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Abstract 

Proteomic Applications for Engineering Escherichia coli for Biofuel Production 

by 

Becky Joanna Gail Rutherford 

Doctor of Philosophy in Chemical Engineering 

University of California, Berkeley 

Professor Jay D. Keasling, Chair 

 

Concerns over energy security, carbon emissions, and other limitations of 
petroleum-based chemicals have led to increased interest in using biological 
systems for the production of commodity chemicals such as fuels.  It is vital that 
the microbes used for these processes be able to grow with minimal nutrients, 
produce large amounts of the target molecule, and be tolerant to the chemicals 
being produced.  Naturally occurring strains are unable to meet all these criteria 
and need to be further optimized as production hosts.  Proteomics is the study of 
cellular proteins.  It has become a powerful tool for host engineering, and can 
give vital information about pathway performance and strain responses.  Using 
LC-MS/MS mass spectrometry, proteomics strategies were utilized to study 
cellular responses to a potential biofuel, n-butanol, and to overexpression of the 
carbon storage regulator, which increased flux through three key biofuel 
production pathways.   
 
For each study, proteomics provided valuable cues for understanding how the 
host was adapting to an engineered environment.  In the case of product toxicity, 
n-butanol stressed cells were iTRAQ labeled, separated into 20 fractions using 
HPLC, and spectra collected on an ESI-Q-TOF instrument.  Analysis of the data 
indicates that n-butanol stress has components common to other stress 
responses including perturbation of respiratory functions, oxidative stress, heat 
shock and cell envelope stress, and metabolite transport and biosynthesis. 
Results from these analyses allow identification of key genes, such as degP, 
nlpD, and phoU, which were used to alleviate stress.  Proteomics work was also 
vital for studying the cellular effects of the carbon storage regulator and the 
increased flux through biofuel pathways.  Extracted proteins were analyzed on a 
5600 Triple-TOF mass spectrometer.  Increased levels of proteins involved with 
energy metabolism, particularly TCA cycle, were noted, along with approximately 
20 proteins that were strongly up regulated, indicating previously unknown 
regulation.  This dataset is the first cell-wide proteomics study of this global 
regulator, and may provide further clues for studying its complex regulation. 
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Finally, a novel method for multiplexing targeted proteomics samples is 
described, along with an outline of key experiments to validate its accuracy and 
usefulness to synthetic biologists.  A concluding chapter outlining future work on 
butanol responsive genes, a targeted proteomics stress diagnostic, and 
challenges in developing beneficial phenotypes for biofuel production is included 
with several previously unpublished results. 
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Preface 
 

This dissertation would not have been possible without contributions from 
several scientists, post-doctoral fellows, research associates and fellow graduate 
students working both in the Keasling laboratory and at the Joint BioEnergy 
Institute.  It has been a privilege to work along side such intelligent, creative, and 
knowledgeable researchers, and their insight has been critical for the work 
profiled in this dissertation.  Special thanks belongs to Dr. Aindrila 
Mukhopadhyay and Dr. Christopher Petzold for assistance with experimental 
design, data intepretation, and critical reviews of this material. 

 
Chapter 1 is an introduction to some of the latest work on host engineering 

of Escherichia coli for biofuel production, with emphasis on fuels toxicity 
literature.  Parts of this chapter will appear in Microbial Biotechnology: Energy 
and Environment, published by CABI, Wallingford UK.  Chapter 2 reviews the 
theories behind mass-spectrometry based proteomics with emphasis on the 
types of workflows used experimentally in this work.  Dr. Christopher Petzold and 
Dr. Pragya Singh provided critical reviews for this chapter. 

 
Chapter 3 was previously published under the title Functional Genomics 

Study of n-Butanol Toxicity in Escherichia coli in Applied and Environmental 
Microbiology, and could not have been completed without assistance from my 
co-authors.  Dr. Robert Dahl and Richard Price conducted the microarray 
experiments, and Dr. Peter Benke provided CE-MS metabolite analysis.  Heather 
Szmidt developed the protocol for the fluorescence assay, and Dr. Aindrila 
Mukhopadhyay was essential in editing and reviewing the final manuscript. 

 
The material in Chapter 4 is part of a manuscript titled Manipulation of the 

Carbon Storage Regulator of Metabolic Remodeling in Escherichia coli and is in 
preparation for submission to Metabolic Engineering.  Dr. Adrienne McKee 
recognized the potential of the carbon storage regulator for increasing flux 
through fuel production pathways, and her cloning and biomass preparation 
made the proteomics section of this paper possible.  Dr. Dylan Chivian provided 
the informatics framework for identifying potential CsrA binding sites, and Dr. 
Edward Baidoo quantified metabolite changes under induction.  Dr. Jeffrey 
Dietrich, Dr. Eric Steen, and Dr. Alex Juminaga provided the butanol, fatty acid, 
and tyrosine production pathways, respectively.  Dr. Swapnil Chhabra guided this 
effort and was essential in writing the final manuscript. 

 
Chapter 5 is a work-in-progress on a new method for multiplexing targeted 

proteomics with a focus on synthetic biology applications.  Vikram Ramakrishnan 
cloned many of the constructs mentioned and deserves special recognition for 
his contribution.  Dr. Rafael Rosengarten provided valuable counsel on how to 
best construct the barcode vectors.  Dr. Pragya Singh provided input on 
designing normalized transitions and provided figures for use in this chapter.  Dr. 
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Christopher Petzold has provided guidance on experimental design, mass-
spectrometry considerations, and extensive editing of this chapter.  Finally, the 
experiments presented in Chapter 6 encompass work completed that has yet to 
be published, and presents some challenges encountered during this process.  
Dr. Rafael Rosengarten worked to design and construct the combinatorial library 
of n-butanol responsive genes, and his assistance with cloning for this project is 
greatly appreciated.  Dr. Jeffrey Dietrich provided his butanol production pathway 
for testing with the stress response diagnostic, and Dr. Aindrila Mukhopadhyay 
provided critical reading of this chapter.  



#"

 

Acknowledgements 
 
First I would like to thank my advisor Jay for the opportunity to work in his 

group and be a part of the Fuels Synthesis Division at the Joint BioEnergy 
Institute.  His support and advice were always welcomed, and I appreciated his 
extra efforts to make graduate student life more enjoyable, such as our lab 
retreats to Granlibakken and unofficial lab excursions in the city.  Jay’s 
mentorship style has helped me develop as a more independent and resourceful 
scientist than I would have been otherwise, and I could not have asked for a 
better graduate school experience. 
 Two scientists at JBEI could be considered my “co-advisors” due to their 
diligence in teaching me both microbiology and proteomics.  Aindrila 
Mukhopadhyay was assigned to be my mentor when I first joined the lab since I 
had expressed interest in working on fuels toxicity.  I cannot stress how much I 
appreciated her guidance, patience, and friendship throughout my five years in 
the Keasling lab.  She always made time to listen to my questions, and had a 
keen ability to take a confusing set of data and put it into proper perspective.  
Aindrila has a real depth of knowledge about microbiology and systems biology, 
and I was fortunate that she was there to help me transition from a traditional 
chemical engineering background into a systems biologist. 
" Mass spectrometry based proteomics can be intimidating to learn 
theoretically and frustrating to apply in practice.  I was incredibly lucky to have 
Chris Petzold as a mentor and friend.  I joined this lab knowing little about mass 
spectrometry, and Chris generally tolerated my ignorant questions.  Keeping a 
mass spec lab running smoothly is hard work, and he somehow could manage to 
get things to work when I had exhausted all my options.  In addition to his 
dedication during the workweek, he still managed to answer my weekend phone 
calls when I was alone in the lab trying desperately to get a decent BSA spectra.  
Chris’s proteomics mini-meetings were also the best mini-meetings at JBEI.  
While I still don’t consider myself a full-fledged mass-spec jockey, any practical 
knowledge that I do have is probably thanks to Chris. 
 There are so many members of the Keasling lab and JBEI that deserve a 
special shout-out.  First of all, Alyssa Redding-Johanson was near the end of her 
graduate career when I started the lab, and she was responsible for teaching me 
so much about proteomics sample preparation, data analysis, and how to survive 
as a graduate student in such a large lab.  I was also glad that she decided to 
stay around another two years as a JBEI Technology Division post-doctorate 
fellow. Adrienne McKee, a Fuels Synthesis post-doc, was one of my 
collaborators on the CsrB project and an all-around awesome person.  I miss our 
Diet Coke breaks and late nights in the lab commiserating over difficult 
experiments.  Rafael Rosengarten was another Fuels Synthesis post-doc who 
deserves special mention.  He joined the lab to work on high-throughput cloning, 
and we collaborated on the combinatorial library of butanol responsive genes.  
He taught me most of what I know about cloning, and was always around when I 



#!"

needed to vent about work or life.  I hope he doesn’t fall off any roofs again in his 
new home in Houston.  I’ve had the pleasure of working for the past year with an 
undergraduate researcher Vikram Ramakrishnan.  I’ve consistently been 
impressed at his dedication, work ethic, and reliability.   
 While I have had some amazing experiences in the past five years, there 
have also been times when research was going poorly, stress from exams and 
classes was high, and I was really questioning whether I would make it through.  
Fortunately I’ve managed to get through with support from my friends and family.  
I met Erin Hartman my second year of graduate school when we needed a new 
roommate at my share house in North Berkeley.  We became fast friends and 
continued to live together for nearly four years, until she got an analyst position 
on the 2012 Obama campaign in Chicago.  I can’t even imagine how I would 
have managed without her.  She would pick me up at 2 am when I was stuck in 
lab, or make me pumpkin cream cheese muffins if I was feeling down.   However, 
the fun times definitely out number the bad since we did manage to go to South 
America, rent a ski cabin, dominate Coco’s pilates class, and adopt adorable 
kittens.  I also met Sarah Rodriguez around my second year of graduate school 
when she joined the Keasling lab.  She is one of those amazing people that 
instantly make you feel welcome, and our friendship has definitely been one of 
the best things that happened to me in graduate school 

Finally I would like to thank my Dad, my brother Daniel and his girlfriend 
Krystyna and my step-mom Julie for all their support and understanding through 
this whole process.  I know it’s been difficult for them having me so far away from 
Arkansas, but they’ve always been understanding and supportive of my 
education and career.  I am very thankful to have them as family and to have 
finally completed this thesis! 

 



$"

 
 

Chapter 1: Host Engineering for Biofuel Production in Escherichia coli 

1.1  Introduction 
Prior to the discovery of recombinant DNA, the early biotechnology 

industry was successful in producing many important chemicals despite the 
limited availability of genetic tools to manipulate host organisms.  A pioneering 
example was Chaim Weizmann’s discovery that the gram-positive microorganism 
Clostridium acetobutylicum was capable of producing a mixture of acetone, 
butanol, and ethanol (ABE) during fermentation (32).  This ABE-process was 
widely used to provide acetone for cordite and gunpowder during World War II, 
but by the 1940s inexpensive petrochemical routes for production had replaced 
the ABE-fermentation (32, 39).  Other examples of industrially relevant 
microorganisms from this early era include species of Cornyebacterium, used in 
the production of glutamic acid for soy sauce (31), and varieties of Lactobacillus, 
used in the production of many common dairy products such as cheeses and 
yogurt (3, 58, 61).  These microbial production processes were only able to target 
chemicals as part of the native host metabolism, and further improvements in 
biotechnology would be necessary to achieve economic microbial production of 
more novel compounds. 

Engineering of microbial hosts for large-scale processes has become 
significantly more sophisticated since the first patent was issued on a microbe in 
1972, a Pseudomonas aeruginosa strain capable of metabolizing oil (45).  The 
techniques to amplify and systematically manipulate DNA advanced 
opportunities for the using microbes for heterologous protein and metabolite 
production.  The most famous example of this may be the development of a 
recombinant Escherichia coli for human insulin production, termed Humulin by 
Genentech, which received FDA approved in 1982 (24).  There is now a diverse 
range of industrially-used microbes, and biotechnology products have included 
several high value chemicals such as anti-cancer compounds and flavinoids (1, 
36, 42, 52), antimicrobial peptides (40), and various industrial enzymes (29, 30).  
Recently, issues concerning energy security, global warming, and other 
limitations of petroleum-based chemicals have garnered increased interest in the 
development of biological systems for the production of fuels and other 
community chemicals such as plastics.  However, since these products have low 
profit margins, it is vital that the microbes used for these processes be able to 
grow with minimal nutrients, produce high volumes of the target molecule, and be 
resistant to the chemicals being produced.   

Developing organisms with these phenotypes requires engineering 
beyond pathway optimization, and will be necessary to reach high product titers 
while coping with stresses beyond native tolerance levels.  There are few known 
naturally occurring strains that are able to meet all these criteria for biofuel 
production, so host engineering strategies will become an essential aspect in 
biotechnology (60). Due to these native limitations, strain improvement has been 
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a focus of both academic and industrial research. Historically, strain improvement 
has been achieved through random mutagenesis combined with serial 
adaptation, and these techniques were successful in increasing the production of 
penicillin, an important antibiotic, over 4,000-fold (actually over 10,000) 
compared to the original patented strain (21).  Another sample was achieving 
over 100-fold improvement in avermectin production in Streptomyces avermitillis 
(21).  These strategies are limited since they depend on random combinatorial 
events, and the resulting genetic causes of improved phenotype may be difficult 
to isolate and characterize.  It is difficult to predict how changes in the production 
process may affect the host organism without a thorough understanding of 
cellular behavior on a systems-level.   

A modern strategy for host optimization leverages systems biology tools, 
such as proteomics, to characterize responses to metabolic engineering and 
industrially relevant environmental conditions, and to further develop models that 
describe the complex networks of reactions occurring.  This chapter aims to 
provide an introduction to host engineering for biofuel production using recent 
advances in systems biology, with particular emphasis on fuels toxicity and 
tolerance.  For a more historical perspective, comprehensive reviews have been 
prepared by Aristidou et al (5) and Zaldivar et al (59).  This chapter is also 
focused on Escherichia coli because of its academic and potential industrial 
significance, and the wide-variety of systems biology techniques available.  
Escherichia coli has been used to produce a plethora of chemicals such as 
amino acids (12, 19, 25), plastics (10, 14, 16, 44), and other enzymes (30).  This 
chapter first details work to understand E. coli’s response to inhibitory 
concentrations of biofuels, and engineering strains that exhibit improved 
tolerance.  Next, there are several challenges to analyzing data from stress 
response studies and a few limitations of these techniques are detailed.  Finally 
new developments using heterologous approaches for host engineering in E. coli 
are discussed, as well as novel strategies and tools for strain improvement.  

