed growth rate analysis on our host strain without tet(B) at a wide range of drug 

concentrations to obtain global parameters that describe the baseline response of our 

cellular system. Growth analysis was also performed on strains expressing a chromosomal 



 
 

copy of tet(B) or variant allowing for a quantitative measurement of the fitness effects 

produced by TetB. Using both sets of fitness data and in vivo protein concentration, our 

model was able to predict physicochemical pump parameters relating to substrate binding 

affinity and pumping efficiency for TetB and variants which match the current knowledge 

of how MFS transporter structure influences function. Taken together, this study shows 

that cellular fitness in strong selective conditions can be used to characterize efflux pumps, 

a class of proteins which are challenging to characterize using classical in vitro 

biochemistry techniques. Additionally, this analysis opens up the possibility of 

characterizing protein libraries from high-throughput growth rate assays. 
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Chapter 1 

Introduction 

1.1.  Metabolic flux and cellular fitness 

The phenotype of an organism in a given environment is the result of a complex 

metabolic network filled with flux dynamics and varying degrees of regulation (Kacser and 

Burns, 1981). The strong interconnectedness of metabolic pathways indicates that changes 

within any enzyme within that pathway will alter flux dynamics in some way. The extent 

of this alteration in flux through a metabolic pathway is enzyme dependent where each 

enzyme within a metabolic pathway can be conceived as having a “flux control coefficient” 

(Kacser and Burns, 1973). This intracellular milieu makes it challenging to ascribe genetic 

alternations within one specific gene and subsequent biochemical changes within one 

protein to the resulting phenotypic changes of an organism.  

The landmark work of Daniel Dykhuizen and coworkers empirically demonstrated 

the dependence of phenotype (fitness) on enzyme activity using a microbial population 

under strong selection (Dean et al., 1986, 1988; Hartl et al., 1985). This analysis was 

performed using a chemostat to continuously grow isogenic Escherichia coli strains 

expressing β-galactosidase, lacZ, in lactose limiting media. By limiting the nutrient carbon 

source, the ability of the E. coli strains to grow in lactose is dependent on the enzyme 

activities of the LacZ mutants (Figure 1.1) (Hartl et al., 1985). The work of Dykhuizen 

and colleagues was extended to include another protein integral to the lactose metabolic 

pathway, β-galactoside permease, lacY (Dykhuizen et al., 1987). In lactose limiting media, 



 
2 

the fitness effects were more dependent upon the LacY activity than LacZ (Figure 1.2).  

Similarly, the flux control coefficient introduced by Kascer and Burns, was much higher 

for LacY than LacZ demonstrating that the flux within this pathway is more heavily 

dependent on LacY. Within this system, selection would favor mutations within LacY as 

organismal fitness is tightly correlated with permease activity. 

 

  

Figure 1.1. Plot of cellular fitness as a function of β-galactosidase activity displays saturation 

curve characteristics. 

Relative cellular fitness (f) for E. coli K-12 strains expressing different β-galactosidase variants 

were determined from growth competition in chemostats with lactose limiting media. Enzyme 

activity (a) was obtained from lacZ variants purified from their respective E. coli K-12 strain. 

Plotting fitness as a function of enzyme activity reveals a saturation curve, where after a certain 

activity threshold (approximately 10 in this example) increases in enzyme activity results in 

minimal increases in fitness. Additionally, in the presence of other carbon sources, the fitness of 

the various lacZ E. coli strains would not be dependent upon β-galactosidase activity. The circled 

dot corresponds to wild-type values. This figure is reproduced from Hartl et al., 1985.    
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Figure 1.2. Fitness effects of increasing β-galactosidase activity vs β- galactoside permease 

activity reveal different flux control coefficients.  

The values for fitness and enzyme activity are graphed as valued relative to wild-type. At wild-

type β-galactosidase activity (relative enzyme activity of 1), the fitness of the strain is within the 

plateau of the fitness-function curve where increases in activity provides minimal fitness change. 

This type of response results in a small flux control coefficient. In the opposite respect, the strain 

has not yet reached its fitness peak at wild-type β-galactoside permease activity (relative activity 

of 1). Here, increases in protein activity continuously provide increases in fitness where this trend 

begins to taper off near 6x relative wild-type activity. This strong dependence of fitness on β-

galactoside permease activity results in a large flux control coefficient. This figure is reproduced 

from Dykhuizen et al., 1987.  
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1.2. The weak link approach 

The work of Kacser and Burns, and Dykhuizen can be used as a foundation to 

understand the ‘weak link’ approach which aims to study the quantitative correlation 

between protein physicochemical properties and fitness. The complexity of a metabolic 

system can be simplified where under strong selective conditions evolution highly presses 

upon the adaptation of a single essential gene. Biochemical and biophysical studies 

performed on variants within the essential gene can then be used to link phenotypic 

(fitness) changes within an organism to protein physicochemical properties. 

1.2.1. Adenylate kinase in Geobacillus stearothermophilus 

The weak link strategy was successfully utilized to quantitatively link changes in 

enzyme activity and stability to evolutionary outcomes using the essential protein adenylate 

kinase (AK) as a model system (Couñago et al., 2006; Peña et al., 2010). AK is critical to 

the maintenance of energy metabolism by regenerating ADP from AMP and ATP (AMP + 

ATP ⇌ 2ADP). ATP synthase subsequently regenerates ATP from ADP and inorganic 

phosphate using energy generated from an electrochemical gradient such as the proton 

motive force in bacteria (ADP + Pi ⇌ ATP + H2O) 

A temperature sensitive Geobacillus stearothermophilus strain was created by 

chromosomally replacing the adenylate kinase gene, adk, from G. stearothermophilus, a 

moderate thermophile, with adk from the mesophile Bacillus subtilis (Couñago and 

Shamoo, 2005). Increasing temperature provided strong selective conditions, where 

adaptive pressure is placed on the maladapted adk. This temperature sensitive strain was 

adapted from 55°C to 70°C with daily temperature increases of 0.5°C using a turbidostat 
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which maintained the population at a constant turbidity in mid-exponential growth phase 

(Couñago et al., 2006). Samples of the population collected throughout adaptation revealed 

the evolutionary trajectory of AKBSUB. Six variants, one single mutant and five double 

mutants, rose to various frequencies during adaptation (Figure 1.3A). The first mutation, 

Q199R, was detected immediately and rose to fixation where all subsequent mutations 

were in the background of this variant. Ultimately, the variant Q199R/Q16L arose as the 

“winner” at the conclusion of adaptation nearly reaching 100% frequency. In vitro analysis 

revealed that this variant had an activity maxima at a higher temperature than the other 

variants and was also the most thermal stable via circular dichroism (CD) experiments 

(Figure 1.3B,C). Importantly, these in vitro data also greatly corresponded to the in vivo 

fitness experiments which looked at cell growth as a function of temperature.  

The work of Peña and coworkers followed this work by measuring the Michaelis-

Menten catalytic rates and protein folding parameters for AKBSUB and the six variants 

identified from the adaptation experiment (Peña et al., 2010). Enzyme activity is dependent 

on the ability of a protein to fold at a certain temperature- intimately linking protein 

stability to activity. These additional biochemical and biophysical parameters were coupled 

with an appropriate physiological model which accurately predicted the evolutionary 

microbial dynamics within the adapting population of G. stearothermophilus expressing 

AKBSUB (temp sensitive strain) (Figure 1.4).      
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Figure 1.3. Time and frequency of mutations within maladapted adenylate kinase roughly 

correspond to protein thermal stability and thermal activity. 

A. Adenylate kinase was sequence for single colonies isolated throughout adaptation, revealing the 

time and frequency of each mutation. Q199R (purple) arose first within the population and all 

subsequent mutations are within this background. Q199R/A193V (green) had the greatest success 

at intermediate temperatures while, ultimately, Q199R/Q16L (red) arose as the ‘winner’ at the end 

of adaptation. B.  Thermal stability of AKBSUB variants as determined by CD. C. Total enzyme 

activity of AKBSUB variants using HPLC to separate AMP, ADP and ATP. Thermal stability and 

activity maxima of the AKBSUB variants (in vitro properties) roughly correlate with the temperature 

dependent fitness (phenotype) of their corresponding strains.  

This figure is modified from Molecular Cell, Vol 22/ Issue 4, Rafael Couñago et al., In Vivo 

Molecular Evolution Reveals Biophysical Origins of Organismal Fitness, Pages 441–

449, Copyright (2006), with permission from Elsevier.  
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Figure 1.4. AKBSUB evolutionary trajectories during natural selection can be predicted using 

a mathematical model that incorporates in vitro protein folding, thermal stability and activity 

parameters. 

A. Experimental aggregated allelic frequencies from Figure 1.3A as a function of temperature. B. 

Model generated allelic frequencies using in vitro physicochemical parameters accurately 

recapitulates evolutionary trajectories of G. stearothermophilus expressing adkBSUB. The color 

scheme used for the mutants corresponds to the color scheme used in Figure 1.3. This figure is 

modified from Peña et al., 2010.  
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1.2.2. TetX2 in E. coli 

The weak link approach was later used to developed a mathematical model that 

allows us to predict the fitness of an organism at selective conditions from the in vitro 

physicochemical properties of a protein, TetX2 (Walkiewicz et al., 2012). Similar to the 

work done with AK, this system used strong selective conditions that tightly linked 

bacterial growth in minocycline (MCN) to the performance of TetX2. Tetracycline class 

of antibiotics work by inhibiting protein translation and TetX2 is a flavin-dependent 

monooxygenase that can confer resistance to bacteria by inactivating tetracycline 

antibiotics such as MCN. Specifically, TetX2 hydroxylates tetracyclines to form a product 

that is unstable at physiological pH and is subsequently broken down non-enzymatically 

inside the cell (Yang et al., 2004). Walkiewicz and coworkers suggest that inactivation of 

MCN by TetX2 works by a ping-pong mechanism, where the binding site of MCN and 

NADPH overlap preventing the formation of the ternary TetX2:MCN:NADPH complex 

(Walkiewicz et al., 2012). Two bisubstrate reactions then proceed with their order 

depending on the oxidation state of TetX2 (Figure 1.5). 

 

 

 

 

 

 

Figure 1.5. Simplified schematic of TetX2 ping-pong mechanism. 

Top: Reduced TetX2 can inactivate MCN in the presence of molecular oxygen. Bottom: Oxidized 

TetX2 must first be reduced by NADPH to be in its active, reduced state. 
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Using error-prone PCR, Walkiewicz and coworkers identified seven adaptive 

mutants which conferred equal or higher resistance to MCN. All variants resulted from a 

single nucleotide polymorphism (SNP) from the original TetX2 sequence. Tet(X2)WT and 

variants were inserted into the E. coli chromosome at a single location. The fitness of these 

strains were then tested by monitoring their growth rate as a function of MCN 

concentration (Figure 1.6). The physicochemical properties of these variants were also 

determined using steady-state Michaelis-Menten kinetics and in vivo expression levels. 

Correlating both sets of data showed that small changes in enzyme parameters caused large 

fitness changes. The best mutant, TetX2T280A had an approximately 2-fold decrease in Km 

toward MCN and less than 20% change increase in kcat compared to wild-type. 

Remarkably, the strain containing a chromosomal copy of tet(X2)T280A had a 440 % increase 

in fitness at clinical resistance breakpoint. 

Combining the in vitro and in vivo data for all TetX2 variants provided a training 

set for a mathematical model that was able to predict the shape of the fitness function from 

in vitro physicochemical parameters for the TetX2 family of variants (Figure 1.7). This 

model correlates the effect of increasing internal MCN concentration on bacterial growth 

rates taking into account MCN inactivation by TetX2, and diffusion of the antibiotic across 

the membrane and periplasm (Figure 1.7A). The most important finding about this model 

was that its predictive capability is reversible and allows for the prediction of kinetic 

properties of proteins from fitness assays. This key detail opens up the possibility of 

studying protein libraries without the need for time consuming protein purification and in 

vitro analysis. 
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Figure 1.6. Growth rates of E. coli expressing a single chromosomal copy of tet(X2) or variant 

as a function of MCN concentration display different growth profiles. 

Tet(X2) variants were created using error-prone PCR. Resulting strains expressing a chromosomal 

copy of wild-type or variant showed various growth profiles in MCN. Under these strong selective 

conditions, cellular growth is dependent on the ability of the TetX2 variant to degrade MCN. This 

figure is reproduced from Walkiewicz et al., 2012.  
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Figure 1.7. A mathematical model incorporating MCN diffusion, growth rate inhibition, and 

degradation by TetX2 can use in vitro kinetic parameters to predict growth rates. 

A. I) Rate of MCN diffusion from the media (M) into the cytoplasm (C) (Thanassi et al., 1995). II) 

At steady state the rate of MCN degradation (left) is equal to the rate of MCN diffusion into the 

cytoplasm (right). Knowing the in vivo concentration and kinetic parameters of TetX2 allows us to 

solve for the concentration of MCN in the cytoplasm (MCNC). III) Hill function used to predict 

the growth rate dependence of E. coli on MCNC. B. Normalized fitness functions of TetX2WT and 

variants (red dashed line) with their corresponding model fits (solid black line). The inverse of this 

model was able to estimate Km(MCN) and Vmax from growth rates of the variants as a function of 

MCN. C. Fitness landscape depicting the TetX2 physicochemical-fitness model where predicted 

growth rates are plotted as a function of their respective Km(MCN) and total enzyme activity. This 

figure is reproduced from Walkiewicz et al., 2012. 
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1.3.  Focus of this work 

In the work presented here, I use two fundamental principles from the 

aforementioned studies: (1) Using strong selection, we can study the link between a 

protein’s physicochemical properties and fitness by using a protein that is tightly linked to 

the fitness of the organism under specific selective conditions. (2) We can utilize the 

fundamental reversibility of the physicohemical-fitness model presented by Walkiewicz 

and coworkers to determine whether it is possible to predict protein parameters through 

analysis of organismal growth at selective conditions without a priori in vitro protein 

analysis. I use these fundamentals to characterize the integral membrane tetracycline efflux 

pump, TetB, from cellular fitness as a function of tetracycline antibiotic strength. Analysis 

of an integral membrane transporter provides an excellent opportunity to test this method 

as their in vitro analysis requires the recapitulation of the membrane environment and are 

thus substantially more difficult to characterize in vitro than the cytosolic proteins used in 

the previous studies. In addition to TetB, there are many other transporters which contribute 

to single and multidrug resistance in a wide variety of pathogens and their thorough 

characterization is of great interest (Alegre et al., 2016; Fluman and Bibi, 2009). 
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1.4. Antibiotic resistance as a public health threat 

The misuse and overuse of antibiotics has led to a large number of organisms 

acquiring and expressing genes indicated in single-drug and multi-drug resistance (MDR). 

The U.S. Department of Health & Human Services report that Healthcare-associated 

infections (HAIs) are one of the top 10 leading causes of death in the United States (Marcel 

et al., 2008). The Centers for Disease Control and Prevention (CDC) estimates that 

approximately 70% of HAIs are resistant to at least one clinically relevant antibiotic (CDC 

Press Release, 2011)  (OADC/DNEM, 2014). The CDC also reports that at least 2 million 

people in the United States will become ill due to antibiotic resistant pathogens leading to 

23,000 deaths each year (CDC Threat Report, 2013). 

To combat this public health threat, it is crucial to quantitatively understand the 

mechanisms by which antibiotic resistance occurs. Common resistance mechanisms 

include antibiotic modification or inactivation, target protection, and reduced intracellular 

accumulation (Blair et al., 2015). Owing to the spread of antibiotic resistance, many of 

these resistance determinants are located on mobile genetic elements and can disseminate 

within and between microorganisms. Gaining a better understanding of evolution in terms 

of antibiotic resistance may allow for possible prediction of resistance trajectories leading 

to informed strategies to prevent their rise. 
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1.5. Tetracycline antibiotics and resistance mechanisms  

1.5.1. Structure and mechanism of action 

Tetracycline antibiotics were first discovered in the 1940s as natural products of 

Streptomyces species including S. aureofaciens and S. rimosus (Backus et al., 1954; 

Duggar, 1948; Nguyen et al., 2014).  Tetracyclines are effective against Gram-positive and 

Gram-negative bacteria as well as mycoplasmas and protozoan parasites by binding to the 

30S ribosomal subunit to block the binding of aminoacyl-tRNA to the acceptor (A) site 

(Arenz and Wilson, 2016; Chopra, 2002; Chopra and Roberts, 2001). More specifically, 

tetracycline antibiotics bind to the 16S rRNA in a non-covalent fashion and thus, 

tetracycline antibiotics are bacteriostatic by slowing down growth of bacteria (Bauer et al., 

2004; Brodersen et al., 2000; Chopra and Roberts, 2001).   

Two independent X-ray structures of tetracycline in complex with the 30S ribosomal 

subunit of Thermus thermophilus were published in the early 2000s (Brodersen et al., 2000; 

Pioletti et al., 2001).  Although there were multiple tetracycline binding sites revealed 

through these studies, only one binding site was located in a position that would likely 

provide translation inhibition (Connell et al., 2003). Further confirmation for this one 

primary binding site hypothesis came from a recent structure of the T. thermophilus 70S 

ribosome in complex with one bound tetracycline molecule at the 30S primary site (Jenner 

et al., 2013).   

As their name implies, the tetracycline structure is composed of 4 rings that forms 

the core of all tetracycline antibiotics. First generation tetracycline antibiotics were all 

natural products from Streptomyces. Second generation semi-synthetic tetracycline 

antibiotics such as doxycycline (DOX) and minocycline (MCN) were created by altering 
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side groups on the B, C, and D rings (Figure 1.8). Tigecycline (TGC) is the most recent 

tetracycline antibiotic derivative to be approved by the United States Food and Drug 

Administration (FDA) in 2005 (Livermore, 2005). TGC belongs to glycylcycline family of 

third generation semi-synthetic tetracyclines. Its structure is identical to MCN but has an 

additional t-butylglyclamido side group at position D9.  In addition to healthcare, this class 

of antibiotics is used in a wide variety of areas including veterinary medicine, agriculture 

and aquaculture. Mirroring other antibiotics, the widespread use of tetracycline antibiotics 

has caused an emergence of resistance (Thaker et al., 2009).  

1.5.2. rRNA mutations  

Target site modification is a very common mechanism of resistance that does not 

require the use of additional resistance proteins. As tetracycline antibiotics bind to the 

ribosome, mutations in 16S rRNA that confer resistance have been found in a wide variety 

of pathogens. Enterococcus faecium is an opportunistic Gram-positive pathogen which has 

been shown to develop reduced susceptibility to TGC through mutations in rpsJ, the gene 

that encodes for the small ribosomal protein S10 (Cattoir et al., 2015). Similarly, an rpsJ 

mutation was found in a TGC resistant clinically derived strain of Gram-negative 

Klebsiella pneumoniae (Villa et al., 2014).    
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Figure 1.8. Chemical structures of tetracycline antibiotic derivatives. 