1.2  Characterization of Biofuel Toxicity and Developing Tolerant Phenotypes 
The economics of fungible biofuel production in E. coli will be severely 

impacted by the toxicity of these fuels, which can be inhibitory at very low 
concentrations (8, 23, 54).  Concerns about product toxicity have led to interest in 
evaluating the systems-level responses to candidate compounds, particularly 
higher-chain alcohols.  Tolerant phenotypes to alcohol stress are complicated, 
and often impossible to recapitulate through the manipulation of a single gene 
(60).  As a result, many research groups have focused on global regulators or 
groups of genes with similar functional annotations.  In a recent study in E. coli, 
the !-subunit of RNA polymerase was subjected to error-prone PCR, and 
subsequently used to generate libraries to test for improved production and 
tolerance to an array of industrially relevant compounds such as n-butanol, L-
tyrosine, and hyaluronic acid (38).  Tolerant mutants were isolated for all the 
tested compounds.  In the case of n-butanol, the resistant strain was 
characterized as having a more rigid membrane, and exhibited increased rates of 
proton extrusion.  All three mutants (n-butanol, L-tyrosine, hyaluronic acid) were 
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able to confer higher L-tyrosine titers.  Interestingly, only the n-butanol specific 
mutant was able to tolerate high concentrations of n-butanol.  This example 
illustrates how complex changes in cellular behavior can arise from a single 
genetic change.  All global transcriptional regulators could possibly be 
engineering targets, but it was found that not all were capable of developing 
beneficial phenotypes.  Sigma factors such as "H, "D, and "E showed no 
significant improvements despite their important roles in several stresses.  
Combining global regulator mutagenesis with an E. coli strain capable of 
producing higher titers of biofuels, may be a future direction for developing 
interesting phenotypes. 

Another approach to studying biofuel toxicity and production in E. coli 
couples adaptation during stress with analysis of systems-level data to elucidate 
which individual genes or functional groups have been perturbed.  As an 
example, Goodarzi et al developed a combined experimental and computational 
framework to study serial adaptation of a strain, which contained a 
comprehensive transposon library and an over-expression library, to increasing 
concentrations of exogenously added ethanol (4% and 5.5% v/v) (Figure 1.1) 
(27).  After several generations of adaptation, genetic changes were determined, 
and the resulting fitness scores were calculated based on microarray 
hybridization signals.   Due to the limited benefit of single gene perturbations, few 
genes passed the authors’ statistical tests.  Unique gene modules were created 
by combining information from Gene Ontology (GO) annotations (6), transcription 
factor regulons, and known stress response pathways.  The perturbations 
measured for these new modules were similar to previously characterized 
genetic changes during ethanol stress, such as increases in heat-shock stress 
response, glycine-betaine synthesis, and genes involved in aerobic respiration.  It 
was found that the most ethanol-tolerant mutant, !fnr!arcA!cafA, had 
significantly higher levels of alcohol dehydrogenase AdhE, and by feeding 
labeled ethanol, ethanol degradation and assimilation into the TCA cycle was 
occurring in the laboratory-evolved strain (27).  In this particular study, E. coli 
was able to tolerate ethanol through degrading it, which is not ideal for a biofuel 
producing strain.  However from a microbial perspective, this strategy is a 
common survival mechanism to survive in toxic environments, such as 
Pseudomonas strains that are capable of converting toxic phenolic compounds to 
acetyl-CoA (2).  Using this strategy on a structurally novel compound may lead to 
tolerance strategies that are more conducive to engineering tolerance to high 
production titers. 

An E. coli strain was adapted to increasing amounts of exogenously 
added isobutanol (4 g/L up to 8 g/L) using serial transfers (7), and a tolerant 
strain was isolated afterwards.  Its genome was sequenced to determine genetic 
modifications that arose during stress.  To elucidate the identity of genes that 
contributed to the isobutanol tolerant phenotype, modified genes were repaired 
and their impact on growth was determined.  Again, no single gene repair 
completely eliminated the resistant phenotype, indicating the involvement of 
several systems.  Five key loci were identified that were connected to isobutanol 
tolerance: yhbJ, acrA, marCRAB, tnaA, and gatY, with inactivation of these sites 
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being beneficial during isobutanol exposure.  It is interesting that deletion of 
marCRAB would be advantageous since many other stress studies have 
indicated up-regulation of this multi-drug efflux pump system during stress (4, 13, 
46).  To test the effects of a tolerant host on fuel production, these genetic 
changes were then incorporated into an E. coli strain capable of producing 
isobutanol at titers greater than the toxicity level (20 g/L) (8).  Although the 
resistant phenotype was observed, the improved ability to cope with stress did 
not lead to an increase in the amount of isobutanol produced.  This may be due 
to the conditions used to generate the isobutanol tolerant phenotype.  High 
concentrations of isobutanol were added exogenously to the media, whereas 
during endogenous production, isobutanol levels increase slowly, though the final 
concentration in the culture may be equivalent.  Often mutants are tolerant only 
in the specific conditions under which they were selected, so it may not be 
surprising that the production did not improve significantly.  To determine if these 
genetic changes conferred resistance to other stresses, the resistant mutant was 
tested against exposure to ethanol, n-butanol, 2-methyl-1-butanol, and 
chloramphenicol.  The strain was more sensitive to ethanol and chloramphenicol, 
which suggests that C4-C5 alcohol stress has a distinct stress profile.  This 
specificity of phenotypes is similar to what has been shown in other studies (38).  
Another key issue here is whether the fuel will be produced under aerobic or 
anaerobic conditions because the level of toxicity will vary. 

1.3  Challenges in Stress Response Studies 
E. coli remains one of the most studied microbial production hosts, yet 

there are still many areas of its genetics, metabolism, and regulation that remain 
obscure.  As a consequence, attempts to use systems biology tools to engineer 
beneficial behavior may be hindered by the lack of understanding of key 
systems.  Microarrays are a commonly used technique to quantify mRNA 
changes on a global level during different experimental conditions.  As an 
illustrative example of difficulty interpreting these data, we selected eight E. coli 
microarray datasets from Microbes Online that relate to biofuel stress or 
engineered pathways (Table 1.2).  Microbes Online is a database for 
comparative and functional genomics created and maintained by the Virtual 
Institute for Microbial Stress and Survival (20).  These data sets cover a variety 
of conditions relevant to fuel or metabolite production such as acid stress, 
ethanol stress (two separate experiments), butanol stress (two separate 
experiments), isobutanol stress, heat shock and production of threonine.  The top 
50 up-regulated genes were chosen from each dataset according to the Z-scores 
submitted.  The calculation of Z-scores as required by Microbes Online, is 
described in detail in Mukhopadhyay et al (43).  No additional data manipulation 
was performed, and a summary of the percentage of genes with unknown 
functions is provided in Table 1.1. 

The most recent statistics on the characterization of the E. coli genome 
reveals a large percentage is still under-annotated.  According to EcoCyc v12.5, 
approximately 2650 (59.3%) of E. coli genes have experimental evidence for 
their functions, and out of the predicted 3359 transcription units, only 940 (28%) 
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have experimental evidence for their annotations (34).  Using these numbers as 
a baseline, several of the microarray experiments profiled have a high 
percentage of uncharacterized genes, such exposure to low pH for ten minutes 
has 64% of the top up-regulated genes annotated as such.  Many of these poorly 
characterized genes appear in several of these datasets despite the difference in 
E. coli strains, types of arrays, and time points sampled.  For instance, ycjF 
appeared in datasets for butanol, isobutanol, and heat stress, and is annotated 
as a conserved inner membrane protein according to EcoCyc.  This protein does 
have homology to a protein expressed during disease in a mouse infection 
model, with its role being linked to increased survival (35).  A proteomics study of 
E. coli identified it as an inner membrane protein, and that its expression is 
regulated by TyrR, a dual transcriptional regulator of aromatic amino acid 
biosynthesis and transport genes (17, 18).  In the microarray experiment for heat 
shock experiment, ycjX, an inner-membrane protein, was significantly up-
regulated and is predicted to be transcribed with the previously described ycjF.  
Both alcohols and increased temperature are known to disrupt the structure and 
integrity of the cell membrane, so it is not surprising to observe perturbations in 
these proteins but the exact mechanism behind these changes in unclear.  When 
applying systems data to design better hosts, it is often difficult to use this 
information constructively when so little is known about these genes and putative 
proteins.  However, narrowing down the pool of potential engineering candidates 
via microarrays and other tools has much value.  Regardless, experimental 
assessment of these candidates through over-expression, knockout and 
mutagenesis is required to reveal if a particular candidate would confer tolerance 
to these stresses. 

Another challenge to many systems biology studies is being able to utilize 
previous studies to draw meaningful conclusions when the approaches (strains, 
media, time points) differ in slight but significant ways.  For example, several 
research studies have recently been published that utilized a systems-wide 
approach to studying cellular responses to n-butanol.  The major conclusions 
point to the same functional groups being perturbed such as respiration, 
transport functions, and induction of stress response systems.  Rutherford et al 
used cell-wide microarray, proteomics, and metabolite assays to find 
perturbations of the nuo and cyo operons involved in respiration, significant 
oxidative stress response, heat shock, envelope stress, metabolite transport and 
biosynthesis (53, 54).  Specific candidates selected for further follow-up studies 
were up-regulated genes including cpxP, evgS, sodC, yqhD and malE, and 
down-regulated genes metE, ompF, and envY.  This study will be explained in-
depth in Chapter 3 of this dissertation.  Work by Reyes et al used a genomic 
library screen to identify genes that were either enriched or depleted during 
adaptation to n-butanol stress (51).  A total of 11 genes were targeted as those 
that were enriched in the butanol tolerant strains, and three beneficial depletions 
astE, ygiH and rph were noted.  A collaboration between the Liao Group at UCLA 
and researchers from the National Taiwan University have filed a patent on an 
alcohol tolerant E. coli strain (33) which required an ydhF knockout mutant over-
expressing PhoH, and a potG knockout mutant over-expressing YqhD.  It is 



)"

interesting that despite drawing similar conclusions about high-level cellular 
perturbations during stress, the individual genes found to confer tolerance are 
quite different amongst these studies.   

Despite these difficulties in interpreting data, systems-wide studies contain 
a tremendous quantity of information and can lay the foundation for strain 
improvement strategies capable of addressing the phenotypic requirements of a 
production strain beyond pathway manipulation.  As production strains with 
higher yields of advanced biofuels are engineered (11, 41, 49, 55), systems 
biology studies will be able to expand into the realm of endogenous exposure to 
these fuels since studying exogenous addition may be providing a crude model 
of true cellular response.  Still to come are studies that focus on other biofuel 
candidates such as isopentanol, limonene, farnasane and fatty acid esters (50). 
The production of these target compounds may result in metabolic burden arising 
from the expression of multigenic-heterologous pathways, as well as from end 
product toxicity.  However, desirable phenotypes for these advanced fuels can 
hopefully be obtained using the targeted or combinatorial approaches as 
described previously.  
 

1.4  Heterologous Approaches to Engineering Tolerance 
An assumption frequently made in host engineering studies is that the 

genome of E. coli can be manipulated to achieve unlimited phenotypes given 
enough time for adaptation or mutant selection, but host engineering efforts may 
need to expand further into nature to find novel enzymes and other components.  
An example of this type of heterologous approach is investigating cellular export 
systems to provide a direct mechanism for alleviating biofuel toxicity (22).  
Different efflux pumps in the hydrophobe/amphiphile (HAE1) family of proteins 
were selected based on their homology to known solvent tolerance pumps such 
as the P. putida toluene tolerance pump.  These were cloned into E. coli and 
tested against a wide variety of biofuel candidates being sought after as 
replacements for gasoline, biodiesel, and jetfuel.  Growth competitions were 
devised to enrich for cells harboring plasmids with the most beneficial pump in 
the presence of a particular stressor.  Several beneficial efflux pumps were from 
relatively uncharacterized organisms such as Marinobacter aqueolei and 
Alcanivorax borkumensis.  These microorganisms have been isolated from oil 
spills, and may have evolved or adapted extreme solvent tolerance systems.  
Several of the P. putidia pumps were also found to be crucial in ameliorating 
solvent toxicity. Interestingly, the native E. coli pump AcrAB was discovered to 
confer tolerance for many of the compounds tested.  Finally, Dunlop et al also 
demonstrated that expression of a beneficial pump resulted in an improvement in 
biofuel production.  

In addition to stress from accumulation of biofuels, many inhibitory 
compounds are produced during biomass saccharification.  Since plant biomass 
is constantly degraded in nature, enzymatic pathways probably exist in microbes 
to process these by-products.  A challenge in realizing the full range of native 
biodiversity is the difficulty in culturing and characterizing a majority of soil 
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microbes.  Sommer et al were able to use enzymes from soil samples containing 
many unculturable microorganisms to engineer tolerance to common biomass 
inhibitors to E. coli (56). Soil samples were collected from several locations 
(bogs, farm land, and urban parks), and the metagenomic DNA was isolated.  
Four large-insert (50 kb) libraries were created to test for resistance to an array 
of inhibitory chemicals such as hydroquinone, 4-methylcatechol, 4-hydroxy-
benzaldehyde, syringaldehyde, 2-furoic acid, furfural, and ethanol.  Such large 
inserts were used to allow for expression of multiple genes, which as discussed 
earlier are often required to confer complex phenotypes.  Tolerant phenotypes 
were discovered for all the tested compounds, but no single library was able to 
confer resistance to all inhibitors.  Two of the tested inhibitory compounds, a 
lignin derivative syringaldehyde and a sugar dehydration byproduct 2-furoic acid, 
were chosen for further analysis since the resistant fosmid containing strains 
were able to increase tolerance by 5.7- and 6.9-fold, respectively.  When the 
fosmids were sequenced, it was found that they had little homology to sequences 
in the NCBI non-redundant database, with the 2-furoic acid winner having 7% 
homology to a region of the Pelobacter propionicus DSM 2379 genome, and 
syringaldehyde winner having 1% homology to a region of the Burkholderia 
ambifaria AMMD chromosome 2.  A loss of function assay was conducted, and 
regions were identified that contained genes responsible for the tolerant 
phenotype.  Interestingly two genes, more than 10 kb apart in the metagenomic 
fosmid, were essential to provide resistance to syringaldehyde.  A fosmid library 
of smaller sized fragments would have not been able to capture both of these 
genes.  The authors suggest this fosmid library approach could also be used for 
selecting for substrate usage or for production by linking the presence of desired 
products to a selection marker. 

The manipulation of global regulatory systems has been successful in 
improving phenotypes, and a further refinement of this strategy is to employ non-
native regulators.  IrrE, a genus-specific global regulator from radiation-resistant 
bacterium Deinococcus radiodurans, has previously been shown to improve 
oxidative stress, osmotic shock, and heat stress in E. coli (48).  It was 
hypothesized that this regulator could also improve tolerance to industrially 
relevant fuels such as ethanol, butanol, isobutanol, pentanol and isopentanol 
since these fuels illicit complex stress signatures that are similar to those 
improved by expression of IrrE (15).  Native IrrE over-expression did not initially 
improve tolerance, but after mutatgenesis using error-prone PCR, resistance to 
each of the aforementioned fuels was obtained.  It was hypothesized over-
expression of the mutated IrrE was beneficial due to a reduction in reactive 
oxygen species, and this was confirmed using a fluorescence-based assay.  This 
is one of the first examples of an exogenous regulator being evolved to function 
beneficially in a new host.  

1.5  New Tools and Strategies for Strain Improvement 
Cell-wide mutagenesis and laboratory evolution are popular and powerful 

techniques for generating diverse phenotypes, but it is a challenging task to 
differentiate between beneficial and neutral mutations when studying the 
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genomes of the resulting strain.  Goodarzi et al developed an array-based 
discovery of adaptive mutations (ADAM) strategy to address this issue (28).  
ADAM requires a library of selectable markers, a mechanism for transferring 
those markers to an evolved strain, and a method to measure the frequency of 
insertions (Figure 1.2).  More specifically, an E. coli strain containing a KanR 
transposon library was infected with P1vir lysate, and this was transferred into 
another strain with a phenotype of interest.  Next, the population is divided, and 
grown in selective conditions (antibiotic, stress, carbon source, etc) and non-
selective conditions.  The mRNA from these populations is then labeled and 
hybridized to arrays to determine the genetic differences.  If genes necessary for 
the phenotype were disrupted, then those loci are depleted after growth on 
selective media, whereas neutral mutations will remain.  The major advantage of 
this technique is determination of beneficial genes or mutations can be 
determined without whole genome resequencing, and is specific for genes 
related to the phenotype of interest.   

For proof of principle of the MAGE strategy, an E. coli strain containing a 
chloramphenicol (cm) marker was used as the “evolved” strain with the beneficial 
phenotype.  After growth in chloramphenicol containing media, the transposon 
insertions in loci close to lacZ were depleted.  To quantify these genetic changes, 
a depletion score was defined as the ratio between marker frequencies in the 
non-selective conditions to the selective conditions.  The efficiency of the ADAM 
technique was tested on more complex phenotypes such as growth on 
asparagine as illustrated in Figure 1.2, and exposure to inhibitory concentrations 
of ethanol.  During growth on asparagine, three regions were shown to be 
significantly depleted, sstT, ansA, and lrp, and subsequent experiments showed 
all three were necessary for growth on asparagine.  In the case of ethanol 
adaptation, four mutations were identified as essential for the tolerant phenotype.  
The ADAM strategy could also be employed in other bacteria by using 
generalized transducing phages, although the limiting factor may be a lack of 
commercially available microarray technology.  

Generating vast quantities of genetic mutations in a scalable, tunable, and 
high-throughput manner is a goal of many studies striving to create diverse 
phenotypes.  Current methods of targeting and screening single genes are 
laborious, and difficult to target specific regions of the genome.  A system to 
address these issues is Multiplex Automated Genome Engineering (MAGE), a 
method of continually evolving cell populations to generate targeted 
combinatorial mutations (57).  A cycle of MAGE consists of growing cells to mid-
log phase, inducing # red ssDNA binding protein $, transforming the cells with 
oligos targeted to the area of interest, and recovering cells before additional 
cycles.   Allelic replacement is achieved by targeting DNA oligos to the lagging 
strand of the replication fork during replication.  Genetic modifications 
(mismatches, deletions, or insertions) were achieved in greater than 30% of the 
population in approximately two hours.  Incorporation efficiency of genetic 
changes depended on homology between the DNA oligos and target genomic 
regions, which is an important design consideration with MAGE.  The diversity of 
the genetic changes is also dependent on the degeneracy of these oligos.   
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To demonstrate MAGE’s potential for metabolic engineering applications, 
the lycopene producing 1-deoxy-D-xylulose-5-phosphate (DXP) pathway was 
optimized by designing oligos to manipulate the expression of genes previously 
identified as crucial for production.  In total, 24 genes were chosen for 
optimization.  For twenty of those genes, 90-mer oligos were designed with 
degenerate ribosome binding sites (RBS) to bring the native RBS closer to the 
Shine-Dalgarno canonical sequence.  The other four candidate genes were 
targeted for deletion with oligos that created nonsense mutations in the gene’s 
open reading frame.  After 35 cycles of MAGE, it was estimated that nearly 15 
billion genetic variants were generated.  Screening of mutant strains was 
accomplished by isolating intense red colonies, indicative of lycopene production.  
After three days, mutated strains were isolated that had five-fold improved 
production of lycopene.  This platform was also used to increase the 
incorporation of non-natural amino acids into native proteins, and to construct 
strains resistant to multiple viruses.  The use of MAGE for host engineering 
efforts may be limited by the available screening techniques for the resulting 
mutant population.    

 

1.6  Conclusions 
Systems biology approaches have limitations that must be acknowledged 

when developing hypotheses for strain engineering.  Often, differentially 
expressed genes or proteins are focused upon as the key mechanisms required 
for stress response, but this may not always be the case.  For example, the efflux 
pump, AcrAB-TolC is up-regulated in response to a variety of solvent-like 
stresses including n-butanol stress (53), but an expression strain for this pump 
does not confer resistance to butanol exposure in E. coli (22).  The availability of 
resources such as the KEIO and ASKA collections, and various promoter 
libraries in E. coli provides an efficient means to test hypotheses before delving 
into full-scale strain optimization (9, 37).  Another important limitation to most 
systems studies is that it does not take into account the behavior of sub-
populations in the culture.  It is well documented, especially during stress, that 
microbial populations exhibit heterogeneity.  As a result, the responses 
measured in microarray or proteomics studies are averaged over multiple 
populations.  Further, there is a danger of associating a response from one 
subpopulation with the entire culture.  Strain engineering based on genes whose 
response originated from a subpopulation with a phenotype contradictory to the 
process being optimized would lead to an ineffectual effort.  Emerging methods 
that allow cell wide studies at a single cell resolution may provide ways to avoid 
such scenarios (47).  Significant improvements in high throughput methods to 
generate and examine strain libraries may also facilitate identification of gene 
targets and minimize efforts analyzing candidates that provide no benefit.  

As strain engineering improves from the exponential increase in resources 
and research effort, the final optimized bacterial strain may be considerably 
altered from the wild-type strain.  Changes in native genes, incorporation of 
heterologous mechanisms to counter both the burden of metabolite production 
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and other parameters associated with the biofuel production process such as 
complex carbon sources and industrial scale cultivation, are likely to be present 
in specialized energy microbes.  With recent technological improvements for 
sequencing as well as gene synthesis, whole synthetic genomes can be 
envisioned in the near future. The recent demonstration of the chemical 
synthesis of an entire genome (26) and its transformation into a related but 
different specificity is the first step in this direction. 
 



$$"

1.7  Figures and Tables 
 

 

Figure 1.1 Serial Adaptation Strategy.  (A) Starting from the transposon insertion or 
overexpression libraries, we enriched for relative increase in ethanol tolerance through several 
rounds of selection in the presence of ethanol. The changes in the frequency of each mutant in 
the selected versus unselected samples were then translated into a whole-genome fitness profile. 
(B) The wild-type strain (MG1655) was grown in minimal media plus glucose and exogenous 
ethanol to select for increased ethanol tolerance. The resulting tolerant strains were subjected to 
metabolomic analyses for measuring changes in the steady-state levels of intracellular 
metabolites. In a parallel experiment, stable-isotope labeling (13C-ethanol) was used to test 
ethanol assimilation as a possible mechanism for tolerance. Figure reproduced from Goodarzi et 
al 2010 using the Creative Commons Permission. 
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Figure 1.2.  Array-based Discovery of Adaptive Mutations.    Escherichia coli cells were evolved 
to grow on asparagine as a sole carbon source.  These evolved cells were then infected with P1 
vir lysate from a KanR transposon library in the parental background.   After growth in either 
selective or non-selective media, a hybridization-based genetic footprinting approach was used to 
determine the frequency of transposon insertion in each locus.  Insertions in genomic regions that 
were beneficial for the evolved phenotype will appear to be depleted compared with the control. 
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Table 1.1.  Percentage Uncharacterized Genes in Top 50 Up-Regulated Genes 
from Selected Microarray Experiments 

 
Experiment % Uncharacterized in Top 

50 Up-Regulated Genes 
Acid Stress 64 
Ethanol 1 30 
Ethanol 2 32 
Butanol 1 20 
Butanol 2 48 
Isobutanol 32 
Heat Shock 22 
Threonine 
Production 

32 
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Table 1.2.  Top 50 Up-Regulated Genes and Z-Scores from Profiled Microarray 
Experiments  

Acid Ethanol3022 Ethanol3346 Butanol1319 Butanol3346 Isobutanol Heat Shock Threonine
agaS 2.43 alpA 1.91 adiY 1.14 aceE 4.96 adiY 0.93 asr 1.28 b3022 2.27 acrF 1.48
bglG 1.57 bcsF 1.72 clpB 1.02 aceF 3.21 caiD 0.86 clpB 1.07 clpB 2.73 ansP 1.74
cadC 1.91 cadA 2.10 clpP 0.45 acrB 3.22 citD 1.02 cydA 0.80 dnaJ 2.91 deoR 2.49
citG 1.32 cadC 1.96 cydB 1.02 agp 3.11 clpB 1.16 cydB 0.71 dnaK 2.35 dhaK 2.09
csgB 1.59 deoA 1.71 dhaH 0.55 asr 7.45 cydA 0.94 dhaK 0.47 exuT 2.01 fecI 2.98
ddpD 1.54 fucA 2.28 dhaK 0.60 cdd 3.79 dps 0.62 dhaK 0.47 frmA 2 feoA 1.70
entE 1.60 garD 1.82 dnaK 0.65 cydB 4.12 fxsA 0.75 dnaK 0.47 fxsA 2.45 ftn 2.13
fecD 2.04 gatA 2.07 fbaB 0.53 degP 3.31 gadX 0.95 focA 0.41 gntK 2.37 gatY 1.76
frc 1.49 gatC 2.58 gatD 0.47 gatA 4.32 glgS 1.05 gadX 0.40 gntP 2.87 hisD 2.29
hyfF 1.35 gatD 2.50 groL 0.56 gatZ 4.14 hcr 0.95 glgS 0.65 groL 2.26 hisG 3.14
racC 1.45 gatY 1.76 grpE 0.56 glgS 3.84 hha 0.77 groL 0.45 groS 2.61 iadA 1.62
rhsC 2.16 gatZ 2.46 hdeA 0.42 glpF 4.41 htpX 0.67 grpE 0.52 grpE 2.04 ilvB 3.71
sfmC 1.56 hscC 2.33 hdeD 0.40 glpK 4.50 ibpB 0.59 hslR 0.42 hchA 2.46 ilvC 2.50
tdcR 3.09 lamB 2.82 hslV 0.52 lamB 4.89 lacZ 0.65 hslV 0.42 hslO 2.74 ilvD 2.02
tdcR 3.09 lit 1.75 htpG 0.52 malE 7.95 lipB 1.09 htpG 0.42 hslR 2.87 ilvN 2.75
ttdB 2.04 malE 2.64 ibpB 1.07 malF 5.84 ndh 0.79 ibpB 0.52 hslV 2.36 insE-1 1.93
ulaG 2.32 manX 2.04 manX 0.51 malM 3.19 nfsA 0.66 ldhA 0.42 htpX 1.87 lacZ 1.64
yagY 2.14 manY 2.37 manY 0.57 manX 4.38 oppC 0.75 manX 0.43 ibpA 5.1 macB 2.34
yccM 1.61 manZ 2.18 manZ 0.46 manY 4.72 oppD 0.80 melA 0.42 ibpB 5.13 marA 1.58
ydcW 1.83 marA 1.78 mutM 0.59 manZ 4.73 phoB 0.87 miaA 0.43 ilvB 1.85 narG 2.69
ydfR 2.04 mdtB 1.82 napC 0.52 marA 3.57 pstA 0.69 ndh 0.57 ldhA 2.33 narK 1.89
ydfU 1.76 norV 2.71 nikB 0.43 miaA 4.01 pstC 0.71 nrdD 0.44 lon 1.86 nikD 1.92
ydjO 1.38 norW 2.10 nrdE 0.59 mltD 3.92 pstS 0.95 oppB 0.64 malX 1.95 nirB 2.01
yeaS 2.43 nrdF 2.33 oppD 0.50 ndh 3.47 rrmJ 0.58 oppD 0.61 miaA 1.97 ompF 1.56
yeeV 1.83 nrdI 1.87 pflB 0.48 nfsA 3.86 soxS 0.68 pflB 0.49 mutM 2.74 prfH 1.88
yegR 1.42 nupC 2.28 pspA 1.07 oppB 4.84 uidC 0.79 phoB 1.03 norR 2.19 ptsA 2.17
yfbN 1.50 pioO 1.82 pspC 0.90 oppC 3.86 ybcK 0.70 prlC 0.55 phoB 2.7 rep 2.33
yfbP 1.42 pstC 2.02 pspE 0.49 oppD 4.42 ybeD 0.65 pstA 0.68 phoR 2.81 rhtC 1.72
yfdR 1.45 pyrI 1.83 pstA 0.42 oppF 4.42 ybeL 0.60 pstC 0.82 prlC 2.14 srlE 3.05
ygcP 1.66 racC 2.38 pstB 0.53 pspE 3.44 ybeR 1.00 recN 0.46 pspA 3.37 thrA 5.58
ygcW 1.66 rhsA 2.13 pstC 0.86 rbsA 3.31 ybeT 0.97 rluD 0.75 pspB 3.13 thrB 5.42
ygeX 1.71 rihA 1.93 rmf 0.72 rbsB 4.07 ybhG 0.61 rmf 0.60 pspC 3.24 thrC 4.69
ygjE 1.55 setC 2.20 selA 0.50 rhlE 4.09 ycbB 0.65 soxS 0.53 pspD 3.02 tnaB 1.82
yhaC 1.64 spy 2.11 sstT 0.48 rimK 3.20 ycdM 0.83 uspG 0.64 rrmJ 1.92 uspF 1.72
yhcC 1.59 tnaC 1.99 yagE 0.76 rmf 5.38 yceP 0.79 ybdN 0.42 sdaA 2.59 yaaA 1.80
yhdY 2.00 yagA 1.99 ybbN 0.41 rseA 3.38 ycfR 1.21 ybeL 0.53 sdaC 2.17 yaaX 3.73
yicL 1.43 yddB 1.85 ybeZ 0.40 spy 3.63 ycfS 0.88 yccA 0.51 uxaC 2.8 yagU 2.20
yihU 1.48 ydeM 1.74 ybfA 0.40 srlB 3.38 ycjF 0.78 ycfS 0.39 uxuA 3.06 yajR 1.88
yjbL 1.91 ydeO 1.71 ycgV 0.43 tnaA 3.16 ydcD 0.96 ycgV 0.44 yaiY 1.91 ycbR 4.20
yjcF 1.59 ydhV 2.28 ydhV 0.40 tpr 3.64 ydeH 0.78 yciE 0.53 ybbN 2.53 ycjS 2.18
yjfN 1.41 yfbL 2.31 yeiA 0.52 yadL 3.21 ydjG 0.79 ycjF 0.40 yccV 2.08 yeeN 2.23
yjgL 1.44 yfdH 1.79 yfaP 0.42 ydcH 6.10 yebE 0.75 yedW 0.45 yciM 1.95 yfeZ 1.98
ymgC 1.49 ygcL 1.91 yfiA 1.05 ydeH 3.96 yedV 0.65 yegT 0.43 ycjF 3.16 yfiA 2.40
ynaE 2.70 yieI 1.83 yhcO 0.40 yecD 3.59 yfcQ 0.97 yfiD 0.47 ycjX 3.45 yggU 1.90
yncH 3.49 yjhS 1.91 yhhK 0.46 yecI 3.85 yfiD 0.68 yghA 0.40 ydfZ 2.69 yjgQ 1.80
yoaG 2.22 yjiY 2.02 yidE 0.48 yfdX 4.97 yhfS 0.84 yhdN 0.47 yhdN 2.16 ynjF 2.23
yphB 1.38 yjjM 3.02 yjeI 0.43 yghZ 3.25 yhfU 0.85 yhgE 0.44 yheL 2.32 yphC 1.51
yqeI 2.17 ymfE 2.33 yjeJ 0.56 yobD 3.24 yhjA 0.61 yidE 0.43 yhfY 2.72 ytfE 2.02
yqeK 2.23 yqeC 2.65 yjiY 0.44 yqhD 4.98 ykgK 0.70 yjeJ 0.53 ynfK 2.1 ytfH 2.06
zitB 1.36 yqhD 1.90 yrfD 0.51 ytfK 3.90 yrbL 0.61 ykgK 0.41 zntR 2.46 ytfM 2.11
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Chapter 2:  Mass Spectrometry Theory and Quantification for 
Proteomics 
 