Tetracycline antibiotics share a common four ring chemical structure shown in black. Rings (A-D) 

and main carbons (1-12) corresponding to all tetracycline derivatives are labeled on the TET 

structure. Colored side groups are unique to the specific tetracycline antibiotic.  
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1.5.3. Ribosomal protection proteins 

Ribosomal protection proteins (RPPs) confer resistance by binding to the ribosome 

and displacing bound tetracycline antibiotics in a GTP-dependent manner (Burdett, 1996; 

Connell et al., 2003; Trieber et al., 1998). TetM and TetO are the two most studied RPPs 

and have sequence similarity of ~75% (Taylor and Courvalin, 1988). These RPPs are often 

housed within conjugative transposons and have shown to cause tetracycline resistance in 

multiple pathogens including Streptococcus, Neisseria,  Enterococcus, and Pseudomonas  

(Beabout et al., 2015; Rice, 1998; Roberts and Mullany, 2009; Swartley et al., 1993). Cryo 

electromicroscopy structures of TetM and TetO with the 70S E. coli ribosome provide 

structural support for the suggestion that binding of TetM changes the confirmation of the 

ribosome in a way that prevents the binding of tetracycline antibiotics (Connell et al., 2002; 

Dönhöfer et al., 2012; Li et al., 2013). 

1.5.4. Enzymatic degradation 

Enzymatic degradation of tetracyclines was discovered in 1991 when tet(X) was 

located on and isolated from the Bacteroides transposons Tn4351/Tn4400 (Speer et al., 

1991). TetX2, the model enzyme used in the 2012 study by Walkiewicz and coworkers, 

shows 99% identity to TetX. This 44kDa flavin-dependent monooxygenase was first 

identified in the CTnDOT transposon of the obligate anaerobe Bacteroides 

thetaiotaomicron (Whittle et al., 2001). Tetracycline degrading enzymes made their 

clinical debut in Sierra Leone whereby tet(X) or tet(X2) was found in 21% of its clinical 

isolates, approximately 20 years after the original discovery of tet(X) (Leski et al., 2013). 

Although the native substrate of this protein has yet to be determined, in aerobic species, 
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TetX and TetX2 use NADPH and molecular oxygen to regioselectively hydroxylate 

tetracycline antibiotics, including TGC, at position C11a (Moore et al., 2005; Yang et al., 

2004). This is the only type of known resistance mechanism that has the ability to decrease 

the environmental tetracycline concentration (Moore et al., 2005).  

1.5.5. Efflux pumps 

Integral membrane efflux pumps are the most prevalent mechanism of tetracycline 

resistance and function by transporting drug out of the cytoplasm. There are currently 28 

single-component tetracycline specific known efflux pumps which have been found in 

Gram-positive and Gram-negative pathogens (Guillaume et al., 2004; Nguyen et al., 2014). 

In Gram-negative bacteria, these efflux pumps transport tetracycline antibiotics into the 

periplasm. Chromosomally encoded multi-component efflux pumps provide Gram-

negative bacteria with basal level tetracycline resistance, however, when they are over-

expressed through mutations in their regulatory regions, they can render the cell clinically 

resistant to tetracycline antibiotics. Additionally, it has been demonstrated that single and 

multi-component efflux pumps can collaborate within a bacterium in a multiplicative 

fashion to provide even greater tetracycline resistance (Lee et al., 2000).   

1.6. Antibiotic efflux pumps 

1.6.1. Multi-component efflux pumps 

In order for Gram-negative bacteria to transport intracellular antibiotics into the 

extracellular space, the antibiotic must cross two phospholipid membranes. The 

chromosomally encoded resistance nodulation cell division (RND) superfamily of 
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transporters are able to perform this task by coupling their function with two additional 

components to make tripartite efflux pumps. These large transport complexes are able to 

expel a diverse range of antibiotics from both the cytoplasm and periplasm (Alvarez-Ortega 

et al., 2013; Nikaido, 1996). When overexpressed, RND efflux pumps are a primary cause 

of multidrug resistance in a wide variety of pathogens including Acinetobacter baumannii 

through AdeABC, Pseudomonas aeruginosa through MexAB-OprM, and E. coli and K. 

pneumoniae through AcrAB-TolC (Coyne et al., 2011; Dreier and Ruggerone, 2015; 

Keeney et al., 2008).   

The E. coli AcrAB TolC tripartate pump is perhaps one of the best characterized 

multi-component efflux pumps as crystal structures of each individual protein have been 

obtained as well as the intact pseudo-atomic complex model through cryo-EM (Du et al., 

2014; Koronakis et al., 2000; Mikolosko et al., 2006; Murakami et al., 2002; Pos et al., 

2004). TolC is a β-barrel outer membrane protein, AcrB is a RND transporter within the 

inner membrane, and AcrA  is a periplasmic adapter which anchors TolC and AcrB 

together to form the complete tripartite pump (Figure 1.9) (Murakami, 2008; Piddock, 

2006). 
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Figure 1.9. Proposed model of RND tripartite efflux pump, AcrAB-TolC. 

In order for RND transporters (AcrB) to function, they must form a complex with a periplasmic 

linker (AcrA) and outer membrane protein (TolC). This complex has shown to be form by a 3:6:3 

AcrB:AcrA:TolC stoichiometry. This model is comprised of X-ray structures made from the 

individual proteins, however, it is in good agreement with the cryoEM model of the intact complex 

(Du et al., 2014).  

This figure is reprinted from Current Opinion in Structural Biology, Vol 18/ Issue 4, Satoshi 

Murakami, Multidrug efflux transporter, AcrB – the pumping mechanism, Pages 459–

465, Copyright (2008), with permission from Elsevier.  
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1.6.2. Single component efflux pumps 

The most common bacterial single component antibiotic efflux pumps belong to the 

major facilitator superfamily (MFS), the multidrug and toxic compound extrusion (MATE) 

family, and small multidrug resistance (SMR) family which all transport drugs out of the 

cytoplasm using energy from the electrochemical ion gradient in numerous Gram-positive 

and Gram-negative pathogens. As their name implies, SMR transporters are small relative 

to other transport proteins as they are typically between 100 - 150 amino acids in length 

which fold into 4 TM helices (Bay et al., 2008). SMR transporters function as homodimers 

or heterodimers and confer resistance to aminoglycoside antibiotics (Nasie et al., 2012). 

Both MFS and MATE transporters have 12 – 14 TM helices and function as monomers, 

however, structural studies reveal that they each have distinct tertiary structures (Heng et 

al., 2015; Lu et al., 2013). Although some MFS pumps confer multi-drug resistance, the 

majority typically transport one antibiotic or class of antibiotics while MATE pumps are 

capable of transporting structurally diverse antibiotics (Alegre et al., 2016; Fluman and 

Bibi, 2009; Li et al., 2015). 

1.7. The Major Facilitator Superfamily of transporters  

The Major Facilitator Superfamily (MFS) is the largest group of secondary 

transporters comprising approximately 15,000 sequenced uniporters, symporters, and 

antiporters across all six kingdoms of life (Law et al., 2008; Yan, 2015). MFS transporters 

are necessary for a wide variety of physiological processes including the maintenance of 

cell homeostasis, nutrient import, and toxin export (Pao 1998; Yan 2013). Matching their 
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diverse physiological roles, MFS transporters have a wide range of substrate specificities 

including ions, antibiotics, sugars and short peptides (Yan, 2015). 

1.7.1. General MFS transport mechanism provided by evolutionary origins and 

conserved structure  

Most MFS transporters have 12 TM helices which are divided into N- and C-

terminal domains, each consisting of 6 TM helices connected by a long hydrophilic 

cytoplasmic interdomain loop. Through phylogeny and primary sequence analysis it is 

hypothesized that each MFS domain is the result of triplicated 2TM helices or duplicated 

3TM helices (Hvorup and Saier, 2002; Reddy et al., 2012). The E. coli lactose permease, 

LacY, is undoubtedly the most biochemically and biophysically characterized bacterial 

MFS transporter (Guan and Kaback, 2006; Kaback et al., 2010; Zhou et al., 2012). The 

crystal structure of LacY was reported concurrently with that of the E. coli glycerol-3-

phosphate transporter, GlpT, in 2003 and provided the first structural insight into the MFS 

transport mechanism (Abramson et al., 2003; Huang et al., 2003). Since then several other 

crystal structures of MFS transporters have been solved in different conformation states 

(Dang et al., 2010; Jiang et al., 2013; Yin et al., 2006). This dramatic increase in structural 

information revealed that despite the low percentage of protein sequence similarity and 

wide range of substrate specificities, the overall fold of MFS transporters is highly 

conserved.  

Structural and functional analyses favor the hypothesis that each MFS domain is the 

result of duplicated 3TM helices and more specifically, are inverted repeats of one another 

(Figure 1.10A) (Hirai et al., 2002; Yan, 2013).   Overall, there are three groups of four TM 

helices that interact to form the canonical MFS fold. Here, I use the nomenclature from 
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Quistgaard and coworkers to further define the helices (Quistgaard et al., 2016). The A-

helices (TM1, TM4, TM7, and TM10) shown in blue in Figure 1.10 are positioned at the 

center of the transporter and make up the transport path needed for substrate binding and 

exchange (antiport) or cotransport (symport) coupling. The B-helices (TM2, TM5, TM8, 

and TM11) shown in grey are positioned outside of the core helices and have been shown 

to help mediate the N- and C- domain interface and may also participate in substrate 

binding. The C-helices (TM3, TM6, TM9, and TM12) shown in orange are also positioned 

on the outside of the core helices and primarily contribute to the structural support of the 

transporter.  

The role of the large cytoplasmic loop linking the N- and C- domains has been 

attributed to various functions. It has been shown to be involved in substrate specificity or 

binding (Mandal et al., 2012; Sapunaric and Levy, 2005). Analysis of loop truncations in 

LacY revealed that this loop is necessary for expression, transport activity and proper 

membrane insertion (Nagamori et al., 2003; Weinglass and Kaback, 2000). Studies with 

other MFS transporters, however, indicate that the interdomain loop provides flexibility 

for conformational changes within N- and C- termini during substrate translocation (Dang 

et al., 2010; Law et al., 2008)  

 

 

 

 

 

 



 
24 

 

  

Figure 1.10. Conserved MFS transporter fold using the fucose:proton symporter, FucP, as a 

model. 

Within the MFS structure, it is believed that three groups of helices coordinate together to facilitate 

substrate transport. A-helices in blue comprise the transport core and are involved with substrate 

and co-substrate (ex: H+) binding. B-helices in grey are located outside of the A-helices and are 

involved with co-substrate binding and transport. C-helices in orange, also located outside of the 

A-helices, primarily play a role in structural support during conformation changes.   A. The N- and 

C-domains each contain 6TM helices and are shown to the left and right, respectively. Within each 

domain, the first three helices (ex: TM1-3) are related to their adjoining three helices (ex: TM4-6) 

by a 180° turn along the access parallel to the membrane. B. The architecture of N- and C- domains 

are similar. C. Intact FucP transporter with views from the translocation path from the periplasm 

and cytoplasm.  Modified from Trends in Biochemical Sciences, Vol 38 / Issue 3, Nieng 

Yan, Structural advances in the major facilitator superfamily (MFS) transporters , Pages 151–

159, Copyright (2013), with permission from Elsevier.  
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1.7.2. Alternating access transport mechanism  

Alternating access as a mechanism for substrate translocation by membrane pumps 

was first proposed in 1966 (Jardetzky, 1966). Since then, this general model has become 

more detailed whereby it is now accepted that translocation is mediated by at least four 

conformation states: occluded substrate-free, inward open, occluded substrate-bound, and 

outward open (Figure 1.11) (Shi, 2013; Yan, 2013). It is also hypothesized that there is a 

substrate induced conformational change to the occluded state to facilitate transport. The 

specific mechanistic details as to how alternating access occurs is still debated. One long 

regarded model is the ‘rocker-switch model’ where alternating access is achieved by 

rocking the N- and C- terminal domains along the axis of the translocation pore (Law et 

al., 2007). This model is based on the curved ‘banana’ shaped B-helices that could facilitate 

the rocking motion (Law et al., 2008). Recently, the ‘clamp-and-switch model’ was 

described to further define alternating access mechanism (Quistgaard et al., 2016). In this 

model, emphasis is placed on the A-helices which interact with substrate and form a clamp 

or gate which can then facilitate dynamic interactions between the N- and C- terminal 

domains. Both models are supported by structural data but more work will need to be done 

to determine the specific alternating access mechanism. It is possible that the specific 

mechanism is transporter dependent or a combination of both models. 
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Figure 1.11. Proposed MFS alternating access mechanism for substrate transport. 

The alternating access mechanism comprises a minimum of four substrate:protein conformations. 

Substrate is shown as a black sphere. Beginning with the occluded, substrate-free state, and MFS 

antiporter can bind substrate upon changes to an inward-open conformation. Transport of this 

substrate then occurs through an intermediary occluded, substrate-bound conformation before the 

outward-open conformation change for substrate release. Here, an occluded, substrate-free 

conformation can be remade to continuously transport substrate.  This figure is 

modified from Trends in Biochemical Sciences, Vol 38 / Issue 3, Nieng Yan, Structural advances 

in the major facilitator superfamily (MFS) transporters, Pages 151–

159, Copyright (2013), with permission from Elsevier.  
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1.8. Efflux pump characterization methods 

Efflux pumps are difficult to characterize using classical biochemical techniques as 

they are challenging to express, purify, and often require in vitro reconstitution. Single-

component efflux pumps can be studied biophysically using artificial micelles or 

proteoliposomes (Rigaud and Lévy, 2003; Xie, 2008). Reconstitution of multi-component 

efflux pumps is more challenging as they require reconstitution in phospholipid bilayer 

nanodiscs (Bao et al., 2012; Ritchie et al., 2009). Once reconstituted, a variety of 

techniques can been used to characterize efflux pumps including counterflow assays to 

assess substrate transport and isothermal titration calorimetry (ITC) to study substrate 

binding (Write and Tate, 2015;Jiang et al., 2013;Dang et al., 2010). Alternatively, these 

assays can also be used in everted, or inside-out, membrane vesicles made from French-

pressed cells expressing the transporter of interest. For these analyses labeled substrate is 

required and for transport assays, an artificial energy source must be added to initiate 

transport.  

In an effort to bypass protein reconstitution, there have been several groups which 

utilize intact cells for transporter characterization. A general method for characterizing 

efflux pumps is through analysis of transport inhibition using efflux pump inhibitors, 

however, this method does not allow for the study of interactions with the transporter’s 

native substrate(s) (Iino et al., 2012). For transporters, which cause antibiotic resistance, a 

widely used method assays the change in minimal inhibitory concentration (MIC) of cells 

with and without the efflux protein of interest and can determine the level of resistance 

provided by the efflux pump for various substrates (Tamura et al., 2001; Sapunaric and 

Levy, 2005).  MIC tests are rapid but provide a crude estimate for function assessment of 
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efflux proteins. Nagano and Nikaido developed a whole cell method of intricately 

characterizing tripartite transporters that allowed for the first kinetic measurements of E. 

coli AcrAB-TolC (Lim and Nikaido, 2010; Nagano and Nikaido, 2009). This whole-cell 

method determined the rate of cephalosporin efflux by correlating the periplasmic drug 

concentration and hydroxylation by periplasmic β-lactamase. The method developed by 

Nagano and Nikaido is impressive but technically challenging method and is limited to 

tripartite pumps which efflux β-lactam antibiotics.  

1.9. Tetracycline efflux pump, TetB 

1.9.1. History and prevalence of TetB and TetB homologues  

The initial discovery of efflux as a mechanism for antibiotic resistance came from 

studies of transposon Tn10 which encodes a gene for the effluxer TetB (Ball et al., 1980; 

McMurry et al., 1980). Tetracycline resistance caused by a resistance factor, later 

determined to be TetB housed on Tn10, was first associated with decreased intracellular 

uptake and/ or intracellular accumulation of drug (Franklin and Godfrey, 1965). TetB was 

later determined to be membrane associated and inducible by subinhibitory levels of 

chlorotetracycline and tetracycline (Izaki et al., 1966; Levy and McMurry, 1974). 

TetB uses the proton motive force across the inner membrane of Gram-negative 

bacteria to pump one tetracycline-Mg2+ complex from the cytoplasm into the periplasm in 

exchange for one proton (Yamaguchi et al., 1991a). Similar to other MFS transporters, 

membrane topology studies have shown that TetB consists of 12 transmembrane (TM) 

alpha helices which are divided into N- and C-terminal domains each containing 6TM 

helices (Eckert and Beck, 1989; Kimura et al., 1997).  
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Tet(B) is one of the most common tetracycline resistant determinants in Gram 

negative clinical isolates (Bryan et al., 2004; Olowe et al., 2013; Roberts, 2005). Along 

with its homologue tet(A), tet(B) was found in over 50% percent of clinical E. coli samples 

having a tetracycline resistant phenotype (Tuckman et al., 2007). Another study conducted 

in Nigeria revealed an even wider prevelance of the homologues, reporting that over 70% 

of 203 E. coli clinical isolates contained either of the effluxers (Olowe et al., 2013). To 

date, there have been 14 identified homologues of TetB, however, TetB is the only one 

capable of exporting MCN (Roberts, 2005). These effluxers have also been found in MDR 

clinical isolates of Acinetobacter baumannii aiding in resistance to TET, DOX and MCN 

(Rumbo et al., 2013). 

1.9.2. Regulation of tet(B) expression by TetR 

All members of the TetB family are regulated by the TetR repressor in a finely tuned 

and well characterized mechanism (Guillaume et al., 2004) (Figure 1.12). In the absence 

of tetracycline, the TetR homodimer binds to two operator sites, tetO1 and tetO2, which 

represses transcription of tetR and tetB (Hillen and Berens, 1994). Upon binding to 

nanomolar concentrations of tetracycline-Mg2+, the TetR homodimer undergoes a 

conformational change and no longer binds to the operator sites at high affinity allowing 

transcription of both tetR and tetB (Grkovic et al., 2002). The affinity for tetracycline to 

TetR is 1000-folder higher than the affinity for tetracycline to the ribosome allowing for 

expression of TetB to occur before translation inhibition (Saenger et al., 2000). 

Additionally, induction of tet(B) expression is dynamic whereby expression is dynamically 

controlled by the concentration of tetracycline in the environment (Møller et al., 2016). 

Excellent structural data for TetR has aided substantially to our knowledge of TetR 
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repression (Hinrichs et al., 1994; Orth et al., 1998, 2000). The TetR/TetB system uniquely 

provides tight regulation of tet(B) repression while also being exquisitely sensitive to low 

concentrations of tetracycline.  

 

 

 

 

Figure 1.12. Cartoon schematic of tet(B) regulation by TetR. 

A. In the absence of tetracycline, the TetR homodimer binds to both tetO operator sites preventing 

transcription of both tetR and tet(B) as shown by the red inhibition lines. In the absence of 

tetracycline, TetB is not made. B. Upon TetR homodimer binding to tetracycline, a conformational 

change occurs, greatly reducing the affinity of TetR to tetO. This allows transcription of both genes 

to proceed and TetB to be made. 
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1.10. Objectives of this thesis 

In this work, I use strong selection to determine physicochemical protein 

parameters of efflux pump TetB from cellular fitness. In Chapter 3, I determine global 

parameters that describe the baseline response of our system in thee tetracycline 

antibiotics, TET, DOX and MCN. I also go on to describe our physiological model and 

use that to predict the physicochemical parameters of TetB from cellular fitness. In 

Chapter 4, I discuss efforts made to resolve the link between TetB protein concentration 

and fitness using a family of RBS sequences of varying strengths. In Chapter 5, I use 

cellular fitness and the TetB physiological model to determine the physicochemical 

parameters of a family of TetB mutants. I further go on to use in vivo protein 

concentration to determine relative changes of individual kinetic rates necessary for 

antibiotic efflux by TetB.  Collectively this work aims to reveal: 

1.  A protein’s physicochemical properties can be predicted using scalable, 

high throughput wet bench experiments allowing for the characterization of protein 

libraries. 

2. Characterization of hard to study proteins, like membrane proteins, can be 

performed entirely in vivo, eliminating the arduous steps of protein purification and 

subsequent reconstitution in natural or artificial membranes  

3. In vivo analysis allows us to obtain physiologically relevant information 

regarding the protein of interest by taking cellular context into consideration and 

begins to address many of the challenges posed by Kacser and Burns when 

characterizing proteins in vitro in an artificial environment (Kacser and Burns, 

1981). For example, in vivo protein characterization naturally takes consideration 
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macromolecular crowding, pH, and ion and metabolite concentration all of which 

play a role in the physiological function of proteins (Ellis, 2001; van Eunen and 

Bakker, 2014)  
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Chapter 2 

Materials and Methods 

2.1. E. coli strains  

XL1Blue, One Shot Top 10 (Invitrogen), and NEB DH5alpha (NEB) are 

subcloning efficient bacterial strains which were used to clone parts of the tet(B) expression 

construct into pET28b(+) and subsequently subclone the entire construct into pGRG36. 

Details about this expression construct and pGRG36 are in the following sections. 

XL1Blue cells originally came from Stratagene. These cells were streaked onto non-

selective LB agar plates and subsequently made chemically competent using the Inoue 

method (Inoue et al., 1990). All cells were grown in LB media composed of 1% tryptone, 

0.5% yeast extract, and 1% NaCl. Cells containing pET28(b)+ vectors were grown in 

50µg/mL kanamycin (KAN) while cells containing pGRG36 vectors were grown in 

100µg/mL ampicillin (AMP). Since all strains were made using different methods, there 

are slight differences in their heat-shock transformation methods: 

XL 1 Blue: 45 second 42°C heat shock, rest on ice for 2 minutes, and recover with 350µL 

SOC. 

One Shot Top 10: 30 second 42°C heat shock, rest on ice for 2 minutes, and recover with 

250µL SOC. 

NEB DH5alpha: 30 second 42°C heat shock, rest on ice for 5 minutes, and recover with 

950µL SOC.   
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2.1.1. Protocol to make electrocompetent cells 

BW25113 is a strain that was originally made and used by Datsanko and Wanner 

for their pioneering homologous recombineering work (Datsenko and Wanner, 2000). We 

obtained this strain as a gift from the Susan Rosenberg lab at Baylor College of Medicine. 

These cells were made electrocompetent by modifying a protocol listed in Jeffrey Barrick’s 

laboratory website at University of Texas, Austin. Glycerol stocks of E. coli BW25113 

without and with chromosomal insertions of tet(X2) alleles were made electrocompetent 

by adjusting a protocol listed in Dr. Jeffery Barrick’s laboratory website. The original 

protocol was intended for strains harboring a plasmid intended for recombineering, 

however, I have found this protocol to be exceptional for making highly competent 

electrocompetent cells (Datsenko and Wanner, 2000).  Single colonies were grown 

overnight in non-selective LB at 37°C. The following day, the overnight culture was dilute 

in fresh LB, typically 500µL of culture in 30mL of LB.  This culture was then grown at 

lower temperature, 30°C, at 225rpm to mid-exponential phase (OD600 ~ 0.4 – 0.6) and 

chilled on ice for 45 minutes. The cells were then harvested by centrifugation at 1500g for 

15 minutes. The pellet was washed 3x in 30mL of ice cold 10% glycerol. The pellet 

becomes less stable as the washes progress and care must be taken to minimize loss of the 

entire pellet. This results in retention of ~3-5mL of cells and 10% glycerol mixture after 

the third wash and spin. This mixture is then transferred into a sterile 15mL conical tube 

and spun down at 3000g for 5 minutes. Resuspension of the fully washed pellet in 300µL 

of ice cold 10% glycerol results in 6 x 50µL aliquots for subsequent electroporation.   
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2.2. Generation of tet(B) expression and mutant constructs 

Using the following primer pair, TetB was amplified from XL1 Blue cells from 

Stratagene as they host the Tn10 transposon which houses tet(B). Within our system, 

translation of tet(B) is controlled by the arabinose inducible promoter, pBAD. pBAD is an 

‘all or nothing’ promoter where at intermediate concentrations of arabinose, a population 

of cells will be heterogeneous with some cells being fully induced and others not induced 

(Khlebnikov et al., 2000). Our host E. coli strain, BW25113, has a deletion in the genes 

necessary for arabinose metabolism that extends from ~25bp upstream from the araB start 

codon to 8bp into the beginning of araD (Grenier et al., 2014). BW25113 is wild-type for 

araEFGH, which all control the uptake of arabinose into the cell. Taking advantage of this 

genotype, the levels of arabinose should remain constant throughout the 24-hour growth 

rate studies and provide, in essence, constitutive expression. I perform my fitness assays at 

a final concentration of 2% saturating arabinose and therefore have a homogeneous 

induced cellular population. The pBAD promoter and rrnB were amplified from pTara a 

plasmid made in the Kathleen Matthews lab and the Joff Silberg lab generously provided 

me with an aliquot (Wycuff and Matthews, 2000).  Following Figure 2.1A, all parts were 

used to create the full tet(B) expression construct used for the work performed within this 

thesis.  

With the help of Emily Thomas from the Joff Silberg lab, I used the Salis Lab RBS 

calculator to generate RBS sequences of varying strength as a way to alter TetB expression. 

This calculator uses a pre-sequence (e.g. promoter sequence), post sequence (e.g. gene of 

interest), and an arbitrary expression value to determine an RBS sequence that will provide 

your gene of interest with the specified expression value. The model determines this by 
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two ways 1. By considering the way in which the ribosome will bind to the RBS sequence 

and 2. Taking into account the way in which mRNA secondary structures might cause 

interference with the ribosome (Salis et al., 2009). Maximum expression is given a value 

of 100,000. Using the RBS calculator I obtained seven different RBS sequences that 

produce various expression levels of tetB (k = 1.000).   

RBS Sequences:  

10k (WT): GAGAGACTCCTCTCCATAACGAGGCCTATAAAC 

5k: CTTCCATAAAGACGGCAAGTACTAGAGAAAAAT 

6k: AAAAGGAAAAAAAACATATCAGGACAGAGGGTTCC 

20k: CCGTAGGAAAACACTTCGGTTCTAGGAAGGTATC 

35k_1: TATATCCGGAAGAGAGACACTAGAGGAGCCAATTA 

35k_2: GCCAGGGCACACACACAGGAGTCTCAATA 

55k: AATAGAGCACTACAACATTAAGGCAGGGAGAAAA 

Cloning primers: 

pBAD Primer Pairs: 

Forward: CCATGACAAAAACGCGTAACAAAAG 

Reverse: GAATTCGCTAGCCCAAAAAAACG 

rrnB Primer Pairs: 

Forward: GGCTGTTTTGGCGGATGAGAG 

Reverse: AGAGTTTGTAGAAACGCAAAAAGGC 

 

 

 



 
37 

DNA purification and cloning methods: 

Plasmid DNA from E. coli was harvested using Qiagen miniprep buffers and Econo spin 

purification columns from Epoch Life Science using manufacturers recommended protocol 

from Qiagen. PCR purification was performed using the Zymo Clean and Concentrator kit 

following the manufacturers recommended protocol.  

Site Directed Mutagenesis: 

Site Directed Mutagenesis was performed on pBAD/20kRBSTetB/rrnB/pET28b (+) 

construct to insert TetB mutations using NEB Phusion polymerase (New England Biolabs).  

L9F Primer Pairs 

Forward: 5’ CGACAAAGATCGCATTTGTAATT 3’ 

Reverse: 5’ CATCGAGTAACGTAATTACAAATGCG 3’ 

D190A Primer Pairs 

Forward: 5’ CAAAAATACACGTGATAATACAGCGACC 3’ 

Reverse: 5’ CAACCCCTACTTCGGTCGCTGT 3’ 

D190N Primer Pairs 

Forward: 5’ CCAAAAATACACGTGATAATACAAACACC 3’ 

Reverse: 5’ GTCTCAACCCCTACTTCGGTGTTTGT 3’ 

E192A Primer Pairs 

Forward: 5’ CACGTGATAATACAGATACCGCGGTAG 3’  

Reverse: 5’ GTCTCAACCCCTACCGCGGT 3’  

E192D Primer Pairs: 

Forward: 5’ CACGTGATAATACAGATACCGATGTAG 3’ 

Reverse: 5’ GCGTCTCAACCCCTACATCGGT 3’ 
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E192Q Primer Pairs  

Forward: 5’ CACGTGATAATACAGATACCCAGGTAG 3’   

Reverse: 5’ GTCTCAACCCCTACCTGGGT 3’ 

V339C Primer Pairs: 

Forward: 5’ GCTTTACAGGGATTATTGTGCAGCC 3’ 

Reverse: 5’ GTTGCATTGGTAAGGCTGCACAA 3’ 

G366C Primer Pairs: 

Forward: 5’ CACTACCAATTTGGGATTGCTGG 3’ 

Reverse: 5’ CCAATAATCCAAATCCAGCAATCC 3’ 
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The tet(B) expression constructs used throughout this study were created using similar cloning 

techniques. RBS sequences were added onto tet(B) using PCR and together this made one piece of 

the tet(B) construct along with arabinose inducible promoter, pBAD, and transcription terminator 

rrnB. Restriction enzyme-ligation cloning was used to piece together the three parts of the tet(B) 

expression construct within pET28b(+). The restriction enzymes used were: R1- XhoI, R2- SpeI, 

R3- PstI, R4-PacI and R5- BamHI. All restriction enzymes were obtained from New England 

Biolabs. Once within pET28, this construct was subcloned into pGRG36 using XhoI and PacI. 

pGRG36 contains all of the genes necessary to promote site specific location of a transgene at the 

Tn7 attachment sites in E. coli.     

Figure 2.1. Cloning and chromosomal insertion of tet(B) into BW5113 
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1.3 Construction of tet(B) chromosomal insertion strains 

I used a Tn7 based approach to insert the constructs of interest into the chromosome 

of E. coli BW25113. First, tet(B)WT and variant expression constructs were sub-cloned from 

pET28b(+) into vector pGRG36 which contains the genes necessary for site-specific 

transposition into the Tn7 attachment site (Figure 2.1) (McKenzie and Craig, 2006).  

Briefly, Tn7 encodes five proteins, TnsA-E (Peters and Craig, 2001). TnsA and TnsB 

provide the general transposase cut and paste mechanism. TnsC interacts with TnsAB and 

the target protein to promote transposition. TnsD is a DNA binding protein that recognizes 

that attachment site, attTn7, downstream of the highly conserved glutamine synthetase 

(glmS) gene. TnsD activates the TnsABC complex to allow for site specific DNA insertion. 

TnsE is also involved in target selection. I am using a temperature sensitive plasmid, 

pGRG36, that expresses TnsA-D to allow for site specific chromosomal insertion 

(McKenzie and Craig, 2006). This plasmid contains the genes required for transposition 

and a multiple cloning site which is flanked on the right and left by Tn7 attachment sites. 

I used PacI and XhoI to insert my construct. Insertion was confirmed via colony PCR and 

Sanger sequencing. 

1.3.1 Protocol for chromosomal insertion of tet(B) construct at Tn7 attachment site 

using pGRG36: 

Day 1: Transform construct within pGRG36 into electrocompetent BW25113 cells and 

plate on LB-AMP agar plates and incubate at 30C. 

Day 2: Pick three single colonies and streak out onto LB AMP plates and incubate at 30°C.  

Day 3: Pick two single colonies from each plate, six colonies total, and grow in 1mL of 

non-selective LB media overnight at 30°C. Transposition is believed to occur during this 
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time. This overnight can be performed in a 96-well deep block plate to assist in the steps 

for Day 4.  

Day 4: Plate a dilution of the overnight culture onto LB + 0.2% glucose plates and incubate 

at 42°C to obtain single colonies. For BW25113 cells, I performed seven 1:10 dilutions 

using the 96-well deep block plate. Plating ~70µL of 10-7 dilution of cells yielded well 

spaced single colonies.  

Day 5: Check for successful transposition by performing colony PCR with primers which 

align outside of the chromosomal Tn7 site. Transposition can be readily checked on a gel 

using primers that anneal outside of the Tn7 insertion site. In my experiments, transposition 

typically works in 50 – 75% of colonies. Once transposition has been verified, grow the 

colony overnight at 37 - 42°C to cure, completely remove, the temperature sensitive 

pGRG36 plasmid from the cells.    

F Primer: 5’ GATGCTGGTGGCGAAGCTGT 3’ 

R Primer: 5’ GATGACGGTTTGTCACATGGA 3’ 

Day 6: Plate 70 – 100µL of 10-7 diluted cells onto LB + glucose agar plates and incubate 

at 37C. 

Day 7: Perform replica plating onto LB-AMP plate and incubate at 30C. 

Once cured colonies were identified, colony PCR was performed using the same 

primers from Day 5. This PCR product was cleaned and the constructs were verified by 

sequencing. Cured colonies were then grown in LB + glucose overnight following which 

glycerol stocks were made by combining 750µL of culture with 750µL of sterile 30% 

glycerol. These final 15% glycerol stocks were stored at -80°C and used for subsequent 

study.    
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2.3. Determination of absolute growth rates in tetracycline antibiotics  

Growth rate analysis of E. coli BW25113 cells with and without a chromosomal 

copy of tet(B)WT or variant was performed in non-tissue cultured 96-well plate with low 

evaporation lid (Corning Costar 3595) (Figure 2.2). Glycerol stocks were streaked onto 

LB-glucose plates where glucose was used to repress the pBAD promoter and, 

consequently, expression of tet(B) or variant. Single colonies were grown in 1mL of 2% 

arabinose supplemented LB in a 96 deep well plate for 24 hours (±1 hr) in an orbital shaker 

at 225rmp at 37°C. Cultures were then diluted 1:100 in antibiotic + 2% arabinose 

supplemented LB media (10µL culture + 990µL media). 150µL of this mixture then added 

to a 96-well plate where optical density at 600nm (OD600) was measured every 5 minutes 

for 24 hours. This analysis was performed using the Epoch 2 Microplate Reader for the 

results discussed in Chapters 3, 4, and 5 (BioTek Instruments). Collection of growth data 

for results discussed in Appendix A was obtained using the Synergy 2 Microplate Reader 

(BioTek Instruments). Growth rate analysis was performed using two separate scripts. An 

R script was provided by Dr. Rolf Lohaus who is currently a post-doctoral researcher at 

Ghent University. The second script was built by Dr. Marcella Gomez in Matlab. 
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We plot growth at selective conditions to form fitness functions used in our modeling analysis. To 

perform these growth rate assays, glycerol stock of the strain(s) of interest is streaked onto 0.2% 

glucose supplemented LB plates to obtain single colonies which are grown for 24 hours in 96-well 

deep block plates in 1mL of 2% arabinose supplemented LB. These cultures are then diluted 1:100 

(10µL culture + 990µL 2% arabinose LB) in a wide range of TET, DOX, or MCN concentrations. 

150µL of this mixture is then aliquoted into a sterile, flat-bottom 96-well plate for subsequent 

growth analysis in a plate reader where OD600 is measured every 5 minutes for 24 hours. During 

this time, the plate is incubated at 37°C while shaking linearly within the plate reader.  

Figure 2.2. Growth rate assay set-up 
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2.4.  Determination of in vivo TetB protein concentration 

2.4.1. Membrane preparation to estimate protein concentration 

To estimate the relative protein concentration within the different expression and 

mutant strains I first collected samples of cells grown to mid-exponential growth phase in 

unselective LB as our analysis uses growth rate at mid-exponential growth phase to 

determine fitness. Glycerol stocks of BW25113 cells containing a chromosomal copy of 

tet(B)WT or variant were streaked onto glucose supplemented LB plates and incubated at 

37°C to obtain single colonies. Single colonies were then grown in 2% arabinose 

supplemented LB for 24 (±1 hr) hours at 37°C shaking at 225 RPM. Cells were diluted 

1:100 in fresh 2% arabinose supplemented LB (typically 1.25mL culture in 125mL of LB). 