Mass spectrometry is a powerful technique that is used to identify and 
quantify compounds, and can help determine other chemical properties of 
molecules.  In its simplest form, a mass spectrometer is an instrument that 
measures the mass to charge of individual charged molecules. The field has 
advanced significantly since its inception the early 1900s, especially in the study 
of organic and biological compounds. Due to vaporization issues and the high-
energy ionization techniques utilized in most early mass spectrometry, many 
biological samples were unable to be analyzed until the invention of electrospray 
ionization (ESI) by John Fenn and soft laser desorption (SLD) by Koichi Tanaka, 
which later shared the 2002 Nobel Prize in Chemistry.  Since then the field of 
proteomics, or the study of proteins, has gained traction in fields ranging from 
molecular biology to medicine.  A search of PubMed for ‘proteomics’ yielded 
5001 studies published in just 2010, compared with 219 in 2000.  In addition, a 
particular advantage to mass spectrometry based proteomic studies is the ability 
to identify post-translational modifications such as phosphorylation and 
glycoslyation, which are key regulators in many signaling pathways.  This chapter 
aims to discuss the major components of a proteomics workflow from sample 
ionization to protein quantification, focusing particularly on recent developments 
and applications to metabolic engineering. 
 

2.1  Sample Vaporization and Ionization  
In simplified terms, a mass spectrometer consists of an ion source, a 

mass analyzer, and a detector.  The ion source is generally responsible for 
converting sample molecules into charged particles.  The creation of ions is 
critical since the mass analyzer is able to manipulate the trajectories of the 
sample by using electric fields.  Soft-ionization techniques, such as electrospray 
ionization (ESI), desorption electrospray ionization (DESI), laser desorption 
ionization (LDI), and matrix assisted laser desorption ionization (MALDI) all 
provide simultaneous vaporization and ionization, and are routinely used for the 
analysis of biomolecules(15, 26, 52).  Each of these techniques has strengths 
and limitations in efficiency and can cause varying amounts of in-source sample 
fragmentation, which is often undesirable. The choice of ionization method 
depends on the type of sample being analyzed, the type of mass spectrometer 
being utilized, and the quality of information one wants to determine about the 
compound of interest.  

Electrospray ionization occurs by the nebulization of a liquid sample into 
electrically charged droplets, and then release and transport of those ions from 
the atmospheric pressure source into the vacuum region inside the mass 
analyzer (16).  In an ESI source, the sample is pumped through a small capillary 
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tube, and a high electric field applied at the tip brings positive charge towards the 
liquid front. This electric field, Ec, can be calculated using the following equation: 

 
 
 

 
 
where Vc is the difference in voltage from the spray capillary to the counter-
electrode, d is the distance between the spray capillary and its counter-electrode, 
and rc, is the radius of the spray capillary (7).  As the liquid exits, it assumes a 
conical shape referred to as the Taylor cone.  The liquid assumes this shape 
because a cylindrical shape can hold more charge density than a sphere.  At the 
Raleigh stability limit, when Coulombic repulsion finally overcomes the surface 
tension, a small electrically charged droplet leaves the liquid surface, and travels 
through the surrounding gas to the counter-electrode.  Under these conditions, 
the droplets undergo uneven fission, producing progressively smaller highly 
charged droplets until gas-phase ions are produced.  However, the mechanism 
for the final formation of gas-phase ions is still unclear (34).  ESI forms both 
singly and multiply charged ions, which is important since multiple-charging 
makes it possible to detect very large molecules in a relatively small mass range 
since the mass spectrometer measures the mass-to-charge ratio.  Multiple 
charging of the parent ion also allows for more observation of multiply charged 
fragment ions, but can complicate interpretation of the MS/MS spectrum.  

Several variables need to be considered for optimal ionization using 
electrospray.  The proper balance of liquid flow-rate, surface tension of the 
solvent mixture, and electrolyte concentration needs to be met in order for the 
electric field to be maintained and to produce charged particles.  In particular, 
some buffers used in molecular biology that contain salts, such as sodium or 
potassium, present a problem for ESI by lowering the vapor pressure of droplets 
and significantly reducing the volatility and thus, the signal reaching the mass 
spectrometer (50).  The use of off-line C18 desalting columns or on-line C18 trap 
columns can reduce these impurities.  Other modifications to the source, such as 
adding a shealth liquid or nebulizing gas, can help with ionization and increase 
the robustness of the system.  Commonly used solvents for ESI include 
methanol/water, and acetonitrile/water with additional acids such as formic acid 
or trifluoroacetic acid used in positive ionization mode.  These solvents are used 
based on their ability to solubilize peptides, their volatility, and ability to donate a 
proton. 
 In comparison with ESI, MALDI is another highly utilized method for 
ionization of biomolecules, although there are several differences in their 
ionization mechanisms. One significant difference from ESI, differs significantly in 
that the analyte is first co-crystallized with an excess of a matrix compound, 
usually a UV-absorbing weak organic acid such as !-cyano-4-hydroxycinnamic 
acid.  It is hypothesized that MALDI causes the ionization and transfer of a 
sample from the solid phase to the gas phase via laser excitation, where the co-
crystallized sample molecules vaporize but without having to directly absorb high 
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amounts of energy.  One of the leading theories to explain desorption by MALDI 
is the thermal-spoke model, which suggests that due to poor vibrational coupling 
between the matrix and the sample, vibrational energy transfer is minimized 
which minimizes sample fragmentation (58).  Once vaporization and ionization 
have occurred, the desorbed ion is then directed electrostatically from the MALDI 
source into the mass analyzer.  The matrix used for MALDI is very important 
since it needs to be prepared in a way to allow for reproducible results, and 
adequate sensitivity for detection and quantification of the analyte.  MALDI is also 
more tolerant to contaminating species as compared with ESI, but these 
contaminates can generate high signal levels and obscure peptides of interest 
(27).  ESI produces more multiply charged ions, which are ideally suited for large 
peptides and proteins since it produces more fragmentation, but the resulting 
mass spectrum is more complex.  MALDI mostly produces singly or doubly 
charged ions, and while that may limit the spectra, but results are often easier to 
interpret.  ESI is a continuous ion generation technique (in-line), and MALDI 
requires crystallizing a sample off-line although the sample plate may be run 
multiple times.  It is important to note that some proteins and peptides ionize 
better with different ionization techniques (MALDI versus ESI) and that the 
methods may give complimentary information. 
 

2.2  Mass Analyzers and Detection 
There are five basic types of mass analyzers used in proteomics research: 

quadrupole, time-of-flight (TOF), ion trap, Fourier transform ion cyclotron 
resonance (FT-ICR), and Orbi-trap analyzers.  The key parameters of interest for 
each is its accuracy, resolution, mass range, scan speed and ability to be used in 
tandem to generate mass spectra from peptide fragments (MS/MS).  Mass 
accuracy is a key parameter for any mass spectrometry experiment since it 
determines how confidently a mass is identified.  For example, an instrument with 
0.01% accuracy can provide information on a 10,000 Da protein to ±1.0 Da.  
Resolution is the ability of a mass spectrometer to distinguish between ions of 
different m/z.  Resolution or resolving power is defined as: 
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where M is the ion mass, and %M is the minimum peak separation at which two 
ion species can be distinguished.  Using the peak width definition of resolution, 
%M is the width of the peak at a specified fraction of the height, usually 50% 
which is referred to as full width at half maximum (FWHM) (50).  As an example 
of the range of instrument resolving power, typical ion traps achieve 
approximately 4,000 whereas FT-IC analyzers routinely achieve resolution of 
approximately 100,000 (1).  Each of the mass analyzers is very different in 
design and performance, and they can be coupled in tandem with another 
analyzer to take advantage of the strengths and compensate for weaknesses. 
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Quadrupole mass analyzers are the most common mass analyzer, due in 
part to their capacity to be easily interfaced with ESI sources.  A quadrupole 
mass analyzer consists of four parallel charged rods arranged in a square.  To 
control ion movement through the center of the rods, a fixed direct current (DC) 
potential is superimposed on an alternating radio frequency (RF) potential.  
These potentials generate oscillations that are maintained at 180° out of phase, 
with the amplitude determined by the DC voltage and the frequency determined 
by the RF potentials.  The analyte’s mass-to-charge ratio determines its 
trajectory through the potential field generated in the center of the rods, which 
can be described by the Mathieu equations. 

 
 

 
 
 
 
 
 

 
 
 
 
 
where m is the ion mass, e is the charge density, r0 is half the closest distance 
between the four rods in the quadrupole, t is time, V is the RF voltage, U is the 
DC voltage, and & is frequency (57).  At any time t, only a single m/z is able to 
travel through the center of the quadrupole since it is in resonance with the 
frequency and amplitude of the electric field.  All other ions have unstable 
trajectories and eventually collide with one of the rods, unable to make it to the 
detector.  The potentials are quickly modulated across the mass range of interest 
for tryptic peptides, usually 350 to 1600 Da, in order to collect a diversity of 
spectra.  The scan speed must be high enough to cover the entire mass range, 
but low enough that resonant ions have enough time to physical make it through 
the analyzer.  Typically quadrupole mass analyzers have scan speeds on the 
order of seconds, but with improved instrumentation allowing for more sensitivity, 
fewer ions are required to generate signal and shorter scan times are needed.  
Resolution on quadrupole mass analyzers is approximately 4000, which is on the 
low end compared with other mass analyzers used for proteomics experiments; 
however they can also detect molecular weights between 50 and 10,000 Da and 
are among the least expensive instruments (1).   
 Improvements in ion-trap mass spectrometry have allowed it to be used 
with the atmospheric pressure ionization sources that are vital for analysis of 
biomolecules.  Ion-trap analyzers capture ions for a certain time interval, and 
then eject them to be subjected to analysis or fragmentation.  A typical ion trap 
consists of three hyperbolic electrodes, with a cylindrical trapping ring in the 
center and two end caps on each side.  Similar to a quadrupole mass analyzer, 
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oscillating RF and DC voltages are applied to the ring electrode to focus ions 
toward the center of the trap.  Expressed in cylindrical coordinates, the potential 
an ion experiences at any point in the trap is determined by   
 
 
 
 
 
 
 
where U is the amplitude of the DC potential, V is the amplitude of the RF 
potential, & is the angular frequency of the RF potential, and r0 is the closest 
distance between the center of the trap and the ring electrode (25).  The ions 
absorb energy from the applied field and eventually the ion’s trajectory becomes 
unstable, and it is ejected toward the endcaps.  Similar to quadrupole mass 
analyzers, the ion trajectories are also determined by solutions to the Mathieu 
equation with both stable and unstable solutions.  An advantage of ion traps is 
that it is capable of isolating a single ion species in a trap, allowing for more 
specificity and sensitivity.  The isolated or trapped ions can subsequently be 
fragmented by collisional activation and the fragments detected.  The mass 
range of a modern quadrupole ion-trap is up to 70,000 m/z and has been shown 
to perform up to twelve rounds of tandem-in-time mass spectrometery (25).   
  Two other mass spectrometers that are used for biomolecule analysis are 
the Fourier Transform-Ion Cyclotron Resonance (FT-ICR) instrument and the 
Orbitrap, which is the first new mass spectrometer developed since the 1970s 
(22, 35).  Both instruments boast high resolution, mass accuracy and sensitivity, 
but are expensive and complex to operate.  A FT-ICR mass spectrometer uses a 
fixed magnetic field to determine the mass-to-charge ratio of analytes of interest.  
Marshal et al. have an excellent review on the mathematics describing the 
motion of ions in an FT-ICR mass analyzer (35).  The latest FT-ICR mass 
spectrometers can achieve a high resolution and detect samples down to sub-
ppm (1). The Orbitrap shares some characteristics with an ion trap and with the 
FT-ICR, but uses neither RF nor magnetic fields to control ion movement, but 
instead ions are trapped in an electrostatic field.  The analyzer itself is composed 
of an outer barrel electrode with an inner spindle electrode enclosed at the 
center.  Ions are electrostatically attracted towards the center electrode, and 
enter the trapping volume on the perpendicular axis where they are trapped into 
orbit around the spindle.  Ions move in a complex spiral pattern inside the 
analyzer.  Mass-to-charge ratios are determined from their respective 
frequencies of oscillation using a Fourier transform.  The Orbitrap boasts a 
maximum resolution of 150,000 with high mass accuracy and a m/z range of 
approximately 6,000 Da(22).     