Growth was monitored by checking OD600 every 30 minutes (Figure 2.3 and 2.4). Once 

the cells reached mid-exponential growth phase (approximately OD600 0.4 – 0.6), 60mL of 

the culture was spun down at 4000g for 15 minutes. The cell pellet was then weighed and 

stored at -80°C.  Bacterial membranes were prepared by freeze-thawing the cell pellet 3X 

in liquid nitrogen/ 37°C for 10 minutes followed by resuspension in lysis buffer to 

25mg/mL (50mM Tris pH 7.5, 1M NaCl, 0.3mM DTT, 0.2mM pmsf, 20% glycerol, 0.05% 

Tween 20, and 1x protease inhibitor (Roche)). Sonication using a microtip was performed 

twice for 30 seconds using 60% duty and 6 output as sonication settings. This cell lysate 

was then spun at 2000g for 15 minutes to remove cell debris. The supernatant was then 

spun at 18,000g for 45 minutes to pellet the membrane fraction of the cell. The membrane 

fraction was then resuspended in lysis buffer to a concentration of 10mg/mL and 

immediately used for western blot analysis. This protocol was scaled up for time course 

western blot analysis for 5k RBS construct discussed in Chapter 4.2. 
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Glycerol stocks of BW25113 were first streaked onto LB agar plates containing 0.2% glucose. Single colonies were then grown for 

24hours in 2% arabinose supplemented LB to pretreat the cells and induce tet(B) expression. The culture was then diluted 1:100 in 

fresh 2% arabinose supplemented LB where growth was monitored by measuring the optical density at 600nm every 30 minutes for 

4 – 5 hours. Sample was collected once cells hit mid-exponential growth phase as indicated by the black marker. Most strains reached 

mid-exponential growth phase after 2 – 3 hours of growth.     

Figure 2.3. Triplicate growth curves of BW25113 expressing tet(B) variants 
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        Figure 2.4. Triplicate time course growth assay for TetB wild-type RBS sequence (10k) and stronger expression strains 

 

Glycerol stocks of BW25113 were first streaked onto LB agar plates containing 0.2% glucose. Single colonies were then grown for 

24hours in 2% arabinose supplemented LB to pretreat the cells and induce tet(B) expression. The culture was then diluted 1:100 in 

fresh 2% arabinose supplemented LB where growth was monitored by measuring the optical density at 600nm every 30 minutes for 

4 – 5 hours. Sample was collected once cells hit mid-exponential growth phase as indicated by the black marker. Most strains reached 

mid-exponential growth phase after 2 – 3.5 hours of growth.     
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2.4.2. Western blot protocol and protein quantification  

Western blots on bacterial membrane fractions were used to estimate the amount of 

protein in tet(B) variant constructs relative to wild-type. 45µg of membrane samples were 

run on a 10% SDS-PAGE gel for 1 hour. Protein samples were then transferred onto PVDF 

membrane (Whatman Westran ® S 0.2µm membrane) for 2 hours at 12V using a BioRad 

Semi-dry transfer system and blocked with 5% non-fat milk in TBST for 1 hour at room 

temperature. The membrane was then subjected to three 5-minute washed in TBST and 

incubated overnight with 1:5,000 dilution of an antibody for the last 15 amino acids on the 

cytoplasmic domain of TetB. The TetB antibody was created by GenScript using the 

peptide sequence published by Yamaguchi and co-workers (Yamaguchi et al., 1990). The 

following day, the membrane was again washed three times for 5-minutes in TBST and 

incubated with anti-rabbit secondary antibody for 90 minutes (Pierce Antibodies). The 

secondary antibody is conjugated to alkaline phosphatase. The membrane was 

subsequently washed three times for 5-minutes and protein bands were visualized using 

SigmaFast BCIP/NTP tablets resuspended in 10mL of MilliQ water (Sigma Aldrich). The 

solution was added to the membrane and manually shaken until protein bands become 

visible at which point the reaction between the secondary antibody and BCIP/NTP was 

stopped by place the membrane in MilliQ water. 

Dried membranes were imaged using a FluorChem 5500 imager by Protein Simple 

with the settings: aperture: 4.0, zoom: 52, auto focus, noise reduction, and normal/ ultra-

high resolution. These images were analyzed by NIH ImageJ software (Schneider et al., 

2012). Intensities of mutant and RBS constructs were normalized to the intensity of wild-
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type TetB on the same gel and standard deviations of normalized intensities were taken for 

three independent cell growth and replicates on three separate membranes.   

2.5. TetB homology model with YajR 

Phyre2 was used to create a homology model for TetB. The MFS transporter, YajR 

of E. coli was listed first on the Phyre2 hit report having 100% confidence and 17% protein 

sequence identify (Figure 2.5). Based on protein similarity alone, it is believe that YajR is 

also a drug:H+ antiporter, however, YajR has not been as extensively studied as TetB 

(Nishino and Yamaguchi, 2001). YajR contains 454 residues while TetB contains 401 

residues. The main difference in protein length stems from an additional cytoplasmic 

domain at the C-terminal end of YajR. Hydropothy plots of TetB indicate that TetB does 

not contain this additional domain.  

 

Figure 2.5. TetB and YajR sequence alignment  

Sequence alignment between TetB and YajR was performed using MegAlign. There is ~30% 

amino acid sequence similarity between TetB and YajR. Residues highlighted in black indicate 

identical residues while those highlighted in grey indicate chemically similar residues.   
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2.6. Methods used for Appendix A results 

2.6.1. Error prone PCR to identify highly active TetX2 variants 

To look for new highly active mutants of TetX2, I performed two rounds of low 

error-rate epPCR on the tet(X2)/pUC19 construct (Figure 2.6). Following the steps of 

directed evolution, I used the most active mutant from the original TetX2 analysis, 

tet(X2)T280A, as a template for epPCR (Walkiewicz et al., 2012). The resulting mutant 

library  was  subcloned  into  the  small  high-copy  number  vector pUC19 containing an 

ampicillin resistance gene. The construct was then transformed into E. coli DH10B and 

plated onto ampicillin. Replica plating was then done on 4μg/mL MCN to select for 

functional tet(X2) variants. After 24 hours of growth on MCN, 10 colonies were cultured 

and sent for sequencing where six unique mutants were identified.  

The most active mutant from the first library, tet(X2)T280A/ N371I, was used as the 

template for the second round of epPCR. I followed the same general cloning and selection 

steps as was performed for the first library. Replica plating onto agar plates with 32µg/mL 

MCN, the MIC of cells containing tet(X2) T280A/ N371I /pUC19, yielded no colony growth. 

For this reason, I chose a lower concentration, 28 µg/mL MCN, for replica plating which 

yielded several colonies. Eight colonies were sent for sequencing where four unique 

variants were identified. 
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Error-prone PCR was performed using GeneMorphII Random Mutagenesis kit by Agilent 

Technologies. I analyzed two libraries using epPCR: one using tet(X2)T280A/pUC19 as a template 

and the other using tet(X2)T280A/N371I/ pUC19 as a template. In both cases, primers specific to only 

the tet(X2) gene were used to obtain variants solely within tet(X2). The error rate of this PCR 

reaction is influenced by both the amount of template DNA included in the reaction (more template 

produces fewer mutations) or changes the number of amplification cycles (fewer cycles produces 

fewer mutations). This PCR product was then purified and subcloned into pUC19. The 

transformation was plated onto AMP plates to select for the ampicillin resistance in pUC19 and 

then replica plated onto MCN to identify functional variants.  

Figure 2.6. General error-prone PCR protocol to identify highly active TetX2 variants 
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2.6.2. Agar dilution to determine Minimal Inhibitory Concentration (MIC)  

I performed agar dilution MIC tests on the variants identified from the first epPCR 

library (Wiegand et al., 2008).  Glycerol stocks DH10β containing the tet(X2) mutants 

within pUC19 were streaked onto Mueller Hinton agar, a rich medium commonly used for 

antibiotic susceptibility testing. Next, three morphologically similar colonies per mutant 

were grown in 2 mL of LB to a McFarland turbidity standard of 0.8-1.0. This roughly 

corresponds to an OD600 of 0.25. The cultures were subsequently diluted 10-fold and 10μL 

of this solution was spotted onto MH MCN plates. The concentration of these plates 

increases two-fold over the course of 10 plates (0.125, 0.25, …, 8, 16, …, 128 μg/mL). 

This analysis was performed in duplicate.  

2.7. Expression and purification of TetX2T280A/N371I 

TetX2T280A/N371I was identified as a highly active mutant from MIC and growth rate 

analysis. The N371I mutation was introduced via site-directed mutagenesis using the 

template tet(X2)T280A/pET28b+ kanamycin resistant expression vector with cleavable N-

terminal 6xHistag. This construct was then transformed into BL21(DE3) Star cells for 

overexpression and purification. The purification method described here is based directly 

on the protocol described (Walkiewicz et al., 2011). This strain was grown overnight in 

50mL 2xYT containing 1.6% tryptone, 1% yeast extract and 0.5% NaCl, where 10mL of 

an overnight culture was added to 2L of 2xYT media and cultured until OD600 reached ~0.8 

at which point the temperature was decreased to 16°C and IPTG was added to the flasks at 

a final concentration of 0.5mM to induce protein expression. The culture was harvested the 

following day by centrifugation at 7000RPM and stored at -80C. Frozen cell pellet was 
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resuspended in lysis buffer containing 20mM Tris pH8.0, 500mM NaCl, 30mM imidazol, 

0.2mM pmsf and 5.0mM β-mercaptoethanol and sonicated. Cell debris was removed by 

centrifugation at 15,000g for 30 minutes. Additional β-ME was added at 100µL for 250mL 

of cleared lysate.   

2.7.1. Affinity chromatography using two nickel columns  

Two nickel columns were used to purify TetX2T280A/N371I, one where the protein 

contained the N-terminal His-tag and the other after cleavage of the His-tag with thrombin. 

A gravity Nickel column was packed with 10mL of pre-charged resin from Novagen and 

washed with 5 column volumes (CV) of wash buffer containing 20mM Tris pH8.0, 1M 

NaCl, and 30mM imidazole. Cleared lysate was added to this column where the His-tag 

would bind the nickel column and TetX2T280A/N371I binding could be visualized by the resin 

turning yellow. The column was again washed with 5xCV to remove remaining impurities. 

50mL of elution buffer containing 20mM Tris pH8.0, 500mM NaCl, 500mM imidazole, 

0.2mM pmsf, and 5.0mM β-ME was added to the column to elute bound TetX2T280A/N371I. 

Elution fractions containing TetX2T280A/N371I could be identified by their yellow color. 

These fractions were pooled, supplemented with exogenous FAD, and dialyzed overnight 

in 20mM Tris pH8.0, 100mM NaCl, 0.2mM pmsf, and 5.0mM β-ME.  

Dialyzed protein was concentrated to a volume of approximately 5mL using a 

10,000 molecular weight cut off concentrator. Thrombin reaction was carried out in the 

dark (wrapped in foil) overnight in the cold room with the ratio of 10µg protein to 0.005 

units of Thrombin. This reaction had been optimized by previous Shamoo lab graduate 

student Dr. Kasia Walkiewicz. 
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The second nickel column to separate protein with cleaved His-tag would either be 

done using a Histrap column (GE Healthcare) or using another gravity column. Stripping 

buffer used for both columns consisted of 20 mM sodium phosphate, 0.5M NaCl, and 

50mM EDTA to a pH of 7.4. 5–10 CV of stripping buffer would be used to obtain white 

resin (not blue). The column was then charged with 0.1M NiSO4. The exact same wash 

and elution buffer used in the first nickel column was used in this second nickel column. 

For this column, cleaved TetX2 was in the wash fraction and could easily be visualized by 

the yellow color. Cleaved TetX2 samples were pooled and dialyzed overnight in buffer 

containing 20mM Tris pH8, 100mM NaCl, 1mM EDTA, 0.2mM pmsf, and 5mM β-ME.  

2.7.2. Anion exchange and size exclusion chromatography   

Based upon the theoretical isoelectric point of TetX2 at neutral pH, 5.4, a HiTrap 

Q-sepharose column was used as an intermediate purification step (GE Healthcare). This 

column was washed and then equilibrated with Buffer A containing 20mM Tris pH8, 

100mM NaCl, 1mM EDTA, 0.2mM pmsf, and 5mM β-ME. Filtered TetX2T280A/N371I was 

loaded onto the Q-sepharose column using a 50mL superloop. Salt was slowly increase to 

1M NaCl allowing for elution of TetX2T280A/N371I.  

Yellow fractions were concentrated to ~2mL using a 10,000 molecular weight cut 

off centricon. A 2mL loop was used to load filtered TetX2T280A/N371I onto a Superdex 

200 column. This size exclusion column allows for the separation of protein monomers or 

oligomers on size where monomers interact with the resin more and therefore take longer 

to travel through the column and elute. At this step, yellow fractions were concentrated to 

~1mL, and flash frozen and stored at -80°C in 50µL aliquots.   
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2.8. Enzymatic assay to determine TetX2T280A/N371I kinetic parameters 

Enzymatic assays were performed as previously described in Walkiewicz et al., 

2012. The assays were performed using Microtest U-bottom polystyrene 96-well plates 

(Becton Dickinson 35-1177) in a Tecan Infinite M1000 microplate reader. TetX2 requires 

molecular oxygen and NADPH to regioselectively hydroxylate tetracycline antibiotics. 

NADPH stock concentrations were made with MilliQ water to 100mM and kept at -80C. 

It was imperative to check that the absorbance ratio A260/A340 is approximately 2.3 to 

ensure that NADPH is primarily reduced (Hald et al., 1975). I then used Beer’s Law to 

calculate the actual concentration of the thawed NADPH solution using 6220 M-1 cm-1 as 

the extinction coefficient of NADPH at 340nm. This concentration was then diluted to 

5µM to use as a stock. MCN was made to a stock concentration of 1.0mM using 100% 

methanol. I tested six MCN concentrations (5, 10, 25, 50, 100 and 200µM) and five 

NADPH concentrations (12.5, 25, 50, 100, 200µM). Each reaction also contained 0.2µM 

enzyme (diluted within 20mM Tris pH8.0) and buffer containing 20mM Tris pH8.0 and 

5mM MgCl2.  Hydroxylation of MCN by TetX2 was monitored at 400nM over the course 

of 5 minutes. GraphPad was used to obtain steady-state kinetic parameters by fitting the 

initial reaction rates (v0) to a binary kinetics mechanism/ equation where MCN 

concentrations are denoted by [A] and NADPH concentrations are denoted by [B] 

(Equation 2.1). 

𝑣0 =

𝑉𝑀𝐴𝑋[𝐵]

𝐾𝑀(𝐵)+ [𝐵]
[𝐴]

𝐾𝑀(𝐴)[𝐵]

𝐾𝑀(𝐵)+ [𝐵]
+ [𝐴]

                                                           (2.1)    
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2.9. Homologous end recombineering  

Tet(X2)T280A/N371I was inserted into the chromosome using the same lambda red 

homologous end recombineering method used for the original mutants (Datsenko and 

Wanner, 2000). This method uses a low copy number, temperature sensitive plasmid 

pKD46 within E. coli strain BW25113 which grows at 30°C and expresses phage lambda 

Red recombinase. Tet(X2)T280A/N371I was recombined into the spc operon of E. coli between 

prlA (SecY) and rmpJ (L36). This operon is highly regulated and encodes 10 ribosomal 

proteins (Cerretti, 1983). I used tet(X2)/pUC19 construct from epPCR as a template, where 

PCR was used to create linear DNA containing a ribosome binding site (RBS) and tet(X2) 

sequence that is flanked by short homologous sequences to prlA and rpmJ. The PCR 

product was gel purified and then electroporated into BW25113 cells carrying the pKD46 

plasmid. Recombinants were then screened on LB agar plates containing 10ug/mL 

tetracycline. Colony PCR and sequencing were then used to test for successful 

recombination. Once transformants are obtained, the colonies were grown at 37°C to cure 

the cells of pKD46. Replica plating on ampicillin was used to identify cured colonies.  
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Chapter 3 

A simple physiological model can be used to determine TetB 

efflux pump parameters from cellular fitness  

3.1. Introduction 

Determining the link between protein function and fitness is qualitatively simple to 

understand as the fitness of an organism is dependent on proteins encoded by the genome. 

However, even the genome of E. coli consists of thousands of genes making deconvolution 

of protein changes and their effects on fitness a challenging problem (Blattner et al., 1997). 

Under strong selection conditions, the complexity of this problem can be decreased by 

tightly linking the performance of a single gene product to fitness, allowing for quantitative 

understanding of protein function and organismal fitness (Couñago et al., 2006; Dean et 

al., 1986; Walkiewicz et al., 2012). Typically, well-behaved proteins whose function is 

strongly correlated to organismal fitness are used to study this link as their biochemical 

properties can be readily measured in vitro. Such model proteins include TEM-1 β-

lactamase, dihydrofolate reductase and adenylate kinase (Couñago et al., 2006; Jacquier et 

al., 2013; Peña et al., 2010; Rodrigues et al., 2016; Wang et al., 2002; Weinreich et al., 

2006). These advances have provided a greater understanding into how the 

physicochemical properties of a protein relates to fitness and allows investigators to 

explore the role of fitness landscapes in adaptive evolution (Dean and Thornton, 2007; 

Harms and Thornton, 2013; Palmer et al., 2015; Walkiewicz et al., 2012; Weinreich et al., 

2006).  
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Implicit in the idea that the in vitro properties of a protein can be used to predict 

fitness (physicochemical properties → phenotype) is the notion that fitness over a range of 

selection conditions could also be used to estimate the biochemical properties of a protein 

whose in vitro characterization is difficult or unknown (phenotype → physicochemical 

properties). In this work, fitness is defined as the growth rate of the cells in exponential 

phase and the fitness function to be the growth rate of cells as a function of selection 

strength. The Shamoo lab previously reported the development of a mathematical model 

that predicts the fitness of an organism at selective conditions from the in vitro 

physicochemical properties of a tetracycline resistance protein, TetX2, and a family of 

variants (Walkiewicz et al., 2012). During exposure to MCN, the performance of TetX2 is 

tightly linked to the fitness of those cells. Using in vitro physicochemical properties and in 

vivo protein expression measurements, the model was able to predict the shape of the 

fitness function curves. Here, I utilize the fundamental reversibility of the TetX2 model 

and present a new in vivo model capable of determining physicochemical properties of an 

efflux transporter from fitness without the need for a priori in vitro protein analysis.  

Integral membrane proteins are difficult to characterize using classical biochemical 

techniques as they are challenging to express, purify, and often require recapitulation of 

the membrane system. Analysis of this protein class, thus, provides an excellent 

opportunity for evaluation of our ability to derive useful biochemical properties from a 

fitness function. As a model system I use the efflux pump TetB, a 12- transmembrane alpha 

helical protein, which traverses the inner membrane of Gram-negative bacteria and uses 

the proton motive force to efflux the tetracycline antibiotics TET, DOX, and MCN in 

exchange for H+. TetB is also a member of the Major Facilitator Superfamily (MFS) of 
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transporters, the largest class of secondary transporters responsible for a wide variety of 

physiological processes such as: cell homeostasis, nutrient import, and toxin export (Pao 

1998; Yan 2013). In this chapter I first describe a tetracycline diffusion model that can be 

used to determine global parameters that describe the baseline fitness response of our host 

strain without tet(B). I then derive a physiological model that simply describes substrate 

transport by an MFS efflux pump. I then demonstrate that this model can be used to fit 

fitness functions of our host strain with tet(B) and provides values for two lumped 

parameters that together describe the transport mechanism by an efflux pump – establishing 

the ability of phenotypic analysis to estimate physicochemical protein properties.  

The mathematical model presented below was a collaborative effort with the Dr. 

Matthew R. Bennett lab researchers Erin Gilbert (graduate student) and Dr. Marcella 

Gomez (former post-doctoral researcher currently at University of California- Berkeley). 

The conceptual model incorporating efflux pump dynamics was performed collectively 

while the script writing and modeling was performed by Dr. Marcella Gomez within 

MATLAB.  

3.2. Baseline response of cellular system without tet(B) is used to determine global 

parameters 

To establish the global parameters required for the overall cellular system, I measured 

the growth rates of the host cell, E. coli BW25113, without the effluxer tet(B) under a range 

of environmental selection conditions which for TetB are the antibiotics TET, DOX, and 

MCN. Plotting these fitness functions where growth is normalized to growth in the absence 

of drug shows that, in contrast to many E. coli strains, BW25113 has a higher intrinsic 

resistance to MCN and DOX than TET (Figure 3.1A). This was surprising because MCN 
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and DOX are both second generation, semi-synthetic tetracycline antibiotics and were 

created to bind tighter to the ribosome and have increased lipophilicity (Barza et al., 1975). 

To validate that this intrinsic resistance was specific to BW25113, I performed growth rate 

analysis on the common lab E. coli strain DH10β in the presence of increasing 

concentrations of TET and MCN.  As shown in Figure 3.2, DH10β and BW25113 have 

nearly overlapping fitness functions in TET. In MCN, however, DH10β is less intrinsically 

resistant than BW25113 demonstrating that this resistance pattern may be specific to 

BW25113. 

 

Figure 3.1. BW25113 fitness functions in TET, DOX and MCN and tetracycline diffusion 

model in Gram-negative bacteria. 

A. Fitness of BW25113 as a function of TET, DOX and MCN concentration where growth rates 

are normalized to the growth rate of cells in the absence of drug. BW25113 is more sensitive to 

natural antibiotic TET than semi-synthetic DOX and MCN. Error bars represent standard deviation 

among four single colony replicates. B. The diffusion pattern presented is specific for TET in E. 

coli. DOX and MCN are second generation tetracycline antibiotics which were created to have 

greater lipophilicity. The E. coli diffusion patterns for DOX and MCN have not been measured and 

may be different than TET. For this model, however, we assume that the TET diffusion model is 

comparable to DOX and MCN.  
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Figure 3.2. BW25113 is more intrinsically resistant to MCN than TET. 

The absolute growth rates of BW25113 as a function of TET and MCN concentration were 

measured against that of DH10β, a common lab E. coli strain. In TET, both strains have nearly 

overlapping fitness functions. In MCN, however, BW25113 is more resistant and can grow to ~4-

5µg/mL MCN while DH10β stops growing near 1µg/mL. These results provide support for greater 

BW25113 intrinsic resistance to MCN compared with TET. Error bars represent the standard 

deviation among four single colony replicates.  



 
61 

The BW25113 fitness functions comprise the baseline for the response of the cellular 

system, which include any potential effects from other pumps or resistance mechanisms, 

and allows us to isolate the effects of tet(B) on fitness when it is added to the system. 

Without expression of tet(B), we assume that diffusion is the major factor influencing the 

steady-state concentration of antibiotic in the cytoplasm (Figure 3.1B). The Nikaido group 

at University of California, Berkeley has shown that for TET the concentration of drug in 

the cytoplasm, [S]C, is about four times that in the media, [S]M, where ‘S’ signifies 

‘substrate’ (Thanassi et al., 1995). TET-Mg+ complex passively diffuses from the media/ 

extracellular space into the periplasm through porins and accumulates 2x into the periplasm 

(D1) (Yamaguchi et al., 1991b). This accumulation is caused by the interior negative (Gibbs 

Donnan) potential across the outer membrane causing this charged species to concentrate 

within the periplasm (Nikaido and Thanassi, 1993; Stock et al., 1977). An increase in pH 

from the periplasm to the cytoplasm causes uncharged TET, not chelated to Mg2+, to 

accumulate 2x within the cytoplasm (D2).  In total, TET accumulates 4x in the cytoplasm 

compared to the media/ extracellular space. Both DOX and MCN are more lipophilic than 

TET which may lead to differences in their diffusion patterns, however, for the model 

presented here we take this same diffusion relationship for DOX and MCN (Barza et al., 

1975) (Figure 3.1B).  

Hill equations are a common empirical way to evaluate drug binding to cellular targets, 

in this case TET analogues binding to bacterial ribosomes. Walkiewicz and coworkers used 

the following Hill-function relation that describes growth rate inhibition by cytoplasmic 

drug concentration, 𝐺𝑅 = 1 − 
[𝑀𝐶𝑁𝐶]

𝐵

𝐴+ [𝑀𝐶𝑁𝐶]𝐵
, to fit fitness functions curves of cells expressing 

tetracycline resistance determinant TetX2 or variant (Walkiewicz et al., 2012). In this 
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version of the equation, global parameters A and B are coupled, where if there is an increase 

in B there must also be a corresponding increase in A. To uncouple parameters A and B, we 

use a more traditional Hill-equation to fit fitness function curves where all variables are 

raised to the Hill coefficient, B:  

𝐺𝑅 = 1 −
[𝑆]𝐶

𝐵

𝐴𝐵 + [𝑆]𝐶
𝐵                                                                                            (3.1) 

 

where SC is the concentration of substrate in the cytoplasm and A and B are global 

parameters that describe our specific cellular system. This model provides a mapping 

between growth rate and cytoplasmic drug concentration. Tetracycline antibiotics inhibit 

growth by binding to the 30S ribosomal subunit. This interaction is represented through 

parameter A where this value is the cytoplasmic drug concentration, [S]C, at which the 

growth rate is at half maximal and roughly corresponds to the apparent dissociation 

constant Kd of the antibiotic binding to the ribosome. Parameter A also encompasses all 

other interactions of drug with other cellular components. Parameter B is the Hill 

coefficient which describes the shape of the dose response curve in response to antibiotic. 

The higher intrinsic resistance of BW25113 to MCN and DOX compared to TET is 

captured within our model and is reflected within parameter A where it is largest for MCN 

and smallest for TET indicating that a larger concentration of MCN is necessary to reduce 

BW25113 growth rate (Table 3.1). 
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3.3. A physiological mathematical model describing TetB efflux pump dynamics  

Determining physicochemical properties from fitness at selective conditions 

requires the use of an appropriate physiological model. To do this, we mathematically 

modeled how a MFS efflux pump counteracts substrate diffusion in vivo. As an antiporter, 

TetB reduces the concentration of antibiotic in the cytoplasm by utilizing the proton motive 

force to pump one proton into the cytoplasm and pump out one tetracycline-Mg+ complex 

into the periplasm. Analysis of the BW25113 pump free system allowed for the direct 

prediction of the concentration of antibiotic in the cytoplasm by the measured growth rate 

(Equation 3.1). The pump parameters necessary to achieve the predicted concentrations of 

  Max Min Average LS fit SD 

TET 
A 1.84 1.69 1.77 1.77 0.07 

B 2.25 2.07 2.16 2.17 0.09 

DOX 
A 4.01 3.75 3.88 3.93 0.13 

B 2.01 1.95 1.98 1.97 0.03 

MCN 
A 5.68 5.41 5.55 5.58 0.13 

B 2.88 2.63 2.75 2.73 0.12 

Table 3.1. Global parameters A and B which describe the baseline response of cellular system 

were computed from fitness functions of E. coli BW25113 in TET, DOX and MCN using 

Equation 3.1. 
These values were generated by a least squares (LS) fits of the average experimental fitness 

functions plotted in Figure 3.1A. Parameter A roughly corresponds to the apparent Kd of 

the drug to the ribosome but also includes all other intercellular drug interactions. 

Parameter A has units of concentration (µg/mL) which for TET, DOX and MCNC are in 

the µM range. Parameter B is the Hill coefficient that describes the shape of the dose 

response curve in response to the antibiotic and is thus a highly complex lumped parameter 

that models essentially all aspects of cellular physiology as one variable.   
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antibiotic in the cytoplasm can be determined by first modeling drug binding and unbinding  

to pump, and ultimately efflux into the periplasm (Figure 3.3).  

 

Two simple reaction equations can be used to describe this system:  

𝑆𝐶 + 𝑃𝐴  
𝑘−1
←  

𝑘1   
→   𝑃𝑂                                                                                                            (3.2) 

𝑃𝑂
𝑟 
→ 𝑆𝑃 + 𝑃𝐴                                                                                                         (3.3) 

Equation 3.2 represents a substrate in the cytoplasm (SC) binding to an available pump (PA) 

at an on-rate, k1, to create an occupied pump (PO). From this bound state, the drug can 

dissociate from the efflux pump at an off-rate, k-1, or it can be transported to the periplasm 

Figure 3.3. TetB model description including the effect of TetB to reduce cytoplasmic 

concentrations of drug to relieve the inhibition of translation 

PA and PO describe an available and occupied pump, respectively. Drug can bind PA by a rate, k1, 

to create PO where two events can occur: 1. Drug disassociates from the pump at a rate, k-1 or 2. 

Drug is transported into the periplasm at a pump efficiency rate, r. Collectively, these parameters 

describe the ability of TetB to counteract drug diffusion in an effort to reduce the cytoplasmic drug 

concentration.  
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(SP) at a pump efficiency rate, r, to return the pump to its available state (Equation 3.3). 

We can model these dynamics by taking a generalized mass action model coupled with 

diffusion to arrive at the following dynamic model: 

𝑑[𝑆]𝑃
𝑑𝑡

= 𝐷1([𝑆]𝑀 − 0.5[𝑆]𝑃) − 𝐷2([𝑆]𝑃 − 0.5[𝑆]𝐶)  + 𝑟𝑃𝑂                                     (3.4) 

𝑑[𝑆]𝐶
𝑑𝑡

= 𝐷2([𝑆]𝑃 − 0.5[𝑆]𝐶) + (−[𝑆]𝐶𝑃𝐴𝑘1) + 𝑘−1𝑃𝑂                                                (3.5) 

𝑑𝑃𝐴
𝑑𝑡

 =  −[𝑆]𝐶𝑃𝐴𝑘1 + 𝑃𝑂𝑘−1 + 𝑟𝑃𝑂                                                                            (3.6) 

𝑑𝑃𝑂
𝑑𝑡

 =  [𝑆]𝐶𝑃𝐴𝑘1 − 𝑃𝑂𝑘−1 − 𝑟𝑃𝑂                                                                                (3.7) 

Equations 3.4 and 3.5 describe the change in periplasmic and cytoplasmic substrate 

concentration over time, respectively. D1 and D2 are the diffusion constants across the outer 

membrane and inner membrane, respectively. Equations 3.6 and 3.7 describe changes in 

available pump and occupied pump over time and are inverses of each other as there are 

two possible pump states within our model. The total amount of pump in the cell is Ptot 

inclusive of both available and occupied pumps. 

𝑃𝑡𝑜𝑡 = 𝑃𝐴 + 𝑃𝑂                                                                                                 (3.8) 

We then solve for the steady-state of the system using the system of equations above. From 

Equation 3.6 we obtain 

𝑟𝑃𝑂 + 𝑃𝑂𝑘−1 = [𝑆]𝐶𝑃𝐴𝑘1                                                                                     (3.9) 

Solving for both PO and PA using Equation 3.8 we obtain, respectively 

𝑃𝑂 =
[𝑆]𝐶(𝑃𝑡𝑜𝑡)

𝜅 + [𝑆]𝐶  

                                                                                            (3.10) 

𝑃𝐴 =
𝜅(𝑃𝑡𝑜𝑡)

𝜅 + [𝑆]𝐶 
                                                                                           (3.11) 
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where 𝜅 =
(𝑟+𝑘−1)

𝑘1  
. Further, from Equation 3.4 and with term rearrangement we obtain 

𝐷1([𝑆]𝑀 − 0.5[𝑆]𝑃) − 𝐷2([𝑆]𝑃 − 0.5[𝑆]𝐶) =  − 𝑟
𝑃𝑡𝑜𝑡[𝑆]𝐶
𝜅 + [𝑆]𝐶 

                             (3.12) 

From Equation 3.5 we obtain 

𝐷2([𝑆]𝑃 − 0.5[𝑆]𝐶) + 𝑘−1𝑃𝑂  =  [𝑆]𝐶𝑃𝐴𝑘1                                                                     (3.13) 

substituting PO and PA for Equations 3.10 and 3.11 and rearranging terms we obtain 

𝐷2([𝑆]𝑃 − 0.5[𝑆]𝐶) =  
[𝑆]𝐶(𝑃𝑡𝑜𝑡)

𝜅 + [𝑆]𝐶
(𝜅 𝑘1 − 𝑘−1)                                                          (3.14) 

𝐷2([𝑆]𝑃 − 0.5[𝑆]𝐶) = 𝑟 
[𝑆]𝐶(𝑃𝑡𝑜𝑡)

𝜅 + [𝑆]𝐶
                                                                           (3.15)  

Plugging in Equation 3.15 into Equation 3.12 yields  

[𝑆]𝑀 = 0.5[𝑆]𝑃                                                                                               (3.16) 

Equation 3.16 relates the tetracycline antibiotic in the periplasm to that in the media. We 

can now solve for the antibiotic concentration in the cytoplasm as a function of antibiotic 

concentration in the media by substituting Equation 3.16 into Equation 3.15. 

Analysis of the system’s steady state response results in the following expression relating 

the substrate concentration in the cytoplasm to that in the media  

4[𝑆]𝑀 − [𝑆]𝐶  = 𝛾 
[𝑆]𝐶

𝜅 + [𝑆]𝐶
                                                                                  (3.17) 

where 

𝛾 =
2𝑟𝑃𝑡𝑜𝑡
𝐷2

                                                                                       (3.18) 

and 

𝜅 =
(𝑟 + 𝑘−1)

𝑘1
                                                                                       (3.19) 
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Finally, solving for the substrate concentration in the cytoplasm, [S]C, as a function of 

substrate concentration in the media, [S]M, results in the following quadratic equation for 

which the positive solution is the only feasible solution: 

[𝑆]𝐶 =
−(𝛾 + 𝜅 − 4[𝑆]𝑀)  ± √(𝛾 + 𝜅 − 4[𝑆]𝑀)2 + 16𝜅[𝑆]𝑀 

2
                                    (3.20) 

  

Efflux pumps counteract substrate diffusion and therefore we cannot know the 

concentration of substrate in the cytoplasm, SC, by simply knowing the substrate 

concentration in the media, SM. Instead, SC has to be computed from expression in Equation 

3.20. Using the Hill-function relation in Equation 3.1 and the global parameters A and B 

determined in the pump free system allow us to calculate SC from fitness (growth rates) of 

strains with the transporter. Equation 3.20 is then used for the prediction of the pump 

parameters γ, which is to the maximum velocity of the transportertotal activity of the 

transporter divided by the rate of substrate diffusion across the inner membrane, and κ, 

which roughly corresponds to the affinity of substrate to the transporter.  
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3.4.  The TetB physiological model can be used to determine physicochemical 

parameters from fitness 

In vivo, the expression of most efflux pumps is tightly regulated by repressors as their 

expression in non-selective environments can lead to substantial fitness costs (Nguyen et 

al., 1989). In naturally occurring biological systems, Tet(B) is controlled by the TetR 

repressor whereby expression is dynamically controlled by the concentration of 

tetracycline in the environment (Møller et al., 2016). In an effort to more easily predict 

pump physicochemical properties from fitness in selective environments, we removed 

these regulatory dynamics by TetR. Here, tet(B) is expressed by the arabinose inducible, 

glucose repressible promoter, pBAD, where saturating arabinose concentration is used to 

obtain a homogeneous cellular population expressing tet(B) (Khlebnikov et al., 2000). The 

final construct was integrated into the E. coli BW25113 chromosome using a site-specific 

method for insertion at the Tn7 attachment sites downstream of the highly conserved 

glutamine synthetase gene, glmS (McKenzie and Craig, 2006). This host strain has a 

deletion in the genes necessary for arabinose catabolism and thus in our system, we obtain 

constitutive tet(B) expression by performing our fitness assays presence of saturating 

arabinose concentration (Grenier et al., 2014). The TetB physiological model discussed in 

section 3.3 was used to fit the fitness function of BW25113 expressing a chromosomal 

copy of tet(B) at a wide range of TET, DOX and MCN concentrations (Figure 3.4).
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Figure 3.4. Fitness functions for cells expressing tet(B) vs host strain without tet(B) in TET, 

DOX and MCN. 

Compared with BW25113, expression of TetB produces the most dramatic increase in 

fitness in TET (blue), moderate fitness increase in DOX (green), and slight fitness increase 

in MCN (pink). This efflux pattern for TetB is consistent with the literature. Error bars 

represent standard deviation among four single colony replicates for BW25113 and three 

single colony replicates for BW25113 expressing tet(B). 
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Using our physicochemical-fitness model, we generated least squares fits to 

normalized fitness functions for cells expressing tet(B) under selection by TET, DOX, or 

MCN and determined lumped pump parameters κ (
(𝑟+ 𝑘−1)

𝑘1
) and γ (

2𝑟𝑃𝑡𝑜𝑡

𝐷2
) (Table 3.2 and 

Figure 3.5).  In our system, we assume that Ptot and drug diffusion across the inner 

membrane (D2) remains constant. Here, TetB more readily pumps out TET compared to 

DOX and MCN which is consistent with previous studies performed with tet(B) (Nguyen 

et al., 2014; Testa et al., 1993). Figure 3.5B and C shows how the final steady-state 

concentration of TET in the cytoplasm relates to κ and γ for a given drug concentration in 

the media based on Equation 3.17. There is a strong correlation between γ and changes in 

growth rate. This is expected as γ relates to total pump activity and is proportional to protein 

concentration and pumping efficiency which greatly impacts the cytoplasmic concentration 

of antibiotic. Similar to our previous report, we find that κ, relating to substrate affinity, is 

sensitive to the initial plateau of the fitness function at lower concentrations of antibiotic 

while γ, relating to total activity, is sensitive to the changes in the growth rate as substrate 

concentration increases (Figure 3.6) (Walkiewicz et al., 2012).  