The previous mass analyzers discussed have all been scanning 
instruments, but time-of-flight (TOF) mass spectrometers operate by accelerating 
ions with a specific amount of kinetic energy into a field-free flight tube.  The ions 
travel at different velocities through the flight tube, with ions with lower m/z 
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travelling faster than those with a higher m/z.  The velocity of an ion traveling 
through this region can be described by: 
 
 
 
 
 
where V is the accelerating voltage, z is the ion charge, and m is the mass.  The 
mass is calculated based on the time necessary for the ion to reach the detector, 
and the measured velocity of the ion(1).  While TOF mass spectrometers can be 
used with ESI sources, MALDI is more often used since ions are produced in 
short pulses by the laser, and can subsequently be timed with the kinetic energy 
pulses used to accelerate ions in the flight tube.  One issue with TOF mass 
analyzers is that any initial energy transferred to the ions, either through the 
vaporization or ionization process, causes lower resolution.  To compensate for 
these slight variations in kinetic energy, delayed extraction and the use of ion 
reflectors have been developed and used in modern TOF instruments to increase 
resolution to over 10,000(50).  Theoretically TOF mass analyzers have an 
essentially unlimited mass range since an ion with any m/z can be accelerated 
through the flight tube, but issues with ionizing such large molecules and the 
efficiency of detection by electron multipliers can be problematic.      

The mass analyzers discussed previously are usually combined in order to 
perform more complicated analysis than can be achieved with a single mass 
analyzer.  Quadrupole-TOF mass analyzers are often used in proteomics 
workflows and can be combined with either ESI or MALDI.  In a Q-TOF 
instrument, ions are first focused before being introduced into the first quadrupole 
mass filter, which then selects ions to be sent to the collision cell, and then into 
the TOF region for analysis of the fragment ions(2).  This arrangement utilizes 
the quadrupole’s ability to select a particular ion, and the TOF’s ability to achieve 
high accuracy and high-resolution mass spectra across a large mass range, 
which is an advantage over tandem quadrupole instruments.  The high resolving 
power, over 10,000 FWHM, allows for improved measurements for peptides, 
differentiation of isobaric-labeled samples, and can also be used for de novo 
sequencing(27).   

The triple quadrupole (or tandem quadrupole) instrument was first 
developed in the late 1970s, and consists of two quadrupole mass analyzers 
separated by a third non-mass analyzing RF only quadrupole acting as a collision 
cell.  A precursor ion is selected for in the first quadrupole Q1 operating in mass 
scanning mode, fragmented by collision-induced dissociation in q2, and then a 
specific daughter ion is selected for in Q3 and transmitted to the detector(28).  
The amount of collision energy used to fragment the parent ion is very important 
and can be dynamically calculated based on the properties of the ion, with more 
energy being applied to larger and more heavily charged molecules.  Triple 
quadrupole instruments have many applications in structural proteomics, 
particularly with identification of post-translational modifications.  These 
instruments are capable of performing product ion scans, precursor ion scans, 

! 

v =
2Vz
m

    (7) 



%)"

neutral loss scans, and multiple reaction monitoring depending on which 
quadrupole is set for selection or scanning. In particular, tryptic peptides are 
highly amenable to sequencing by mass spectrometry because of their size (700 
to 2500 Da) and basic C-termini.  Another type of hybrid instrument is the Q-
Trap, which is similar to the triple quadrupole except the third quadrupole has 
been replaced with an linear ion trap.  Since an ion trap has the ability to 
accumulate ions, it is able to offer better signal to noise ratio and improved 
detection of low abundance analytes. 
 Another type of tandem instrument popular in proteomics experiments is 
TOF-TOF, which is similar to a standard reflectron-TOF instrument.  Before 
entering the collision cell, the precursor ions are decelerated using a series of 
lenses, and then are mass selected by a timed ion selector (TIS), composed of a 
duel deflector gating system, and then dissociated into a collision chamber(27).  
Next the product ions enter the reflectron region where they are reaccelerated 
and refocused using pulsed extraction to have a more narrow energy spread.  
Other instrument configurations that are popular include trap-TOF and linear ion 
trap with FT detection (LTQ-FT)(1).  Regardless of the instrument configuration, 
one of the main purposes of tandem instruments is to produce accurate and 
complete MS/MS spectra that can later be used for peptide identification. 
 

2.3  Protein Identification from Mass Spectra 
Since proteins are often very large and complex molecules, they are often 

digested into smaller peptides before mass spectrometry analysis in what is 
referred to as a “bottom-up” workflow (50).  Since most peptides are linear 
molecules and fragment in predictable ways, peptide sequence information is 
able to be determined from interpretation of product ion spectra.  Peptide 
fragmentation theory has been thoroughly reviewed, and the exact mechanism of 
fragmentation will vary depending on the ionization source, type of energy used 
for fragmentation, and the chemical properties of the peptide ions (39).  In very 
simple terms, the fragmentation process is initiated by converting some of the 
peptide ion’s kinetic energy into vibrational energy, which results in fragmentation 
along the peptide backbone.  In many proteomics experiments, fragmentation is 
achieved by colliding the ions with a neutral gas or electrons in the collision cell.  
Two main types of fragment ions are produced in this process, one which retains 
the charge on different positions containing the N-terminus (x,y,z-ions) and the 
other, which retains the charge on the C-terminus (a,b,c-ions).  The two most 
abundant of these ions formed with collisionally induced dissociation (CID) are 
usually the y- and b-ions (27).  A complete y- or b-ion series would have peaks 
for the entire peptide chain, with each peak missing the next amino acid in series.  
A complete product ion spectrum is usually not observed, due to many fragments 
being unstable or too low in abundance to be significantly detected, but the 
combination of different ion types and the peptide mass from the precursor 
spectrum allows for confident identification.  It should be noted that in 
determining the amino acid sequence of a peptide, leucine and isoleucine cannot 
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be distinguished based on mass, and that on low resolution instruments lysine 
and glutamine are difficult to distinguish since they only differ by 0.036 Da (27).   

Although some product-ion spectra are simple enough to be manually 
annotated, a typical proteomics experiment may have thousands of collected 
spectra, which makes this a task ideally suited to computational analysis.  To 
make protein identifications, a database containing all theoretical open reading 
frame proteins in the organism of interest is computationally digested using the 
enzyme of interest (e.g. trypsin) and fragmented using the known fragmentation 
rules, generating theoretical mass tables for every peptide sequence.  Search 
criteria need to include the protease used in sample preparation, number of 
missed cleavages, expected chemical modifications (methionine oxidation, or 
cysteine alkylation used to prevent the reformation of disulfide bridges), potential 
impurities such as keratin, and the mass tolerance that is acceptable.  A search 
algorithm will then compare theoretical and experimental spectra and use a 
scoring mechanism to assign confidence to peptide identifications.  The number 
of confidently identified peptides is then used to make an identification of the 
entire protein.  A common rule of thumb is generally two high confidence 
peptides per protein identification. 

Several algorithms have been developed for protein identification, most of 
which function by searching a sequence database using the collected mass 
spectrometry data.  One of the most commonly used algorithms is Mascot, which 
uses a probability-based scoring function, and is able to do peptide mass 
fingerprint, sequence query, and MS/MS ion search(40).  The strengths of 
probability-based scoring include a simple rule to determine whether a result is 
significant, and then these scores can be compared with results from other types 
of search, and that search parameters can be iteratively optimized for better 
accuracy.  Other popular search engines, both open source and proprietary, 
include Phenyx, X! Tandem, Sequest, and Paragon (10, 14, 36, 49).  Each 
program utilizes a different set of algorithms and statistical methods to generate 
the score, and may take into account different spectral parameters.  More recent 
developments in algorithm searches, such as the ProteinPilot’s Paragon 
algorithm, have begun using sequence tag approaches.  Sequence tags are 
usually short 2-3 amino acid sections of the peptide, which can be determined de 
novo from a mass spectrum(33).  By determining the identify of these sequence 
tags and the theoretical total molecular weight, the search space for the 
algorithm is significantly reduced and peptide identifications can be made much 
quicker.  Although these modern search algorithms are able to interpret most 
spectra, there are still a large number of spectra collected in proteomics 
experiments that is unable to be reconciled.  This can be due to poor quality of 
spectra, unexpected modifications to the peptides, or issues in sample 
preparation such as poor digestion or reformation of disulfide bonds. 

  While mass spectrometry can be used for many different types of protein 
analysis such as de novo sequencing, protein-protein interactions, protein-
metabolite interactions, this chapter is going to focus on protein identification as it 
relates to shot-gun proteomics and targeted proteomics via multiple reaction 
monitoring (MRM).  These two types of experiments are most commonly used in 
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systems biology studies and will relate closely to experimental work discussed in 
subsequent chapters.  Shotgun proteomics experiments aim to identify, and often 
quantify, as many proteins as possible in a sample.  Since these samples are 
very complex, it is necessary to perform additional separation steps to increase 
protein coverage.  Usually the samples are separated by HPLC prior to another 
separation by liquid chromatography prior to MS/MS analysis.  With high 
resolution and high scanning speed mass spectrometers, the percentage of the 
proteome identified in shotgun experiments is consistently increasing.  In 2011, a 
study of protein phosphorylation of nine different mouse tissues yielded 12,039 
protein identifications, including 6296 phosphoproteins, using an LTQ-Orbitrap 
mass spectrometer(23).  While shotgun style proteomics experiments provide a 
large amount of data, it may be challenging to find the underlying biological 
significance.  For example, many proteins of interest to molecular biologists, such 
as low abundance regulators or membrane-bound sensors, are not always 
detected in shotgun style experiments.  Also the amount of sample preparation, 
enrichment, and instrument time become limiting factors when striving for high 
proteome coverage. 

Targeted proteomics using selected reaction monitoring (SRM) or multiple 
reaction monitoring (MRM) has been gaining popularity as a systems biology and 
metabolic engineering tool due to its sensitivity, selectivity, and reproducibility in 
analyzing smaller sets of critically important proteins(13).  For example, a recent 
study utilizing SRM targeted proteomics identified a critical bottleneck in the 
mevalonate pathway, which when removed resulted in an increase of over three-
fold in amorpha-4,11-diene titers(43).  In contrast to the more widely used 
shotgun proteomics method, in which peptides are analyzed in a non-targeted 
data-dependent mode, SRM only detects sets of predefined peptide and 
corresponding fragment ions, which is called a transition.  SRM experiments are 
usually performed on triple quadrupole instruments selecting for the peptide ion 
in Q1 and the fragment ion in Q3 (28).  Determining which peptide/fragment pair 
to use in an SRM experiment can be challenging.  Transitions must be unique to 
the identified protein, and provide optimal signal intensity and discriminate 
against false positives (28).  Peptides that fit these criteria have been termed 
proteotypic peptides (PTPs) (32).  The time required for SRM development can 
be reduced by using computational tools like Skyline that predict transitions 
based on the rules specified by the user, or by using data obtained from prior 
shotgun experiments or information deposited in online sources such as 
PeptideAtlas, PRIDE proteomics identification database, or the recently 
developed SRM Atlas (12, 41, 54).  Design rules for predicting good SRM 
transitions include avoiding peptides with amino acid modifications such as 
cysteine or methionine, choosing abundant daughter ions with higher m/z than 
the parent, and choosing ions in the 600 to 900 m/z mass range (unpublished 
work from Keasling lab).  One of the main challenges with targeted proteomics is 
signal from false positives originating in the background proteome, so it is often 
necessary to validate designed transitions with synthetic peptides. 

Data analysis and visualization for targeted proteomics experiments are 
much simpler compared with shotgun experiments, although there are not as 
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many software tools available to use.  Ion chromatograms from targeted 
experiments can be exported into programs, such as AB Sciex’s MultiQuant, or 
the open-source Skyline from the MacCoss research group.  Skyline is a 
Windows client application for SRM method creation and quantitative data 
analysis(31).  It supports MS/MS spectral libraries from multiple sources, allows 
the user to choose SRM filters, and validate results based on previously 
observed MS data sets.  Recent studies that utilized SRM have monitored over 
1000 transitions from the human plasma proteome in a single method (51).  
While manual verification of large groups of SRM transitions is possible, it is 
often not as reproducible as using probabilistic scoring algorithms.  A new 
development for scoring SRMs, mProphet addresses some of these concerns.  
mProphet computes accurate error rates for the identification of targeted 
peptides in SRM data sets and combines certain features in the data into a 
statistical model to maximize specificity and sensitivity(44).  It also uses decoy 
peptide transitions to act as negative controls.  Along with mProphet is mQuest, 
which does the actual score assignment and quantification on the MRM data 
according to different experimental workflows(44).  As the use of targeted 
proteomics increases, the use of these advanced tools will become more 
necessary to provide reliable and reproducible datasets.     
 