 TET DOX MCN 

κ 1.46 ± 0.19 2.54 ± 0.11 2.14 ± 0.53 

γ 351.08 ± 18.82 73.17 ± 1.07 8.96 ± 0.74 

 

Table 3.2. Model incorporating efflux kinetics can predict lumped physicochemical pump 

parameters from growth rates. 

The values for lumped parameters κ (
(𝑟+𝑘−1)

𝑘1
) and γ (

2𝑟𝑃𝑡𝑜𝑡

𝐷2
) were calculated using the average 

values of global parameters A and B presented in Table 3.1.  Parameter γ relates to the total activity 

of the efflux pump and we find this parameter to largely represent the fitness benefit TetB produces 

in the different substrates. This is seen when comparing DOX and MCN as they both have similar 

κ values but very different γ values. Both κ and γ have units of µg/mL and are within µM range for 

TET, DOX and MCN.      
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Figure 3.5. The concentration of drug in the cytoplasm is heavily dependent on parameter γ. 

A. Normalized fitness functions of cells expressing wild type tet(B) and their corresponding model 

fits in the presence of TET, DOX and MCN. Triplicate data is shown for each antibiotic. B and C. 

3-dimentional plot of predicted concentrations of TET in the cytoplasm as a function of TET 

concentration in the media and: (B) Parameter γ where κ value is held constant or (C) Parameter κ 

where γ value is held constant. The units for both κ and γ are µg/mL. 
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3.5. Discussion 

Determination of physicochemical properties of a single protein solely from fitness 

poses an interesting but difficult challenge as the phenotype of an organism is the 

summation of the physicochemical properties of all cellular proteins and their interactions. 

Here, I take an otherwise complex phenotype, resistance to the tetracycline mediated by 

TetB, and examined the fitness of E. coli at varying environmental conditions to link in 

vivo TetB function to its physicochemical properties. I first determined the global 

parameters A and B that define the cellular system from growth analysis of the host strain 

without tet(B) using a Hill-function relating growth rate inhibition by the cytoplasmic drug 

Figure 3.6.  Pump parameters κ and γ are sensitive to different parts of fitness function curve. 

Our physicochemical-fitness model uses fitness functions generated from growth at selective 

conditions to predict parameters κ and γ, which roughly describe substrate affinity and total activity, 

respectively. A.  The predicted value of γ for TetBWT, 312.5, is held constant and κ is varied. We 

find that κ is sensitive to the initial plateau seen in the fitness function. B. The predicted value for 

κ for TetBWT, 1.15, is held constant and γ is varied. We find that γ is sensitive to the steepness of 

the fitness function resulting from a decrease in growth rate. The units for both κ and γ are µg/mL.    
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concentration. Interestingly, the host strain BW25113 has an intrinsically higher resistance 

to semi-synthetic, second generation tetracycline antibiotics DOX and MCN compared to 

TET. This is surprising because second generation tetracyclines have greater efficacy 

against numerous Gram-negative and Gram-positive strains (Nguyen et al., 2014). I do not 

know the cause of this increased innate resistance, however, this unexpected feature 

emphasizes the importance of obtaining A and B for all tested substrates as the 

determination of the pump parameters are dependent on these global parameters.  

From othe steady state model, the cellular fitness response emerges from a balance 

between diffusion and transport, which takes on dynamics analogous to Michaelis-Menten 

kinetics typically used to describe transporters (Law et al., 2007; Sun et al., 2012). Our 

model was able to extrapolate information from the fitness function curves and estimate 

two lumped parameters, κ and γ. Parameter κ is the ratio between the reaction rates 

resulting in unbound and bound states of the pump and is loosely analogous to Km. 

Parameter γ is the efflux ratio- proportional to the pump efficiency and protein 

concentration and inversely proportional to the substrate diffusion across the inner 

membrane.  

Although our characterization method is able to provide meaningful information 

about TetB efflux mechanism, our simplified model does not incorporate all possible 

kinetic events needed for substrate efflux. For example, the presented model does not 

incorporate the details about co-substrate transport for H+ in our TetB system. However, 

adding more parameters could result in an underdetermined system, leading to the inability 

to extract significant information. The current model recapitulates the most salient features 

of the system from the most readily accessible and scalable experimental assays. 
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Chapter 4 

Analysis of TetB expression constructs 

4.1. Introduction 

One common mechanism to achieve increased cellular antibiotic resistance is 

through the overexpression of efflux pumps (Bambeke et al., 2003; Li et al., 2015). To 

study the link between protein concentration and fitness, I created several tet(B) expression 

constructs differing only in their RBS sequence. Using the physiological model presented 

in Chapter 3, we hypothesized that the parameter 𝜅 (
(𝑟+𝑘−1)

𝑘1  
), roughly correlating to the Km 

of TetB to the substrate would constant in all expression constructs as this parameter is not 

dependent on protein concentration. Inclusive of this hypothesis, we believe that the γ 

(
2𝑟𝑃𝑡𝑜𝑡

𝐷2
) parameter would change to the degree proportional to its change in protein 

concentration. I used the Salis lab RBS calculator (details within Chapter 2 Materials and 

Methods) to generate seven additional RBS sequences- three of lower strength and four of 

higher strength relative to the RBS sequence strength (10,000) used in Chapter 3 

characterization of TetB. These variants were created using PCR and cloning and 

subsequently inserted into the Tn7 attachment site in our host cell E. coli BW25113 for 

analysis using identical methods used in the Chapter 3 tet(B) analysis. 

4.2. Low expression TetB strains exhibit drug concentration dependent lag phase 

Relative to the 10,000 expression strength used for the tet(B) mutant analysis, I 

analyzed three low expression constructs containing two 5,000 and one 6,000 RBS 



 
75 

 

sequences. Growth analysis of all low expression strains showed a lag phase that was 

dependent upon the concentration of drug (Figure 4.1). This was puzzling and interesting 

for several reasons including: (1) Cells used in this growth assay are pretreated with 

arabinose and should have some TetB expression (2) Tetracycline antibiotics inhibit 

cellular growth but TetB functions to counteract this inhibition through efflux- How is it 

possible for strains with low TetB expression are able to grow after several hours of no 

growth? We hypothesized that during this long phase, TetB translation was occurring at 

low rates and this eventual accumulation allows the cell to finally overcome translation 

inhibition when enough TetB is present. 

To test this hypothesis, I performed time course western blot analysis on cell 

samples taken every 4 hours throughout the course a 24-hour growth phase in TET and 

MCN (Materials and Methods). The drug concentration used in these experiments (TET: 

26 µg/mL, MCN: 3.0 µg/mL) were chosen because they provided a long lag time that 

would allow us to monitor possible TetB accumulation during lag phase. For this analysis, 

cell pellets were resuspended in lysis buffer to a concentration of 25mg/mL and then 

sonicated to sheer the cell pellet. 50µg of whole cell lysate was loaded onto a SDS-PAGE 

gel and transferred onto PVDF membrane for western blot analysis. Results summarized 

in Figure 4.2 show that TetB expression is first detected by western blot at 12 hours for 

both drugs and, within the detection limit of the assay, does not appear to be accumulating 

during lag phase. These data are difficult to interpret because tetracycline antibiotics bind 

to the ribosome to slow down translation but translation is needed to make TetB protein. 

However, the only way to relieve the cell from the stresses of TET and MCN is to pump it 

out via TetB so we are left with a circular argument. One possible explanation is that there 
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are other factors contributing to the expression of tet(B) that have a delayed onset. If these 

delayed factors do play a role in tet(B) expression, it would not impact our previous analysis 

of tet(B) variants as their mid-exponential growth phases occur within 3 hours. Another 

explanation is accumulation is, in fact, occurring during lag phase but the analysis 

performed was not sensitive enough to detect it. Further analysis was not carried out for 

the low expression constructs as our definition of fitness, growth rate at exponential growth 

phase, does not incorporate lag time and would not entirely relate to the phenotype of these 

strains.  
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Shown are the growth profiles of host strain E. coli BW25113 (yellow), BW25113 with 5kRBS tet(B) chromosomal insertion (red), 

and BW25113 with 10kRBS tet(B) chromosomal insertion (blue) where ‘k’ symbolizes 1000. The long lag phase seen by the strain 

expressing 5kRBS tet(B) is representative of the growth analysis seen in two other weak RBS sequences tested. 

Figure 4.1. Low expression TetB strains exhibit a drug concentration dependent lag phase. 
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Shown are the growth profiles of BW25113 with 5kRBS tet(B) chromosomal insertion which have drastically different growth rate 

profiles in TET vs. MCN. Dark grey diamonds represent time points and corresponding OD600 when cell sample was taken for 

immunoblot analysis. Here, whole cell lysate of 50µg amount was used. DnaK is an E. coli HSP70 protein that was used as a visual 

loading control. In both drugs, high level of TetB is detected around 12 hours. Time 00 refers to cell sample taken before the addition 

of drug to the culture. Time 0 refers to cell sample taken at the start of the growth assay immediately after the addition of drug. 

 

Figure 4.2. Low expression TetB strains exhibit a drug concentration dependent lag phase. 
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4.1 High expression tet(B) strains increase fitness 

I also created and analyzed four BW25113 strains expressing TetB with a stronger 

RBS sequence strengths relative to wildtype (10,000): one 20,000, two 35,000, and one 

55,000. For the remainder of this chapter, I refer the RBS sequence strength using ‘k’ for 

1000. I performed triplicate growth rate analysis on these strains in TET, DOX and MCN 

(Figure 4.3). All higher expression strains produced a fitness increase at high drug 

concentration, however, several key features about these fitness functions were concerning. 

First, the fitness increase produced by the high expression strains did not correlate with 

their predicted RBS sequence strength. For example, the 20k RBS strain appears more fit 

than the 55k RBS strain in TET and MCN. Additionally, at high drug concentrations the 

35k_2RBS strain was more fit in all tested drugs. Interestingly, this strain shows a decrease 

in growth rate at low drug concentration showing that expression of TetB with 35k_2RBS 

confers a relatively high fitness cost. In MCN, BW25113 expressing 35k_2RBS displays 

a very interesting shape at low drug concentration as growth rate drops at 2.5µg/mL but 

then begins to raise at 3.0 and 3.5 µg/mL. Overall, we see the most separation of the fitness 

functions in TET, followed by MCN then DOX. In DOX, strains expressing RBS sequence 

strengths 20k, 35k_1, and 55k all have overlapping fitness functions. 
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Strains where TetB expressed with stronger RBS sequences produce greater overall fitness in all 

drugs. The strain expressing TetB with 35k_1 RBS displays a different shaped fitness function 

compared to the other RBS strains as highlighted in TET. The growth rate separation is muted in 

DOX where strains expressing 20k, 35k_1, and 55k have very similar growth profiles. Error bars 

represent the standard deviation (SD) among three single colony replicates.  

 

Figure 4.3. Absolute growth rate as a function of TET, DOX and MCN for wild-type 10k TetB 

and stronger RBS sequence constructs. 
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4.2 Modeling of fitness functions reveals substrate affinity is changing within RBS 

constructs 

The only difference between our various expression constructs is the RBS 

sequence. If the RBS sequence only impacts TetB translation, then we hypothesized that 

fundamental rates of TetB would remain the same, i.e. substrate binding affinity, k1, and 

pump efficiency rate, r (Figure 3.3). Our physiological model describing TetB efflux is 

able to predict two lumped parameters from cellular fitness, namely, 𝜅 (
(𝑟1+𝑘−1)

𝑘1  
) and γ 

(
2𝑟𝑃𝑡𝑜𝑡

𝐷2
) which roughly relate to the Km and Vmax of TetB for a given substrate, respectively. 

In altering TetB expression, parameter κ should remain constant while parameter γ should 

fluctuate in a manner proportional to the change in TetB protein concentration (Ptot). We 

should then be able to test the change in Ptot predicted by the model through in vivo protein 

quantification.  

To test our hypotheses, we used the physiological model presented in Chapter 3 to 

fit the normalized equivalent of fitness functions shown in Figure 4.3 to determine 

parameter values κ and γ (Figure 4.4). Table 4.1 shows that both parameters κ and γ 

change indicating that in our system, altering RBS sequence maybe impact cellular 

processes outside of just protein concentration (not an orthogonal change). We do, 

however, obtain very good model fits and the predictions from our model seem to correlate 

well with the fitness functions in Figure 4.3. For example, strains expressing TetB with 

20k RBS and 55k RBS display similar fitness function shapes expect 20k RBS is slightly 

shifted to the right. The κ parameter is sensitive to the initial plateau of the fitness function 

(Figure 3.6) and our model correctly predicts that both TetB with 20k RBS and 55k RBS 
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have similar κ values in TET while the γ parameter sensitive to the growth rate drop off 

point is slightly higher for the TetB 20k RBS strain. Also, TetB with 35k_2 RBS has the 

largest γ value in all drugs which accurately matches this strains the high level of resistance.  

 

Shown are triplicate normalized fitness functions for strains expressing wild-type (10k) TetB and 

stronger RBS sequence constructs. Growth rates are normalized to the strain grown in the absence 

of drug.   

Figure 4.4. Model fits for wild-type 10k TetB and stronger RBS sequence constructs. 
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 TET DOX MCN 

 κ γ κ γ κ γ 

10k 1.15 312.51 4.06 87.57 2.76 9.39 

20k 0.69 671.11 1.53 133.85 2.48 31.05 

35k_1 2.62 1002.23 2.62 156.98 4.71 39.68 

35k_2 2.14 1548.64 1.10 175.91 4.16 55.40 

55k 0.61 567.04 1.87 138.15 1.57 24.73 

 

 

4.4 Protein concentration is inconsistent within TetB expression constructs  

 Although modeling of the fitness functions of the TetB expression constructs 

revealed that alternating the RBS sequence was not orthogonal, I performed immunoblot 

analysis in an attempt to further investigate the role of protein concentration and cellular 

fitness at selective conditions. I prepared membrane samples from arabinose induced cells 

grown to mid-exponential growth phase and probed for TetB using a polyclonal antibody 

for the C-terminal tail of TetB. This analysis was performed in triplicate and yielded very 

inconsistent results, however, I did not trouble shoot further as these immunoblot data 

coupled with the modeling analysis showed that our intention of determining the link 

between protein concentration and fitness would not be achieved by altering RBS sequence 

strength in our system.  

We hypothesized that only changing the RBS sequence strength driving TetB translation would 

solely impact TetB protein concentration resulting in a constant 𝜅 (
(𝑟+𝑘−1)

𝑘1  
) but changing γ 

(
2𝑟𝑃𝑡𝑜𝑡

𝐷2
) in our system.  Modeling of fitness functions produced by different TetB expression 

strains, however, reveal that both κ and γ are changing. The units for both κ and γ are µg/mL. 

Table 4.1. Altering RBS sequence changes substrate affinity in our system 
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Expression strains were grown in 2% arabinose supplemented LB where cell sample was harvested 

at mid-exponential growth phase. Membrane samples were collected and prepared from three 

single colonies grown independently. A. 45µg of prepared membrane was probed with an antibody 

which recognizes the TetB C-terminal cytoplasmic tail. B. Immunoblot images were quantitated 

using Image J software. Protein concentration of TetB 20k, 35k_1, 35k_2, and 55k are relative to 

10k RBS used in Chapter 3 analysis.   

Figure 4.5. Western blot analysis shows inconsistent protein expression among membrane 

samples from TetB expression constructs.  



 
85 

 

4.5 Discussion 

Within the differing RBS sequence constructs, we believe dynamics beyond protein 

concentration differences are occurring. We believe this for two reasons 1: The shapes of 

the fitness function curves are different, especially for 35k_1 (green) (Figure 4.3). 2. 

Modeling of the fitness functions shows that parameter κ is inconsistent for all RBS 

sequences. Parameter κ does not incorporate protein concentration. The fact that this term 

is changing further shows that there are dynamics outside of protein concentration that is 

changing within these expression systems. However, analysis within a single expression 

system should not yield consistent dynamics. It is possible that changing the RBS sequence 

has an impact on tetracycline binding to the ribosome even though they bind to two 

different locations there could be dynamic effects occurring at a longer range. It would 

have been possible to look at protein concentration in a different way by having a tunable 

promoter and using varying concentrations of an inducer. In this system, increasing inducer 

concentration would increase mRNA production and consequently protein concentration. 

In the expression system used for this study, pBAD is not a tunable promoter since AraC 

is not constitutively expressed.  

From the current analysis, however, we can extrapolate meaningful information as 

to why efflux pumps are heavily regulated by examining the fitness function of cells 

expressing TetB with 35k_2 RBS. Growth in the absence of drug and at low drug 

concentrations reveal that this expression variant confers a high fitness cost. It is only at 

intermediate and high drug concentrations when this variant exhibits greater fitness than 

the other expression constructs. Here, the fitness benefit produced by TetB efflux is 

outweighed by the fitness cost associated with its high expression.   
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Chapter 5 

Cellular fitness and in vivo protein concentration can be used 

to determine relative changes in biochemical parameters for 

TetB variants 

5.1. Introduction 

Protein libraries can be made to search for altered variants with a desired feature 

such as increased stability, altered substrate binding affinity and increased activity to one 

or more substrates. One common bottleneck in this process is the step of protein 

purification and subsequent in vitro analysis needed to screen/ assay these libraries to 

identify the variant(s) with the desired properties. Protein libraries have also been used to 

search for amino acid residues important to protein function (Kimura-Someya et al., 2000; 

Tamura et al., 2001). For proteins which cause drug resistance, gene mutagenesis is 

typically followed by MIC testing to see if the created mutation impacts resistance. MIC 

tests are rapid but are more qualitative in nature as it only assays cellular growth vs no 

growth and cannot give insight into how the mutation leads to a change in resistance. 

We set out to address both of these varied but interconnected issues by 

characterizing single amino acid variants of TetB from cellular growth assays using the 

physicochemical-fitness model presented and described in Chapter 3. Within the context 

of our current model we are able to measure differences in two parameters describing dtug 

efflux by TetB, namely, substrate binding rate (k1) and pump efficiency rate (r) (Figure 

3.3). Although the structure of TetB has not been solved we can use the knowledge gained 

from other MFS structural and function studies. Despite the low percentage of protein 
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sequence similarity among MFS transporters, their overall structure is largely conserved 

with a general understanding of how specific regions of the transporter contribute to 

substrate binding and/or pumping efficiency (Quistgaard et al., 2016; Yan 2015).  

In this chapter I will first show that our physicochemical-fitness model can fit 

fitness functions of strains expressing tet(B) variants to produce estimates in the lumped 

parameters κ and γ introduced in Chapter 3. We can extract statistically significant 

information for variants with sufficiently different fitness profiles from wild-type. I will 

then show that we can use in vivo protein levels to obtain more detailed information within 

the lumped parameters and extract information describing substrate binding rate and 

pumping efficiency TetB variants relative to wild-type. For these variants, our data greatly 

coincides with the current knowledge of how MFS transporter structure influences 

function. This success of determining quantitative physicochemical properties from fitness 

at environmental selective conditions suggests that with the appropriate mathematical 

model, libraries of protein variants can be rapidly screened without the need for individual 

protein purification or that small molecule libraries of potential inhibitors of those MFS 

family members associated with antibiotic resistance could be screened rapidly and useful 

biochemical effects ascribed without initial in vitro characterization. Additionally, these 

data will show that a detailed model of diffusion is not necessary when characterizing 

protein variants as physicochemical fitness parameters are relative to WT and within a 

given substrate, diffusion is normalized. 

 



 
88 

 

5.2. Fitness functions of tet(B) variants can be modeled accurately to reveal relevant 

physicochemical properties of efflux pumps 

To test the ability of our physicochemical-fitness model to determine 

physicochemical parameters relating to substrate affinity (𝜅 =
(𝑟+𝑘−1)

𝑘1  
) and total protein 

activity (γ = 
2𝑟𝑃𝑡𝑜𝑡

𝐷2
) from fitness, we tested known TetB variants that were shown to 

decrease resistance to TET, DOX and/or MCN by MIC testing (Sapunaric and Levy, 2005). 

Variants were also selected for their predicted location in the conserved MFS fold for TetB 

and their potential to alter pumping efficiency and substrate binding affinity. There are 

three groups of four alpha helices that interact to form the canonical MFS fold. We tested 

one TetB variant from each helical group. The following description uses the nomenclature 

from Quistgaard et al. 2016 for the helices. A-helices (TM1, TM4, TM7, and TM10) are 

positioned at the center of the transporter and make up the transport path needed for 

substrate binding and exchange/ cotransport coupling. B-helices (TM2, TM5, TM8, and 

TM11) are positioned outside of the core helices and have been shown to help mediate the 

N- and C- domain interface and may also participate in substrate binding. C-helices (TM3, 

TM6, TM9, and TM12) are positioned of the outside of the core helices and are postulated 

to primarily contribute more to structure than the function of the transporter (Yan, 2013). 

In addition, we tested four variants within the interdomain loop of TetB at residues 

D190 and E192 that have been shown to be important for substrate specificity and reduce 

tetracycline sensitivity (Sapunaric and Levy, 2005; Tamura et al., 2001). In the work by 

Sapunaric and Levy, substrate specificity was assayed by measuring the relative MIC 

change produced by these variants across TET → DOX and TET → MCN (Sapunaric and 
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Levy, 2005). These relative changes were compared to that of produced by cells expressing 

wild-type TetB. If the ratio of these relative changes different from WT, i.e. altered MIC 

in one drug but not another, then that variant was considered to be involved in substrate 

specificity. Studies with other MFS transporters, however, indicate that the interdomain 

loop is necessary for movement and flexibility between the N and C terminal domains to 

facilitate the pumping mechanism required for substrate translocation (Dang et al., 2010; 

Law et al., 2008). In total, seven different tet(B) variant constructs were created using site-

directed mutagenesis and integrated into the chromosome of the parent strain BW25113 

for subsequent growth rate analysis in TET, DOX and MCN (Figure 5.1A and B).  

For all tested variants an increase in drug concentration caused a decrease in growth 

rate. Surprisingly, interdomain loop variants tet(B)D190N, tet(B)E192D, and tet(B)E192Q 

identified by Sapunaric and coworkers (2005) as reducing TetB function showed fitness 

nearly identical to cells expressing tet(B)WT and as expected, our model correctly predicted 

similar κ and γ parameters as can be seen by their overlap in the fitness landscape in Figure 

5.1C. Cells expressing tet(B)V339C, located in B-helix TM11, had a greater decrease in 

fitness compared to cells expressing tet(B)WT in TET and MCN. In DOX, both fitness 

functions overlapped showing that a decrease in fitness is not observed during DOX 

selection. This is highlighted in Figure 5.1C where parameters for TetBV399C can be 

differentiated from TetBWT in TET and MCN but is clustered with TetBWT in DOX. The 

strain expressing tet(B)L9F located in A-helix TM1, surprisingly, is significantly more fit 

than cells expressing tet(B)WT in all tested drugs although in the work of Sapunaric and 

Levy this variant was shown to produce a decrease in resistance. Interestingly, γ remained 

similar to WT in all drugs while κ changed at most 2-fold in DOX (Table 5.1). This result 
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echoes previous work done in the Shamoo lab were Walkiewicz and coworkers showed 

that that small changes in TetX2 protein function can result in large fitness effects 

(Walkiewicz et al., 2012).  Cells expressing tet(B)G366C, located in C-helix TM12, were 

significantly less fit than cells expressing tet(B)WT. This mutation resulted in a change in 

both κ and γ, however, γ was more severely decreased. 

  

A. Variant locations on the predicted TetB topology where N- and C- termini are both within the 

cytoplasm. B. Fitness functions for E. coli BW25113 strains expressing a chromosomal copy of 

tet(B)WT and seven variants in TET, DOX, and MCN. At low drug concentration for all antibiotics, 

tet(B)G366C exhibits much slower growth rate than wild-type. Compared to wild-type, strains 

expressing tet(B)L9F exhibit similar growth rate at low and high drug concentration but has a faster 

growth rate at intermediate drug concentration. C. Fitness landscapes with mutants overlaid for 

TET= 35 µg/mL, DOX=10 µg/mL, and MCN=2.5 µg/mL corresponding to the dashed lines in 

5.1B.  

Figure 5.1. Physicochemical parameters of TetB varaints can be determined from cellular 

fitness 
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 TET DOX MCN 

 κ γ κ γ κ γ 

WT 1.46 ± 0.19 351.08 ± 18.82 2.54 ± 0.11 73.17 ± 1.07 2.14 ± 0.53 8.96 ± 0.74 

L9F 0.90 ± 0.09 407.37 ± 12.07 1.19 ± 0.05 76.29 ± 0.75 1.17 ± 0.21 13.60 ± 0.55 

D190N 1.64 ± 0.20 362.47 ± 18.90 2.30 ± 0.95 66.68 ± 0.94 2.25 ± 0.56 8.75 ± 0.75 

E192A 2.33 ± 0.29 420.56 ± 26.54 3.45 ± 0.16 73.37 ± 1.42 3.16 ± 0.80 9.86 ± 1.03 

E192D 1.29 ± 0.18 340.02 ± 18.62 2.56 ± 0.11 68.98 ± 1.19 2.29 ± 0.56 9.17 ± 0.78 

E192Q 1.49 ± 0.18 341.44 ± 16.94 2.46 ± 0.11 66.08 ± 1.12 2.66 ± 0.60 9.64 ± 0.83 

V339C 1.28 ± 0.11 285.50 ± 8.14 2.79 ± 0.12 71.59 ± 1.14 0.018 ± 0.11 4.067 ± 0.20 

G366C 0.546 ± 0.036 81.95 ± 1.05 0.688 ± 0.04 12.53 ± 0.27 1.097 ± 0.88 2.125 ± 0.43 

 

Table 5.1. Lumped physicochemical parameters of TetB variants determined from modeling 

fitness functions in TET, DOX and MCN.  

Parameters κ and γ were determined using a sampling of A and B global parameters from Table 

3.1. Unsurprisingly, the four variants tested at residues 190 and 192 that had similar fitness 

functions to WT also have lumped parameter values similar to WT. The errors within the κ 

parameter of TetBV339C and TetBG366C in MCN are very large and therefore do not have confidence 

in this estimation.  Overall, we observe small changes in parameters κ and γ have the ability to 

produce large fitness effects in our selection conditions. The units for both κ and γ are µg/mL.  
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Figure 5.2. TetB physicochemical-fitness model can tightly fit fitness functions for all variants 

across TET, DOX and MCN 
Shown are triplicate normalized fitness functions (*) and their corresponding model fits (solid line) 

fof strains expressing tet(B)WT or variant across a range of TET, DOX and MCN concentrations. 
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5.3. Small changes in in vivo protein levels play a decidedly important role in 

determining cellular fitness  

The total activity of a transporter is a result of both its pump efficiency rate and 

concentration. In the absence of knowing protein concentration, it is impossible to obtain 

information regarding changes in pumping efficiency from the lumped parameter, γ, 

determined solely from growth rates. Although we used a collection of single amino acid 

substitutions, it is likely that some of these mutations may have affected the steady-state 

concentration of TetB and thus it would be inaccurate to ascribe changes in γ solely to 

changes in pumping rate.  I therefore performed western blot analysis to assess the potential 

importance for small changes in protein concentration to drive increased fitness. We used 

an antibody towards TetB to quantify relative total protein concentration using the 

membrane fraction of strains expressing chromosomal copies of tet(B)WT and variants 

harvested at mid-exponential growth phase (Figure 5.3). The in vivo protein level of 

TetBL9F is ~50% higher than wild-type while TetBV339C and TetBG366C appear somewhat 

lower by ~20% and ~50%, respectively.  The in vivo expression of all interdomain loop 

variants were similar to wild-type and when combined with their fitness data in Figure 

5.1B indicate that these variants do not alter TetB physicochemical properties in our 

system. These data highlight the importance of incorporating in vivo protein levels in the 

physicochemical-fitness model as this factor played an important role in the increased 

fitness of cells expressing tet(B)L9F and decreased fitness of cells expressing tet(B)G366C. 
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Strains were grown in 2% arabinose in the absence of drug and harvested at mid-exponential phase. 

Membrane samples were prepared from three individual colonies grown and prepared 

independently.  A. 45µg of each membrane sample was loaded onto a 10% SDS PAGE gel, 

transferred onto PVDF membrane and probed with an antibody for TetB. Despite the use of 

protease inhibitor cocktail within the lysis buffer used to prepare the samples, degradation of TetB 

can be seen in all variants. Since it cannot be determined when the degradation occurred, in vivo 

or during preparation, I used all bands to quantitate in vivo TetB levels B. Western blot membranes 

were analyzed using ImageJ software. Error bars represent standard deviation among three 

independent measurements.  

 

 

Figure 5.3. In vivo protein levels of TetB variants relative to wild-type determined by western 

blot analysis of cell membrane fractions 
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5.4.  The relative change in substrate binding and pumping efficiency rates can be 

determined after incorporation of protein concentration into the 

physicochemical-fitness model 

Integrating in vivo protein levels into our physicochemical-fitness model allows for 

the uncoupling of lumped parameters γ and κ into the specific parameters describing 

substrate binding rate, k1, and pumping efficiency rate, r. Although it is not possible to find 

explicit values for the rate constants, we can determine the effective relative changes in k1 

and r for each variant across TET, DOX and MCN. Relative changes in r were determined 

by incorporating protein levels directly into our definition of γ (
2𝑟𝑃𝑡𝑜𝑡

𝐷2
). We determined 

relative changes in k1 through the ratio γ/κ. We first assume that the off binding rate of 

substrate to TetB is much lower than the on binding rate (ε =k-1/k1<< 1) and through a 

Taylor expansion find the relation 

𝛾

𝜅
= (𝑘1 −

𝑘1
2

𝑟
𝜀 + 

𝑘1
3

𝑟2
𝜀2 +⋯) ∗

𝑃𝑡𝑜𝑡
𝐷2

                                                                 (5.1)   

 

To a zero order approximation we obtain  

𝛾

𝜅
=≈ 𝑘1

𝑃𝑡𝑜𝑡
𝐷2

                                                                    (5.2)   

  

If the approximation ε =k-1/k1<< 1 holds, then it is expected that κ correlates linearly with 

γ. This assumption was tested for each tet(B) variant. A Monte Carlo approach was taken 

to generate 1000 samples of fits on κ and γ through a random selection of A and B from the 

estimated probability density functions.  
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A: The spread of κ and γ fits for 1000 randomly selected parameters A and B from a set gamma 

distribution shows a linear correlation between κ and γ. B: Shown are the calculated mean and 

error of γ/κ for the sampled parameter fittings shown in Figure 5.2. The large error seen for 

TetBV339C and TetBG366C in MCN reveals that we cannot make the first order approximation 

within 
𝛾

𝜅
=≈ 𝑘1

𝑃𝑡𝑜𝑡

𝐷2
 .  

 

 

Figure 5.4. Statistics of ratio γ/κ allow us to test first order approximation assumptions. 
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Figure 5.4A shows the fits for strains expressing tet(B)WT and variants tet(B)L9F, 

tet(B)V339C and tet(B)G366C where, indeed, there appears to be a linear correlation between 

κ and γ. The calculated ratio γ/κ for these strains are shown in Figure 5.4B where error bars 

correspond to error from A and B parameter estimations. The majority of the cases have 

relatively small error indicating a consistent measurement of ratio γ/κ even in the presence 

of uncertainty in A and B. The large error within ratio γ/κ for both TetBV339C and TetBG366C 

in MCN informs us that we cannot make conclusions about fold changes in the parameter 

k1 with confidence. This large error is due to the large uncertainty in the κ prediction for 

these two variants which amplifies significantly in the ratio γ/κ (Table 5.1). We 

hypothesize that the large error in κ may be due to the minimal fitness increase produced 

by strains expressing tet(B)V339C and tet(B)G366C compared to the BW25113 strain without 

a tet(B) allele showing an insensitivity of our model to confidently predict κ (Figure 5.5). 

In all further analysis, we omitted any fold change calculations in k1 for TetBV339C and 

TetBG366C in MCN, however, we do obtain a confident prediction of γ, which relates closely 

to the drop-off point of the fitness function rather than the subtle difference in the slope.   
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Incorporating relative in vivo protein concentration and uncertainty in A and B, we 

used Equation 5.2 to determine relative change in substrate binding rate, k1, and γ defined 

in Equation 3.18 (
2𝑟𝑃𝑡𝑜𝑡

𝐷2
) to determine the relative change in pump efficiency rate, r. 

Although relative protein levels were determined within 30%, the challenge in precisely 

estimating in vivo protein levels for membrane proteins is the largest cause of uncertainty 

in our calculations.  Therefore, the error propagated here is hindered by the resolution of 

the Ptot estimation (Figure 5.3). Additionally, the uncertainty in the least squares fit of κ 

and γ, is from error propagated from the estimation of A and B. In order to calculate the 

terms involving κ and γ for the mean and variance calculations of the relative changes in 

k1 and r, we used the data generated from the random sampling of A and B in Table 1.  

Figure 5.6A shows the relative changes in k1 and r across the variants compared to 

TetBWT. TetBG366C significantly reduces the relative pumping efficiency in all tested drugs 

but does not impact the binding rate constant. TetBL9F primarily produces an increase in 

the relative binding affinity in all drugs increasing from TET to DOX to MCN. TetBL9F 

also shows a slight decrease in pumping efficiency in TET and DOX. From Figure 3.5 in 

Triplicate fitness functions (*) and model fits 

(solid line) of host cell BW25113, strains 

expressing tet(B)WT, tet(B)V339C and tet(B)G366C
 in 

MCN. Both TetBV339C and TetBG366C do not 

provide a large fitness increase compared to 

TetBWT. 

Figure 5.5. Strains expressing tet(B)V339C and 

tet(B)G366C provide minimal fitness increase in 

MCN 
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Chapter 3, we know that the lumped parameter γ relating to total protein activity, is 

primarily implicated in altering the cytoplasmic drug concentration. For cells expressing 

tet(B)L9F, their decrease in pumping efficiency appears to be compensated for by the 

increase in protein levels. The effect of mutant TetBV339C, interestingly, is inconsistent 

across the three different drugs even when Figure 5.7 shows a consistent change in drug 

specificity across all mutants. Although the relative pumping efficiency is slightly larger 

by 20%, the in vivo protein level of TetBV339C is slightly lower than WT resulting in 

overlapping fitness functions in DOX. 
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A: Changes in drug binding affinity Δk1 and pumping efficiency Δr for TetB variants relative to 

wild type for TET, DOX and MCN. Error bars are comprised from a propagation of errors from A 

and B global parameter modeling and in vivo protein level determination. B: Homology model of 

TetB using YajR (PDB 3wdo) built using Phyre2 where the periplasmic side is on top and the 

cytoplasmic side is on the bottom where A-helices are shown in blue, B-helices are shown in green, 

and C-helices are shown in grey. Spheres indicating variant positions were made using PyMOL 

(L9- pink, V339- purple and G366- yellow). Right image depicts the view through central TetB 

pore from the periplasm into the cytoplasm.  

 

Figure 5.6. Relative changes in k1 and r can be uncoupled from κ and γ using in vivo protein 

levels 
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Compared to wild-type in black, TetBL9F (pink), TetBV336C (purple) and TetBG366C (gold) show the 

same change in within the different antibiotics. This analysis shows that these variants respond the 

same in TET, DOX and MCN and it can cautiously be inferred that these variants are not altering 

substrate specificity. This analysis assumes that diffusion and protein concentration remain 

constant across the different tetracycline antibiotics.  

 

 

Figure 5.7. Relative percent change in binding rate, k1, and pump efficiency rate, r, for DOX 

and MCN relative to TET. 
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5.5. Discussion 

Wild type tet(B) and strategically chosen variants were used to test the hypothesis 

that we could extract meaningful information regarding substrate binding and pumping 

efficiency solely from growth at selective conditions and in vivo protein concentrations.  

These analyses extend upon the physicochemical-fitness model introduced in Chapter 3 

that incorporates substrate diffusion, cytoplasmic substrate concentration and growth at 

selective conditions to predict relative changes in these pump parameters. This general 

could be extended and applied to other MFS family members.  

The κ and γ lumped parameters estimated through this study are loosely related to 

Km and Vmax in Michaelis-Menten kinetics, respectively.  More specifically, parameter γ is 

the efflux ratio describing the Vmax of the transporter divided by the rate of substrate 

diffusion across the inner membrane where, within a single substrate, a larger γ describes 

a larger Vmax of transport.  Our model cannot distinguish between changes in pumping 

efficiency or protein levels as both equally impact γ. However, by incorporating relative in 

vivo protein concentration, we were able to use the model to extrapolate more detailed 

information regarding specific protein dynamics. It is important to note that the model does 

not require measurement of protein concentration in vivo but only aids in discerning 

between changes in pumping efficiency (r) versus total protein concentration (Ptot). 