2.4  Protein Quantification from Mass Spectra 
Mass spectrometry is not inherently quantitative since different molecules 

have different mass spectrometric responses and ionization efficiencies; 
therefore additional strategies have been developed to determine relative and 
absolute amounts of protein in a sample.  Protein quantification strategies can be 
divided into two main categories: labeled and label-free, each with their 
respective strengths and weaknesses. In the former, quantification methods 
employ differential stable isotope labeling to create a specific mass tag that can 
be recognized by a mass spectrometer and at the same time provide the basis 
for quantification.  These mass tags can be introduced into peptides or proteins 
using a variety of ways including metabolic labeling, by chemical means, or by 
enzymatic means.  Mass differences can also be quantified with the use of 
spiked labeled peptides.  In contrast, label-free quantification approaches aim to 
correlate the mass spectrometric signal of intact proteolytic peptides or the 
number of peptide sequencing events with the relative or absolute protein 
quantity directly.    

Stable-Isotope-Labeling by amino acids in cell culture (SILAC) was one of 
the first quantification methods to employ labeling through metabolism, and is 
conceptually and experimentally straightforward.  It involves growing two 
populations of cells, one in a medium that contains a ‘light’ amino acid and the 
other in a medium that contains a ‘heavy’ amino acid usually 13C6-arginine and 
13C6-lysine to ensure all tryptic peptides are labeled (except the very C-terminal 
peptide)(20).  Incorporation of the heavy amino acid into a peptide leads to a 
known mass shift compared with the light version, but no chemical changes. The 
main advantage of metabolic labeling strategies is that the differentially treated 
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samples can be combined at the level of intact cells/tissues, which makes it one 
of the least error-prone quantitation methods since it avoids any sample bias that 
may be introduced from separated sample preparations as in chemical labeling 
strategies.  Also accuracy of quantitation depends on the abundance and the 
signal-to-noise ratio of the peptide pair, which is true for all quantitation methods.  
Disadvantages of SILAC are the limited number of isotopically labeled amino 
acids that are commercially available, and the difficulty of use in some higher 
organisms that are difficult and slow to grow. 

Enzymatic or chemical derivatization of proteins or peptides occurs in vitro 
and was originally developed to aid in de novo sequencing efforts(46).  One 
method used to introduce an isotopic label into peptides is to incorporate 18O 
during protein digestion using trypsin- or Glu-C, which causes a mass shift of 2 
Da per 18O atom incorporated at the C-termini(45, 56).  An advantage to 
enzymatic labeling is the reduction of side reactions that are common with 
chemical labeling strategies; however, full labeling of all peptides is usually not 
achieved which results in different peptides incorporating the label at different 
rates.  This can complicate downstream data analysis.  Chemical labeling utilizes 
the reactive amino acid side chains of peptides to incorporate an isotope-coded 
mass tag.  Amino acids that are particularly useful for chemical labeling are 
lysine, arginine, and cysteine.  These isotope-coded tags, such as ICAT and 
iTRAQ, consist of three functional elements: a chemical reactivity toward a 
specific amino acid, an isotopically coded linker, and a unique mass tag.  In an 
ICAT experiment, reduced protein samples are derivatized with either the ‘heavy’ 
or ‘light’ form of the ICAT reagent, which incorporates a label on the side chains 
of cysteinyl residues (21).  Next the two samples are combined together, and 
digested with a protease.  Only peptides containing cysteine residues will have 
the ICAT label, so it is necessary to enrich these tagged peptides using avidin 
affinity chromatography.  Finally the enriched peptides are separated and 
analyzed by LC-MS/MS, and the relative signal intensities for the heavy/light 
pairs are quantified in MS mode.  ICAT is limited in that only peptides containing 
cysteines are labeled, and it is limited to multiplexing only two experimental 
conditions.  Another category of labeling reagents targets the peptide N-terminus 
or the !-amino group of lysine or arginine residues.  Types of chemical labeling 
that exploit this chemistry are the isotope-coded protein label (ICPL), isotope 
tags for relative and absolute quantification (iTRAQ), and tandem mass tags 
(TMT)(47, 48, 53).  Side chains of glutamic acid and aspartic acid, as well as the 
C-termini, can also be labeled by esterification using heavy alcohols (19).  

It is important to note that quantification of the isotopic label can occur 
either in MS or in MS/MS mode depending on the type of label.  Most of the 
aforementioned enzymatic or chemical labels are quantified at the fragment level 
in MS/MS mode.  Isobaric mass tagging, developed by Thompson et al., was the 
first to incorporate tags that initially produce isobaric-labeled peptides and only 
upon fragmentation are the different tags distinguishable by mass in MS/MS 
mode(53).  The iTRAQ reagent expands upon this approach by applying up to 
eight different isobaric tags, which show up as peaks in the low mass region of 
114-118 m/z (8, 47).  A general disadvantage with these labeling techniques is 
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side reactions that can lead to unexpected peptide modifications and which can 
lead to inaccurate quantitation.  In particular with ITRAQ, non-specific peptide 
fragments which also have low m/z in the 114-118 range may interfere with the 
tag signal which masks the true level of protein change. 

The quantitation techniques described above are usually referred to as 
‘relative’ since they are comparing peptide quantities between samples, but 
absolute quantitative techniques are also used.  Isotope-labeled synthetic 
standards were originally described in the early 1980s, but interest in this 
technique was renewed in 2003 with the publication of the absolute quantification 
of proteins (AQUA) method(11, 17).  Unlike relative quantitation, where the peak 
areas between labeled samples are compared, absolute quantitation can be 
achieved by adding in a known amount of an isotopically-labeled standard 
peptide into a protein digest.  These peptide standards mimic the chemical 
properties of the native peptides, and can be prepared with post-translational 
modifications.  Another approach to absolute quantification is the QCAT protein, 
which is a synthetic gene that expresses shortened peptide standards after 
digestion with trypsin(5).  The addition of synthetic peptides to a protein digest 
can only provide quantitation for a few particular proteins of interest, unlike 
metabolite or chemical labeling that provides relative quantitation for the entire 
population of peptides.  One downside to the AQUA approach is determining 
exactly how much of the labeled standard should be added to the sample, which 
may differ significantly for all proteins of interest depending on their expression 
levels.  Labeled peptide standards are often used for quantitation in targeted 
proteomics.  In SRM experiments, the combination of retention time, peptide 
mass, and fragment mass practically helps reduce uncertainties in peptide 
assignments and extends the quantification range to 4-5 orders of magnitude 
compared with a shotgun style experiment(4).  It may be difficult to determine a 
priori which tryptic peptides would be adequate standards; however tools are 
available to predict the most abundant and frequently observed peptides that 
would make good standards(32).  Quantitation by the addition of spiked 
standards is the most accurate approach, however care must be taken to 
minimize any variation in sample preparation or separation prior to the addition of 
the standard. 

There are two main label-free quantification strategies currently used in 
proteomics experiments, ion intensity and spectral counting.  In the former 
method, ion chromatograms can be extracted from a tandem MS analysis, and 
the peak areas for peptides precursor ions can be integrated and compared 
across samples to give relative quantitation(6, 38).  Integrated ion counts of the 
peptide is one of the most direct parameters to describe protein abundance and 
has been used to compare protein expression in different states in organisms 
from Arabidopsis thaliana to mouse embryonic stem cells(3, 23).  Since peptide 
mixtures from cell lysates are very complex, it is important to optimize several 
experimental parameters to obtain accurate quantitation using ion intensities.  A 
high accuracy mass spectrometer must be used since interfering signals of 
similar masses will mask true peptide levels.  It is also important to optimize the 
chromatography to aid in the reproducibility and ease of finding corresponding 
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peptides between experiments.  Finally multiple spectral readings for the peptide 
ion are necessary for good quantitation, so the correct balance between MS and 
MS/MS spectra needs to be found.  

Spectral counting has become a commonly used approach for measuring 
protein abundance in label-free shotgun proteomics. It is based on the theory that 
more abundant proteins have a greater number of observed MS/MS spectra and 
comparing the number of spectra between experiments is relatively 
quantitative(18, 29, 55).  Spectral counting requires extensive MS/MS data 
acquisition for both protein identification as well as accurate protein 
quantification; unlike the ion intensity method that depends more on MS survey 
scans.  This approach was initially controversial in the field since no direct 
physical or chemical property of the peptide analyte is being measured, and it 
assumes a linear response for every protein(4).  Another challenge to accurate 
quantitation is acquiring enough spectra for a given protein, and determining how 
many spectral counts are necessary to make a confident assignment of 
difference between samples.  Old et al. developed Serac to evaluate the 
quantitative ability of label-free quantitation methods(37).  They found that at 
least four spectral counts per protein were necessary for reliable comparisons 
within a 95% confidence interval.  For proteins with high numbers of spectral 
counts, saturation effects are observed which makes it more difficult to elucidate 
the true amount present.  Currently many studies utilizing spectral counts rely on 
simple data transforms, but additional statistics need to be used to handle the 
bias towards more abundant proteins and the issue with limited number of 
replicates.  A recent tool to help deal with these issues with QSpec, which is a 
statistical framework designed with a variety of experimental factors and features 
to adjust for different sample properties(9). Despite initial reluctance, the 
correlation between amount of protein present in a sample and number of 
tandem mass spectra has been proven experimentally.   

While the previously described ion intensity and spectral counting 
methods are used for relative quantitation, there have been developments to 
determine absolute protein levels using label-free strategies.  One of the first 
approaches to achieve this was by using the number of peptides per protein 
normalized by the theoretical number of peptides, named the protein abundance 
index (PAI) (42).  PAI is a better indicator of abundance than just using the 
number of peptides identified per protein because it takes into account that larger 
proteins, and proteins with many mass spectrometry amenable peptides will 
generate more observed spectra.  The PAI strategy was further developed and 
modified to emPAI, which is an exponential form that was shown to be roughly 
proportional to protein abundance(24).  Another method for label-free absolute 
quantitation is the absolute protein expression profiling (APEX) method, which 
relies on correcting each observed peptide count by learned probabilities(30).  It 
was found that APEX abundances agreed with measurements from traditional 
techniques such as two-dimensional gels and western blotting.  Label-free 
approaches are the least accurate among the quantification techniques profiled 
since quantitation is the last step in the process, meaning all variations between 
experimental conditions, both systematic and non-systematic, are reflected in the 
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final data.  However, it is important to note that there is no theoretical limit to the 
number of experiments that can be compared quantitatively using label-free 
methods, although multiplexing is not possible.  By contrast, isotopic labeling or 
chemical tagging can only compare two to eight samples.  There is evidence that 
label-free methods may have an advantage over stable isotope labeling when it 
comes to higher dynamic range of quantification, but particularly for spectral 
counting, accuracy becomes an issue(37). 
 

2.5  Conclusion 
Mass spectrometry is a powerful tool for studying proteins on both a 

system-wide level and individually.  Soft ionization techniques, such as ESI and 
MALDI, combined with liquid chromatography and high-resolution mass 
analyzers allow for more progressively more accurate protein identifications.  
While shotgun proteomics studies are the most widely utilized strategy, the 
growing popularity of targeted proteomics via MRM in the mass spectrometry 
field may soon become a more standard procedure in laboratories, particularly 
those for biomarker research and metabolic engineering.  Since mass 
spectrometry is not inherently quantitative, many strategies have been developed 
to determine the differences in protein levels between samples.  Labeled 
proteomics quantitation involves adding a mass tag to whole proteins or peptides 
via chemical, enzymatic, or metabolic means or by spiking in stable isotopically 
labeled standards.  Label-free quantification has overcome much reluctance in 
the community to become a standard technique.  Ion intensity profiling and 
spectral counting are the two most widely utilized methods, and have their 
advantages and disadvantages compared with labeled quantification.  Future 
developments in the field need to address developing standards for data 
analysis, and the reproducibility of proteomics data. 
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Chapter 3:  Functional Genomics Study of n-Butanol Toxicity in 
Escherichia coli  
 

Ethanol is a commonly used biofuel, but is has some limitations for 
industrial use such as its lower energy density than gasoline and miscibility with 
water, making transport through existing infrastructure difficult (14).  Investigating 
the use of alternative biofuels, such as n-butanol, has gained popularity in both 
academia and industry since it addresses the issues mentioned previously and 
there are several biochemical pathways that exist for its microbial production.  
Several industrially used microbes including Escherichia coli have been 
engineered to produce n-butanol, but titers are still lower than for ethanol 
production and n-butanol exposure is highly toxic to these hosts.  To better 
characterize the different cellular systems being impacted by this stress, 
functional genomics studies were performed at the transcript, protein and 
metabolite levels to obtain a global view of the n-butanol stress response.  
Analysis of the data shows that n-butanol toxicity has aspects similar to other 
stress responses including heat shock and cell envelope stress (rpoE, clpB, 
htpG, cpxR, cpxP, degP), perturbation of respiratory functions (nuo, cyo 
operons), oxidative stress (sodA, sodC, yqhD), and metabolite transport and 
biosynthesis (malE, opp operon).  Assays using florescent dyes indicated a large 
increase in reactive oxygen species during n-butanol stress, validating 
observations from the microarray and proteomics measurements.  Knockout 
mutants in several genes whose products changed most dramatically during n-
butanol stress were examined for increased sensitivity.  These analyses allow 
identification of key genes that could be recruited to alleviate oxidative stress, 
protein misfolding and other causes of growth defect.  Cellular engineering based 
on these cues may assist in developing a high titer, n-butanol-producing host. 