Of the seven variants tested in this study, three conferred significant changes in 

fitness allowing for their relative changes in substrate binding rate, k1, and pumping 

efficiency, r, to be determined. The other four variants, TetBD190N, TetBE192A, TetBE192D, 

and TetBE192Q, were all located in the interdomain loop and did not significantly alter 

cellular fitness in this study. Our results differ from previous studies, which suggested that 
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these loop residues contribute to substrate specificity (Sapunaric and Levy, 2005). One 

reason for this difference may lie in the differing cellular context for which the studies were 

performed. The previous reports studied TetB in the presence of its down regulator, TetR, 

where repression is controlled by tetracycline concentration. This dynamic expression of 

TetB in the presence of TetR means that TetB protein concentration is dependent on the 

concentration of tetracycline antibiotic in the environment. TetR is absent in our system 

and the in vivo TetB concentration is kept constant at all drug concentrations.  

Of the three variants which produced a measurable change in fitness, the strain 

expressing tet(B)L9F was the only one to increase fitness. TetBL9F is located in the A-helices 

postulated to make up the transport path and be involved in substrate binding (Figure 

5.6B). Modeling growth rate information and incorporating protein levels revealed that, 

indeed, this mutation impacted binding rate to a much greater extent than pumping 

efficiency. The increase in fitness experienced by the strain expressing tet(B)L9F is due to a 

combination of both greater protein levels and an increase in k1 relative to cells expressing 

tet(B)WT. Possible insight into the biophysical implication of this variant stems from work 

showing that some MFS transporters which confer multi-drug resistance have a transport 

core lined with many aromatic residues where possible ring stacking may occur to increase 

recognition of aromatic antibiotics (Heng et al., 2015; Klyachko et al., 1997; Yin et al., 

2006). Further, it has been proposed that aromatic residues located within the transport path 

may form a structural ‘clamp’ that recognizes substrate (Alegre et al., 2016). The location 

of TetBG366C is not completely clear as some studies show it is located in C-helix TM12 

while topology done by Phyre2, spoken about in Materials and Methods, indicate that it is 

located in the periplasmic loop between TM11 and TM12. In either case, this general 
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location is proposed to be involved in maintaining the structural integrity of MFS 

transporter and facilitating conformational change needed for the pumping mechanism 

(Yan, 2013). The strain expressing tet(B)G366C had a severe decrease in fitness compared to 

wild-type in all drugs. Incorporation of in vivo protein levels into modeling revealed that, 

indeed, this mutation impacts pumping efficiency but not substrate binding consistent with 

our current knowledge of the C-helices (Figure 5.6B). The decrease in fitness of cells 

expressing this variant is due to a combination of lower in vivo protein levels and pumping 

efficiency relative to the tet(B)WT strain. Cells expressing B-helix mutant tet(B)V339C 

showed minimal but statistically significant increases in k1 in TET and DOX but could not 

be resolved for MCN. Interestingly, this strain showed an inconsistent change in drug 

pumping efficiency, r, pattern where in TET there is no change, in DOX there is an increase 

while in MCN there is a decrease. Initially, it was assumed that this variant could be altering 

substrate specificity, however, further analysis showed that all variants display the same 

degree of drug specificity (Figure 5.7).      
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Chapter 6 

Implications and future directions 

6.1. Summary 

Strong environmental conditions allow us to link the physicochemical properties of 

a single protein to organismal fitness. In this work, I have presented a physicochemical-

fitness model that utilizes cellular growth rates in the presence of TET, DOX and MCN to 

predict the biochemical parameters of the tetracycline efflux pump, TetB. Growth of our 

host strain in TET, DOX and MCN was modeled by a Hill-equation to provide global 

parameters describing the baseline response of our cellular system. This Hill-equation uses 

knowledge of the TET diffusion pattern within E. coli to describe growth rate inhibition by 

cytoplasmic drug concentration. Using these global parameters, we determined the 

physicochemical parameters of TetB, a family of expression variants and a family of single 

amino acid variants from fitness functions (growth in selective conditions). The parameter 

κ relates to the Km of TetB to the given drug and parameter γ is related to Vmax, the total 

protein activity, within a given substrate. Within our RBS sequence expression variants, 

we found that altering the RBS sequence did not produce an orthogonal change in our 

system and appeared to impact not only a change in protein concentration but also in 

substrate binding. Within our single amino acid variants, in vivo protein concentration was 

used to predict relative changes in substrate binding affinity rate, k1, and pump efficiency 

rate, r, for variants whose fitness differed from wild-type. Collectively, this work shows 
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that cellular fitness in strong selective environments can be used to predict protein 

parameters. 

6.2. Implications 

The ability to obtain protein physicochemical properties from cellular fitness 

creates the possibility of screening protein libraries for a desired trait (increased binding 

affinity or total protein activity) through the use of high-throughput growth rate assays. 

This possibility is especially useful for the characterization of proteins, such as other 

integral membrane proteins, which are historically challenging to characterize. Candidate 

proteins, which can be characterized using this method are those whose performance 

intimately impacts reproductive cellular fitness (growth rates) and where the selectable 

environment can be easily altered (i.e. substrate concentration, carbon source availability). 

Although detailed information regarding substrate diffusion is known for TET, this 

information should not be necessary for the determination of relative changes of variant 

physicochemical properties within a single substrate. Additionally, there is added benefit 

in performing in vivo protein analysis as native cellular environment such as 

macromolecular crowding, pH, and lipid membrane content is naturally considered.  

One application for this model could be for the study of epistasis and epistatic 

effects within a single protein caused by point mutations. In theory, by modeling the growth 

rates of a family of single, double, etc. mutations, it would be possible to map epistatic 

effects within a protein of choice. In performing this analysis, it would also be necessary 

to see if the mutations are also impacting in vivo protein concentration. For the analysis 

presented here, western blot analysis to determine in vivo protein concentration was a rate 
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limiting step. One possible way of more easily performing this analysis would be to 

fluorescently label the protein of interest to obtain protein concentration via fluorescent 

imaging.   

An additional application for this model would be the characterization of other MFS 

single or multidrug antiporters to determine which residues are important for drug binding. 

For multidrug transporters, it would be interesting to see if the residues involved in binding 

remain the same for all transported drugs. An additional application is the screening for 

specific phenotypes to possibly aid in determining structures for other MFS transporters. 

One of the difficulties in determining the structure of MFS transporters is the potential 

conformational heterogeneity of the transporter once purified where there are at least four 

distinct conformations: occluded substrate-free, inward-open, occluded substrate-bound, 

outward-open (Reviewed in Chapter 1.7.2). Wright and Tate described their 

characterization of a tet(B) mutant library in search of a variant locked within a single in-

ward open conformation state that has the ability to bind tetracycline but not efflux it which 

may make crystallization and diffraction less challenging (Wright and Tate, 2015).  Our 

characterization method can be used to screen through the mutants to reveal which 

variant(s) have this desired phenotype. Of our tested mutants, it is possible that tet(B)G366C 

would be a good candidate for structural studies as it binds substrate similar to wild-type 

but has reduced transport abilities.   

6.3. Future directions 

The presented body of work opens the possibility of characterizing protein libraries 

through high-throughput growth rate assays. With the success of our model in predicting 
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pump parameters for TetBL9F and TetBG366C which match our current knowledge of how 

MFS transport structure relates to function, we are extending our current work to 

characterize a library of tet(B) variants. I am currently working with Systems, Synthetic 

and Physical Biology graduate student Prashant Kalvapalle to build and test a plasmid 

library of tet(B) variants. We have cloned the arabinose inducible tet(B) expression 

construct into ampicillin resistant, low copy number plasmid pSC101 and have performed 

epPCR on tet(B).  We are currently isolating variants with altered fitness by performing 

replica plating on various concentrations of TET. To further screen for variants with altered 

fitness and to ensure altered fitness is impacting the growth rate of the cell, we will be 

performing growth rate analysis at one drug concentration for which the strain with wild-

type tet(B) has intermediate fitness (i.e. normalized growth rate is between 0.7 – 0.4). We 

will be performing growth rate analysis on the tet(B) wild-type construct within BW25113 

to determine the TET concentration to be used for the screen. After determining a TET 

concentration that provides intermediate normalized fitness, we will be able to quickly 

screen for variants which produce higher or lower fitness in said drug concentration. 

Detailed growth rate analysis at a wide range of TET, DOX and MCN concentrations will 

then be performed on seven selected mutants and we will use our model to predict their κ 

and γ parameter values.  

All analyses will be performed using BW25113, the same host strain used for this 

work which was characterized in Chapter 3. One strength of our analysis is the ability to 

isolate the effects of TetB on fitness. Although unlikely, it is possible that addition of 

pSC101 would impact resistance to TET, DOX and MCN.  To capture these possible 

effects, we will also perform growth rate analysis on BW25113 with empty vector pSC101 
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and recalculate global parameters A and B to allow us to better isolate the fitness effects 

produced by the TetB variants.   
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Appendix A 

Extension of TetX2 physicochemical-fitness model to include TetB 

A.1 Introduction  

The inspiration for my thesis project stems from previous work done in the Shamoo 

lab where the physicochemical properties of TetX2 and a family of variants obtained from 

in vitro analysis were used to predict their growth rates as a function of MCN strength 

(Summary in Section 1.2.2) (Walkiewicz et al., 2012). The most important feature of the 

TetX2 model is that its predictability is reversible, allowing us to estimate kinetic 

parameters from growth rates at varying MCN concentrations. My preliminary goal was to 

extend the TetX2 model system to include TetB. We hypothesized that incorporation of 

tet(B) into our tet(X2) model system will provide a fitness increase to our cells in the 

presence of MCN resulting in a shift in the strain’s fitness function that is tightly linked to 

the performance of the pump (Figure A.1). An extended mathematical model included 

MCN efflux could then be used to measure this shift and predict TetB physicochemical 

parameters solely from growth rate analysis.   

Figure A.1. Expected shift in fitness 

function after introduction of an efflux 

pump. Incorporation of the pumps into 

our tet(X2) model system will produce a 

fitness increase (dashed line to solid line) 

in MCN allowing more growth at higher 

concentrations of MCN. This fitness 

increase could then be measured by an 

extended version of the TetX2 model to 

extrapolate TetB protein parameters.  
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A.2 Extend dynamic range of TetX2 physicochemical-fitness model 

The predictive capability of the TetX2 model is constrained by the modest range of 

kinetics used to build it; Km(MCN)(18-54μM) and kcat (0.18-0.43s-1). In order to increase the 

utility of the model for predicting biochemical parameters describing TetB, new TetX2 

mutants of high activity must be characterized and added to the model to accommodate the 

potential fitness increase produced by TetB.. To this end, I used two consecutive rounds of 

error-prone PCR to identify novel TetX2 mutants of high activity.  

A.2.1 Error-prone PCR to identify highly active TetX2 variants 

The template used for the first round of epPCR was tet(X2)T280A as it was the most 

active mutant identified in the original analysis. Ten colonies from this library were 

sequenced and characterized by agar dilution MIC testing (Table A.1).   Among these 

colonies there were six unique mutants. Three colonies had the mutation N371I in addition 

to the parent mutation T280A. The only difference among the mutants was the addition of 

silent mutations. It is interesting to note that tet(X2)N371I is one of the original set of mutants 

and has a fitness function comparable to that of tet(X2)T280A. The MIC results suggest that 

1. tet(X2)T280A/N371I provides more resistance than tet(X2)T280A alone, 2. silent mutations do 

not affect the fitness of the tet(X2)T280A/N371I double mutant, and 3. mutants 

tet(X2)L222F/S326I/T280A and tet(X2)T280A/L282S have equal or greater fitness than tet(X2)T280A. 

In previous tests, cells expressing our control tet(X2)T280A had an MIC of 8μg/mL, however, 

in my tests the MIC appeared to be 16μg/mL. MIC tests are historically variable and even 

a two-fold change in MIC between replicates is within error of the assay.  
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Table A.2. Unique mutations recovered from epPCR of tet(X2)T280A/N371I. 8 single colonies 

that grew on 28μg/mL MCN after replica plating were sent for sequencing. 4 of the 8 colonies 

yielded the template sequence and did not show any non-synonymous mutations. Of note are 

the multiple lysine to asparagine changes at 3 different loci. Generally, all mutations show a 

change to a smaller (less bulky) amino acid possibly allow for greater flexibility of TetX2.  

 

Table A.1. MIC values for mutants identified in the first round of epPCR of tet(X2)T280A. 

The MIC was taken as the lowest concentration of MCN which inhibited visible growth on 

Mueller-Hinton agar plates. Tet(X2)T280A/N371I has a higher MIC than tet(X2)T280A and silent 

mutations within tet(X2)T280A/N371I do not appear to alter MCN resistance.  
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In an effort to identify additional tet(X2) variants of higher activity, a second round of 

epPCR was performed using tet(X2)T280A/N371I
  as a template (Table A.2). I chose 8 colonies 

that grew on 28μg/mL MCN for Sanger sequencing and the results are summarized in Table 

3. An important note is that the template mutant, tet(X2)T280A/N371I, comprised 4 of the 8 

colonies sent for sequencing. This result shows that the concentration of MCN may have 

been too permissive and that the mutants recovered may confer a similar fitness benefit to 

tet(X2)T280A/N371I. An interesting find was that there were no mutations in the original set of 

loci. This was a bit surprising because in the epPCR of tet(X2)T280A, the vast majority of 

the functional mutants had mutations in loci that were seen in the first set of published 

mutants. Another interesting find was the abundance of lysine (K) to asparagine (N) 

mutations at 3 different loci.  

A.2.2. Strains expressing novel mutants identified in the first round of epPCR have 

increased fitness in MCN. 

Double mutant tet(X2)T280A/N371I and triple mutant tet(X2)T280A/L222F/S326I were 

recombineered into the spc operon of E. coli strain BW25113 by lambda red homologous 

end recombineering and were subsequently characterized by growth rate analysis (Figure 

A.2) (Datsenko and Wanner, 2000). We see that the triple mutant does not provide a large 

fitness increase in MCN compared with the strains expressing tet(X2)T280A or tet(X2)N371I. 

The strain expressing the double mutant tet(X2)T280A/N371I, however, displays a substantial 

fitness increase in MCN.  
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TableA.3. Steady-state kinetic parameters of TetX2T280A/N371I, single mutants and wild-type 

TetX2. KM(MCN) and KM(NADPH) are substrate concentrations at 
1

2
 Vmax when the other substrate 

is at saturating concentration. The kcat for double mutant TetX2T280A/N371I displays ~2 fold 

increase compared to TetX2T280A and ~3-fold increase compared to wild-type. Errors refer to 

the standard deviation among measurements for three independent trials. *The kinetic 

parameters listed for wild-type tet(X2) and the single mutants were taken from our published 

work (Walkiewicz et al., 2012).  

Figure A.2. Comparison of the fitness functions of E. coli BW25113 strains expressing a 

single chromosomal copy tet(X2) or mutant alleles. At high drug concentrations, the fitness 

functions for tet(X2)T280A and tet(X2)N371I are very similar. Double mutant, Tet(X2)T280A/N371I
 

confers high fitness increase even at high drug concentrations. The fitness change at high MCN 

concentrations, from 50 -  100μg/mL, is modest in comparison to the fitness changes seen from 

0 – 50μg/mL MCN. Error bars for mutants represent standard deviation among four single 

colony replicates. * Wild-type TetX2 fitness function is from Walkiewicz et al., 2012 where 

error bars represent standard deviation among three single colony replicates.  
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A.2.3. Steady-state kinetic parameters have been determined for TetX2T280A/N371I.  

BL21(DE3) Star cells expressing tet(X2)T280A/N371I/pET28b(+) with cleavable N-

terminal 6xHistag were used for protein overexpression and subsequent purification over 

two nickel affinity columns, one anion exchange column, and one size-exclusion column. 

Steady state kinetic parameters were measured by monitoring the change in absorbance at 

400nm which changes due to MCN hydroxylation by TetX2. These changes were 

monitored at a range of MCN and NADPH concentrations while at a constant oxygen 

concentration. Initial reaction rates were fit to a binary kinetics mechanism/ equation 

(Equation A.1). The assay was performed in triplicate and the data are summarized in 

Table A.3.  We observe that TetX2T280A/N371I has a 2-fold increase in kcat compared with 

TetX2T280A but has KM values similar to that of wild-type TetX2. These results correlate 

well with the fitness function of chromosomally inserted tet(X2)T280A/N371I as we observe 

that cells harboring this mutant are more fit at high MCN concentrations (Figure A.2).  

 

 

𝑣0 =

𝑉𝑀𝐴𝑋[𝐵]
𝐾𝑀(𝐵) + [𝐵]

[𝐴]

𝐾𝑀(𝐴)[𝐵]

𝐾𝑀(𝐵) + [𝐵]
+ [𝐴]

 

  

(A.1) 
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A.3 Expression of TetB within tet(X2) mutant recombineered strains produce 

modest fitness benefit in MCN but large fitness benefit in TET 

We hypothesized that addition of TetB into the TetX2 model would produce a 

measurable fitness increase where an extended version of the TetX2 model could be used 

to determine TetB pump parameters from growth rates. To see if the behavior of TetB was 

dependent on the background strain of TetX2, I chromosomally inserted tet(B) in three 

TetX2 backgrounds: tet(X2)T280S which has low activity similar to that of wild-type, 

tet(X2)F235Y which has intermediate activity of all mutants, and tet(X2)N371I which has high 

activity (Figure 1.6, Walkiewicz et al., 2012). The tet(B) expression construct used for this 

analysis was the exact same construct characterized in Chapter 3 where tet(B) expression 

with a RBS sequence strength of 10k is driven by pBAD when induced with saturating 

arabinose concentrations.  

Fitness assays of these strains with tet(B) and tet(X2) variant in the chromosome 

were measured in MCN and TET (Figure A.3). The benefit produced by TetB is minimal 

in MCN but much larger in TET. This result was not surprising, as TetB is known to more 

readily pump TET and MCN (Roberts, 2005). We did not, however, anticipate how 

minimal the fitness increased by TetB in MCN would be. Since the original TetX2 model 

was created using fitness functions and, most importantly, kinetics as MCN as the substrate 

TetB would have to be characterized in terms of MCN resistance. Using this system as a 

way to determine TetB physicochemical parameters in TET would require the TetX2 

variants to be fully characterized in TET 
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Figure A.3. MCN and TET fitness functions of cells expressing tet(B) in the background 

of tet(X2) mutants. Fitness function comparison of E. coli BW25113 strains expressing a single 

chromosomal copy of a tet(X2) mutant allele with and without tet(B). TetB produces a much 

larger fitness increase in TET compared to MCN, consistent with the literature and results in 

Chapters 3-5 characterizing strains without tet(X2). Fitness functions in MCN and TET show 

that addition of tet(B) does not alter the slope of the fitness function curve. Error bars represent 

the SD over eight and four single colony replicates for MCN and TET, respectively. 