3.1  Introduction 
Butanol accumulation has been shown to be highly toxic to both native 

producers (e.g., Clostridia) and engineered hosts (e.g., E. coli) (6, 27).  
Understanding the stress response of potential n-butanol producing 
microorganisms could help facilitate engineering strains for improved tolerance.  
Since there are currently no high-titer production strains, n-butanol may be added 
exogenously to cultures in order to model the stress response to exposure. Cell-
wide studies of microbial production hosts have been used previously to optimize 
synthesis of a variety of chemicals, ranging from primary metabolites to 
pharmaceutical compounds, and this topic is well-reviewed elsewhere (28, 31).  
In this study, several functional genomics tools such as microarrays, proteomics, 
and targeted metabolite analysis were used to characterize the physiological 
response to n-butanol exposure in E. coli, with the goal to characterize the stress 
mechanisms and to discover engineering targets that may lead to a more 
resistant strain. 
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There has been some prior research into the area of microbial solvent 
stress in a variety of bacteria.  While the trend is an increase in toxicity with an 
increase in solvent hydrophobicity, the mechanism of toxicity varies with the 
length of the carbon backbone (2).  In general, the toxicity of the alcohol 
correlates with the octanol-water partition coefficient, Pow (2); at saturating 
concentrations, solvents with a (Log Pow) greater than 3.8 are not toxic to E. coli. 
The amount of alcohol toxicity varies across bacteria, with some bacteria being 
more impacted by the number of carbons in the alkyl chain, while others by the 
number of double bonds (saturation) (22).  The cell membrane has been 
identified by many studies as the most affected target of organic solvents and a 
significant factor in stress tolerance.  Both long- and short-chain alcohols have 
been shown to inflict toxicity by either desiccation (short) or by intercalating in the 
hydrophobic cell wall fatty acids (long) (19, 20, 22), and may be a critical factor in 
the robustness of a host microbe during fuel production.  Most previous n-butanol 
stress studies have used solventogenic Clostridia, where toxicity was primarily 
ascribed to the chaotropic effects of the solvent (5), and it was hypothesized that 
increased expression of chaperones would reduce stress caused by solvent 
exposure.  In an analysis of Clostridium acetobutylicum transcripts after exposure 
to 0.75% n-butanol, results indicated that the main reaction was an accumulation 
of transcripts encoding proteases, chaperones, and other heat inducible proteins 
(43).  Over-expression of the GroELS chaperones produced strains with greater 
n-butanol tolerance (44).  In E. coli, stress from ethanol accumulation is the most 
widely studied alcohol stress (18), and knowledge from cell-wide stress response 
studies has been utilized to engineer more efficient ethanogenic hosts (3).  
Recent studies have examined the effect of isobutanol in E. coli, where transcript 
analysis revealed several key mechanisms including the disruption of quinone 
function and the involvement of global regulators such as ArcA (7).  

In this study, the response of E. coli to exogenous n-butanol stress was 
characterized using both transcript and shotgun proteomics analysis.  
Significantly perturbed candidates were further examined using Keio collection 
mutants (4) in the corresponding genes to examine their involvement in n-butanol 
exposure. Follow-up experiments such as quantitative PCR measurements, 
metabolite measurements, and reactive oxygen species assays were used to 
validate hypotheses from cell-wide studies.  Results from these experiments 
provide the criteria to select mechanisms that are the ideal targets for host 
engineering efforts. 

 

3.2  Materials and Methods 
Culture conditions 

For toxicity assays, Escherichia coli DH1 (ATCC 33849) was grown from 
freezer stocks in LB or M9 minimal medium with additional trace elements (32). 
To determine the effect of n-butanol on E. coli DH1 growth, a wide range of 
concentrations were tested first (data not shown) and then narrowed to a range 
that caused stress but not significant cell death. Growth assays to test the effect 
of different concentrations of n-butanol on DH1 were performed in 250-mL 
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baffled shake flasks with 30 mL of M9 medium and a 2% inoculation from an 
overnight culture shaken at 200 rpm at 37°C. Unless noted otherwise, all 
subsequent n-butanol stress assays were conducted at 0.8% (v/v) n-butanol.  pH 
was also measured for 0.8% n-butanol exposed and control cultures. 

For microarrays and proteomics experiments, cultures were grown in 1-L 
shake flasks containing 300 mL of M9 medium shaking at 200 rpm.  n-Butanol 
was added to a final concentration of 0.8% (v/v) at mid-log phase (OD600 0.35 - 
0.4/ ml), and biomass was collected at time points as indicated in Tables 3.1 and 
3.2. The cultures were centrifuged (10,000 x g, 4°C, 5 min), and cell pellets were 
immediately frozen in liquid nitrogen and stored at -80°C.   

Gene deletion mutants were obtained from the Keio collection (4).  The 
wild-type strain for the Keio deletion strains, BW2550, was obtained from CGSC 
collection (http://cgsc.biology.yale.edu).  Strains were adapted and tested in M9 
medium using 24-well micro-titer plates at 37°C using a plate reader (Safire®, 
Tecan). Gas-permeable plate covers (PlateMax Ultraclear sealing film, Axygen 
Scientific, CA, USA) were applied after addition of n-butanol. 
 
Microarray sample preparation 

For microarray samples, total RNA was isolated using the RNeasy Midi Kit 
(Qiagen).  RNA quality and quantity were measured with a Bioanalyzer (Agilent 
Technologies, Santa Clara, CA, USA) and NanoDrop ND-1000 Spectrophotomer 
(NanoDrop Technologies, Wilmington, DE, USA) respectively.  Reverse 
transcription reactions were performed as described previously (25).  RNA in the 
reactions was hydrolyzed with 100 mM NaOH-10 mM EDTA at 65°C for 10 
minutes and neutralized in 500 mM HEPES, pH 7.0.  The remaining Tris in the 
cDNA suspension was removed by washing with water three times in a 
Microcon-YM30 (Millipore, Billerica, MA, USA).  The solutions were concentrated 
with a SPD2010 SpeedVac system (Thermo Scientific, Waltham, MA, USA) prior 
to labeling with Alexa fluorophores (555 and 647) (Invitrogen Co., Carlsbad, CA, 
USA).  Labeled cDNA was purified using Qiaquick PCR columns (Qiagen, 
Germantown, MD, USA) and dried again in a SPD2010 SpeedVac system. The 
samples were rehydrated in Slide Hyb 3 (Invitrogen Co., Carlsbad, CA, USA), 
and samples from each time point (stressed and control) were pooled together 
prior to hybridization. 
 E. coli microarrays were prepared by spotting 70-mer oligonucleotides 
(Eurofins MWG Operon, Huntsville AL, USA) onto Superamine 2 substrates 
(Arrayit Co., Sunnyvale, CA, USA) using a robotic spotter (Digilab Inc., Holliston, 
MA, USA) (38).  One oligomer representing each open reading frame was 
spotted in triplicate on the slide.  A pre-hybridization was performed with 5X 
saline-sodium citrate (SSC)/0.2% sodium dodecyl sulfate (SDS)/1% bovine 
serum albumin (BSA) for 60 minutes at 42°C.  Hybridization was carried out at 
42°C for 17 hours and washed subsequently with 1X SSC/0.2% SDS at 42°C, 
0.1X SSC/0.2% SDS at 25°C, and 0.1X SSC at 25°C, all for 2 minutes at medium 
agitation in a Hybridization Station (Tecan). Three replicate hybridizations were 
performed for each time point from the three biological replicate pools of RNA.  
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Microarray data analysis 

Hybridized slides were scanned at 10-mm resolution with a GenePix 
4200A microarray scanner (MDS Analytical Technologies, Sunnyvale, CA, USA) 
at 70% laser power.  Images were analyzed using GenePix Pro (MDS Analytical 
Technologies, Sunnyvale, CA, USA) to globally normalize fluorescence intensity 
for each spot in both channels.  Relative expression levels for each spot were 
calculated by dividing the intensity of the stressed sample by the intensity of the 
control sample.  Local hybridization and intensity-dependent artifacts across the 
array were removed by Loess normalization using Standardization and 
Normalization of Microarray Data (SNOMAD) (8).  The final log ratio for each 
gene was calculated by averaging the three replicate spots on each slide and the 
average ratio from the three biological replicate slides. Z scores for each gene 
were calculated using the formula,  

 

! 

Z =
log2 stress /control( )
0.25 + var iance"

  (1) 

 
where 0.25 is a pseudovariance. Ratios with log2 > |2|, Z score > |1.96| were 
considered significant.  Complete data is available at   
http://www.microbesonline.org/cgi-bin/microarray/viewExp.cgi?expId=1319 (1), 
and via the NCBI's Gene Expression Omnibus (11) (GEO Series accession 
number GSE16973). MicrobesOnline was also used to examine the raw data in 
terms of genes with similar functions and metabolic pathways.  
 
Proteomics sample preparation  

The volume of cells collected was based on the in-solution digestion 
protocol described previously to ensure isolation of approximately one mg of total 
protein for analysis (36).  Cell pellets were washed in 1 M phosphate buffered 
saline (pH 7), and flash frozen in liquid nitrogen.  The cells were then lysed in a 
buffer containing 6 M urea and 500 mM triethylammonium bicarbonate, which 
provides denaturing conditions and is compatible with iTRAQ tag labeling. 
Protein concentration was determined using the Bio-Rad protein assay kit (Bio-
Rad, Hercules, CA, USA) and prepared for iTRAQ labeling as described 
previously (36). Briefly, protein samples were reduced using Tris-2-
carboxyethylphosphine, blocked using iodoacetic acid and proteolysed using 
trypsin. Samples were then labeled with isobaric iTRAQ tags as per 
manufacturer’s protocol (Applied Biosystems, Foster City, CA, USA). iTRAQ tags 
were used as follows: 114:T1 stress, 115:T2 control, 116:T1 control, and 117:T2 
stress. 
 
Two-dimensional liquid chromatography-tandem mass spectrometry 

Strong cation exchange fractionation was completed using high 
performance liquid chromatography as described previously (36).  Electrospray 
ionization quadrupole time-of-flight mass analyzers (QSTAR® Hybrid Quadrupole 
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TOF and QSTAR® Elite, Applied Biosystems, Foster City, CA, USA) were used 
for sample analysis.  Generally, 40 "l of each sample were injected using an 
Ultimate HPLC with Famos Autosampler and Switchos Micro Column Switching 
Module onto a PepMap100 trapping column (0.3 x 5mm)(Dionex Inc, Sunnyvale, 
CA, USA).  Reverse-phase separation was completed on a C18 column (75 um 
i.d.) at a flow rate of 200 nL/min using an acetonitrile (ACN), formic acid (FA) 
gradient buffer system; A (2% ACN, 0.1% FA) and B (98% ACN, 0.1% FA).  Ions 
in the range of 350 to 1600 m/z with a charge state of 2+ to 4+ were scanned for 
and selected.  Ions were required to exceed a threshold of 50 counts to be 
selected as parent ions for fragmentation.  Parent ions and their isotopes were 
excluded from further selection for 60 seconds.  The instrument was manually 
calibrated and tuned following each batch of 2–4 samples.  A digest of BSA was 
used as a standard to evaluate system performance. 
 
Proteomics data analysis   

Collected mass spectra were analyzed using ProteinPilot (Applied 
Biosystems, Foster City, CA, USA).  A FASTA file containing all the ORF protein 
sequences of E. coli, obtained from NCBI, was used to generate the theoretical 
search database.  Data analysis was conducted as described previously (36).  
Only proteins identified by at least two unique peptides at greater than 95% 
confidence were considered confidently identified and used for further analysis.  
To determine if a ratio was statistically significant, a standard score (Z) was used, 
Z = (x - µ)/', where x is the value of the individual protein ratio, µ is the 
population mean, and ' is the population standard deviation. 
 
Quantitative reverse transcriptase PCR (qPCR)  

Total RNA for qPCR was extracted as described for microarray analysis. 
An additional DNAse treatment was performed on 10 µg of total RNA with Turbo 
DNase (Ambion).  3.2 µg treated total RNA was reverse-transcribed with 2 µg 
random hexamers and SuperScriptIII (Invitrogen) for 3 hours at 50°C. The cDNA 
product was treated with RNAse H (Invitrogen) and diluted 25-fold for quantitative 
PCR. Primers used for qPCR are listed in Table 3.5.  qPCR was performed on 
the StepOnePlus instrument (Applied Biosystems) using 1 µl of diluted cDNA as 
template in 25-µl reactions with the DyNamo HS SYBR Green Supermix 
(Finnzymes) and 0.2 µM of the primers. Fold change in expression of target 
genes was calculated relative to the control samples.  
 
Metabolite sample preparation and analysis   

For metabolite extraction, E. coli was grown in M9 medium with or without 
0.8% n-butanol.  Samples were collected in triplicate at the mid-log phase and 
then pooled (a total volume of 400 ml was drawn from each pool of biomass). 
The cells were then harvested by centrifugation at 11,000 x g for 10 min at 4°C. 
Metabolites were extracted via a methanol/water extraction procedure, after 
which solid phase extraction (Oasis HLB, Waters, MA, USA) was used for the 
removal of salts from the sample (8).  All metabolites assayed were quantified 
based on concentration curves using commercially available standards.  Methods 
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for Capillary electrophoresis (CE) and mass spectrometry (MS) are as follows. 
CE separation conditions were used as described previously (8).  MS analysis 
was conducted on an Agilent 6210 TOF LC/MS (Agilent Technologies, Santa 
Clara, CA, USA) and an Agilent 1100 series isocratic HPLC pump for sheath 
liquid delivery.  CE and electrospray ionization (ESI) MS coupling was achieved 
using an orthogonal coaxial sheath-flow interface, and the Agilent CE system 
was interfaced to the Agilent 6210 TOF LC/MS via a G1603A Agilent CE-MS 
adapter kit and a G1607A Agilent CE-ESI-MS sprayer kit (Agilent Technologies, 
Santa Clara, CA, USA).  Both the Agilent CE system and Agilent 6210 TOF 
LC/MS were controlled by the Chemstation software package (Agilent 
Technologies, Santa Clara, CA, USA).  A contact closure between the 
instruments was established in order to trigger the MS into operation upon the 
initiation of a run cycle from Chemstation.  The Agilent 6210 TOF LC/MS was 
initially calibrated using the ES tune mix (Agilent Technologies, Santa Clara, CA, 
USA) and internally calibrated during runs via reference masses from 
tetrabutylammonium acetate (Sigma-Aldrich, St. Louis, MO, USA) and 
tetraethylammonium acetate (Fluka, Seelze, Germany) as previously described 
in (8).  Data acquisition and processing were carried out by the Agilent 
MassHunter Work Station Console software package.  

 
Reactive oxygen species assay  

Control and n-butanol stressed E. coli cultures were grown in M9 medium 
as described with varying concentrations of n-butanol.   To 5 mL of fresh M9 
media, 100 µL of each overnight culture were added, and then 140 µL of this 
diluted culture were transferred into a 96-well plate and incubated at 37°C for 45 
minutes. As per manufacturers instruction, positive controls for oxidative stressed 
cells were prepared by adding 10 µL of 7.78 M tert-butyl hydroperoxide (TBHP) 
(Invitrogen Co., Carlsbad, CA, USA) to one set of control cells before incubation. 
10 µL of 25 mM 5-(and-6)-carboxy-2’,7’-dichlorodihydro-fluorescein diacetate 
(carboxy-HDCFDA) was added to all cells.  Florescence at 535 nm and optical 
density at 600 nm were measured for 45 minutes at 5 min intervals after adding 
dye using a plate reader (Safire®, Tecan Infinite 200).  Specific fluorescence is 
[Abs535/Abs600].  
 

3.3  Results and Discussion  
 The inhibitory concentration of n-butanol to E. coli DH1 growth found in 
this study (Figure 3.1) is consistent with trends published in the literature for 
alcohol toxicity in E. coli (20).  The amount of n-butanol that caused a 50% 
growth decrease in M9 medium was found to be 0.8%(v/v), and this was used for 
the other growth assays and functional genomic analyses in this study.  The 
literature also indicated that alcohol stress often causes the ratio of saturated to 
unsaturated fatty acids to change during exposure.  However, the phospholipid-
fatty acid profile under n-butanol stress was measured, but there did not appear 
to be any significant changes in its composition (Figure 3.8).  There was also a 
change in pH observed during stress.  The pH of control cultures decreased from 
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7.0 at the start of the assay to 6.1 in stationary phase.  However, in cultures 
exposed to 0.8% n-butanol, the pH decreased to 5.3 in stationary phase. The 
significance of this will be discussed later.  

Transcripts were measured at 30, 80, and 195 mins after exposure to n-
butanol, and the results revealed 571 genes as significantly differentially 
expressed.  The array data showed 82 genes to be significantly changed at 30 
min, and 63 genes at 80 min, and 32 at 195 min.  The significantly changing 
transcripts were viewed in terms of the Cluster of Orthologous Genes (COG) to 
which they belong in order to apply a more global perspective to the data.  A 
COG consists of individual orthologous genes or orthologous sets of paralogs.  
Since orthologs often have the same function, it allows transfer of functional 
information from one member to an entire COG, and provides the framework for 
functional genome analysis (42), and 3862 of 4502 E. coli genes have COG 
descriptions.  The significantly changing transcripts were sorted into their 
respective COG categories.  The most perturbed categories were energy 
production and conversion (C), amino acid transport and metabolism (E), and 
signal transduction (T), which will each be discussed in conjunction with the 
corresponding changes in the proteome. 

Corresponding experimental conditions were used to collect biomass for 
analysis of the proteome.  A total of 1336 proteins were identified at a 95% 
confidence interval from 55,900 distinct peptides identified from collected 
103,904 mass spectra.  The levels of 997 proteins were found to be significantly 
changing and correlated well across the two time points.  Although a perfect 
match is not expected, comparison of changes at the transcript and proteomic 
levels showed good correlation for most significantly changing candidates (Figure 
3.2).  As done with the transcript data, the identified proteins were also 
categorized into their respective COG categories; a selected list is shown in 
Table 3.3.  The following sections present and discuss the results for key stress 
response groups observed using these functional genomics analyses.  

The energy conservation and production candidates categorized in COG 
C represented one of the main groups of differentially expressed genes.  Among 
these, two main sets of changers were observed, the 13-membered nuo operon 
and the 5-membered cyo operon (Table 3.1). The nuo operon encodes the 
NADH ubiquinone oxidoreductase complex I, a multi-subunit enzyme that 
couples electron transfer from NADH to ubiquinone with the translocation of 
protons across the cytoplasmic membrane and forms an integral part of oxidative 
phosphorylation (17) (Figure 3.3).   Since all members of this complex across all 
time points showed a concerted increase in transcript levels, this suggests an 
increased requirement for energy or a disruption in the respiratory efficiency of 
the organism during n-butanol exposure.  Disruption of respiration has been 
hypothesized to occur in Saccharomyces cerevisiae during alcohol stress as a 
result of increased membrane fluidity causing dissipation of proton potential (40).  
The effects of n-butanol exposure on membrane integrity and function, including 
the inability to maintain optimal pH gradient, has also been studied in Clostridium 
acetobutylicum (6).  The second main set of highly differentiated genes show 
increases in the transcripts in the cyo operon, which encodes a terminal oxidase 
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(the cytochrome b562-o complex), and sdh genes, which encode the succinate 
dehydrogenase complex, both involved in oxidative phosphorylation (17) (Table 
3.1, Figure 3.3).  This also indicates a perturbation in respiratory balance.  This 
cytochrome complex is responsive to redox changes caused by increased fluidity 
of the cell wall (9).  The cyo and nuo operons were reported to be down-
regulated during isobutanol stress after ten minutes of exposure (7).  However, 
qPCR analysis of the cyoA transcript showed a decrease in transcript levels at 
early time points and an increase at later time points (Table 3.2) so this is 
consistent with both studies.  The changes in the proteome mirrored several of 
the perturbations observed in the microarray data for COG C, including 
significant up-regulation in CyoB.  All members of the nuo operon were identified 
using proteomics, and the NuoB subunit protein levels increased significantly 
during n-butanol exposure.  However, the other proteins encoded by the nuo 
operon (NuoCEFG, NuoI and NuoK) increased or showed no change across both 
time points.  Other significantly increased proteins in this category were an 
NADPH-dependent, FMN-dependent nitroreductase, NfsA (Table 3.3).  

In addition to the up-regulation of the cyo, nuo, and sdh operons, there 
were several other significant changes such as the up-regulation of sodA, 
encoding a superoxide dismutase, and yqhD, encoding an alcohol 
dehydrogenase, suggesting an oxidative stress response.  The proteomics data 
identified several other candidates known to be part of bacterial antioxidant 
stress response in E. coli (49) (Table 3.3).  The results at the transcript and 
protein level strongly suggested a disruption of respiratory mechanisms and 
oxidative stress, and this is often caused by an increase in intracellular reactive 
oxygen species (ROS).  To compare the intracellular ROS levels of control and 
n-butanol-exposed cultures, cells were labeled with carboxy-H2DCFDA, a known 
fluorogenic marker for ROS in vivo.  Cells exposed to increasing levels of n-
butanol showed increasingly elevated levels of fluorescence (Figure 3.4). This 
result agrees with the measurements at the transcript and protein levels and 
taken together indicates an oxidative response in E. coli in response to n-butanol 
exposure (Figure 3.5). 

Next, amino acid transport and metabolism COG E contained the most 
down-regulated genes, in particular those related to histidine, leucine, arginine, 
tryptophan, and methionine biosynthesis and transport were observed (Table 
3.1).  Consistent with the transcript data, significant decreases were seen at the 
protein level also and included histidine (HisJ), cysteine (CysD), leucine (LeuD), 
glutamine (GlnH), glutamate (GadA), and putrescine (PotF) metabolism or 
transport (Table 3.3).   The only prominently up-regulated genes in this category 
were members of the opp operon (oppABCDF) that encodes a polyamine-
induced oligopeptide ABC transport system, and OppAFD proteins were also 
highly elevated (Table 3.3).  The E. coli Opp oligopeptide transport system was 
also shown to be activated in response to isobutanol exposure (7).  The up-
regulation in the Opp system suggests a role of polyamines in n-butanol stress. 
Polyamines (e.g., putrescine and spermidine) have been shown to be important 
during acid exposure (48), and the pH lowering in the butanol-stressed cultures 
was within the range known to elicit an acid stress response (10, 41).  However, 
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several polyamine production and transport systems are known in E. coli and 
form part of this category, and no other polyamine related candidate showed 
significant change.  

To quantify the trend of down-regulation of metabolites, particularly amino 
acids, suggested by the functional genomics data, the amount of several 
metabolites known to be involved in both osmotic and acid stress were measured 
using capillary electrophoresis-mass spectrometry (CE-MS) (Figure 3.6).  These 
included amino acids, osmoprotectants, and amino acid-derived compounds.  
Most metabolites measured were found to be at lower levels or remained 
unchanged in n-butanol exposed cells (Figure 3.6), which was consistent with the 
down-regulation in both biosynthetic and utilization pathways.  Glycine, 
glutamate, and alanine were the most abundant amino acids in both control and 
stressed samples, but were found at significantly decreased levels in the 
stressed samples.  To examine the addition of osmoprotectants or other amino 
acids would mitigate the growth impact of butanol exposure, E. coli DH1 cultures 
were grown in a defined media containing n-butanol and amino acids at levels 
reported in osmoprotection assays in the literature (30).  However, the addition of 
no single amino acid or combination of amino acids alleviated the growth impact 
imposed by n-butanol exposure substantially (Figure 3.7).  Hence, while it is 
possible that n-butanol exposure created a stress similar to the chaotropic effect 
previously reported for Clostridia (6), there does not appear to be any impact of 
osmoprotecting amino acids on growth during n-butanol exposure in our assays.  

The signal transduction system COG T has several notable changes, 
which suggested the involvement of other stress response mechanisms during n-
butanol exposure (Table 3.1).  In particular evgS, which encodes for the sensor 
protein of the EvgS/EvgA two-component system, was highly up-regulated, and 
this was further confirmed with qPCR (Table 3.2).  The EvgS/EvgA system is has 
been shown to manipulate a variety of genes and has a central role during drug 
resistance, osmotic adaptation, and acid resistance. This two-component system 
is known to control the expression of an array of efflux pumps (12).  Consistent 
with the up-regulation in evgS, acrB, part of the AcrA/B-TolC multidrug efflux 
system, and marA, which also encodes part of an efflux pump system were 
observed at increased levels, and are widely documented to be involved in 
solvent resistance (3, 34) (Table 3.1, 3.2, 3.3).  Though not greater than a log2 of 
|2|, the phoB/R transcripts were also found to be up-regulated.  PhoB/R is 
documented to regulate the small RNA-encoding asr as part of the acid stress 
response (39). The asr transcript is known be up-regulated in E. coli in pH ranges 
4.0 – 5.0 (41) and was observed to be highly up-regulated across all time points 
sampled after n-butanol exposure (Table 3.1, 3.3 Figure 3.5).  As anticipated for 
slower growth, there were decreases observed in several ribosomal protein-
encoding genes and their corresponding proteins (Table 3.1, 3.3).  RaiA (29), a 
translation inhibitor during cold shock, showed upregulation at both the transcript 
and protein levels, and similarly up-regulated was YhbH, which has high 
sequence similarity to RaiA (29).  Although not assigned to a COG category, Crl 
has been shown to regulate the activity and abundance of the RNA polymerase 
component "S (46) and was down-regulated during n-butanol stress.   
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Also in COG T were the cpx genes, cpxR and cpxP, which showed the 
most up-regulation during n-butanol stress (COG T, Table 3.1).  The CpxR/A 
two-component system responds to protein degradation and cell envelope 
stresses (21).  The up-regulation of cpxP transcript was confirmed using qPCR 
(Table 3.2).  CpxP and Spy were also among the most significantly increased 
proteins during n-butanol stress (Table 3.3).  In addition to the envelope stress 
response, increased transcript and protein levels were also observed in genes 
encoding chaperones (e.g., dnaJ, htpG) and proteases (e.g., clpB) (Table 3.1, 
3.3).  The proteomic data set also had other proteins associated with heat shock 
(IbpAB) and envelope stress (Table 3.3). These perturbations imply the 
involvement of heat shock and protein misfolding responses controlled by the "H 
and "E regulons during n-butanol exposure.  "H (encoded by rpoH) is the well-
studied heat shock regulator known to primarily regulate the cytoplasmic heat 
stress response (13), and "E (encoded by rpoE) is typically found to be involved 
in response to extracytoplasmic (or cell envelope) and extreme heat stress, but 
has been shown to also control a large number of cytoplasmic genes including 
rpoH (15).  Though several members of the "H regulon were up-regulated after 
exposure to n-butanol, rpoH itself showed only a small up-regulation (Table 3.1, 
3.2).  "H has been established to be a major response factor during exposure to 
10% ethanol (47), and the involvement of "H-regulated genes in n-butanol stress 
is not surprising. Further, heat shock responses have been documented not only 
in general stress but also specifically during n-butanol stress in other organisms 
(43).  In contrast to rpoH, rpoE, which encodes "E, showed a strong up-
regulation at 30 mins after n-butanol exposure (Table 3.1). Upregulation in the 
cpx genes as well as the increase in "E strongly suggests cell envelope stress 
(Figure 3.5).  

 Finally, many proteins involved in carbohydrate transport and metabolism 
(COG G), especially ones connected with the membrane or associated in the 
periplasm, showed increased amounts in reaction to n-butanol stress (Table 3.1, 
3.2, 3.3).  Components of the mannose phosphotransferase system, manX and 
manY, were highly up-regulated at both the transcript and protein levels.  This 
system transports and phosphorylates exogenous hexoses such as mannose, 
glucose, and fructose, and then transfers the phosphate esters into the 
cytoplasm.  The manXYZ system has also been previously implicated in solvent 
tolerance in E. coli (33). Interestingly, another up-regulated protein MgsA, 
methylglyoxal synthase, limits the accumulation of phosphorylated sugars and 
has been postulated to provide a bypass mechanism for triose phosphate 
metabolism during growth in inadequate inorganic phosphate levels (45).  The 
transcript levels of the maltose ABC transporter, specifically the periplasmic 
maltose-binding protein MalE, increased noticeably at early time points.  This 
protein has been demonstrated to possess chaperone-like properties such as 
interaction with denatured proteins and the ability to prevent aggregation under 
heat shock conditions (37).  While many of these systems discussed have been 
functionally characterized in E. coli, the significance of their change during n-
butanol exposure requires further investigation. 
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The functional genomics survey presented several interesting candidates 
for future host engineering of E. coli.  It is unclear if changes at the transcript or 
protein levels for these responsive candidates are a part of an active stress-
mitigation strategy for the host, or it is caused as a result of the stress itself.  One 
tool for determining the potential role of such candidates is the Keio collection of 
single-gene deletion strains (4). The E. coli base strain of the Keio collection 
(BW25113) is different from the E. coli strain used in this study (DH1), but was 
determined to have similar responses to n-butanol (Table 3.4).  Deletion strains 
were selected to represent a variety of candidates that showed no differential 
expression (dcp, mob), up-regulation (cpxP, envY, sodA, malE), and down-
regulation (metE, ompF) during n-butanol exposure (Table 3.4).  These strains 
were grown with and without the addition of 0.8% n-butanol and compared with 
the wild type background.  The strains lacking envelope stress regulators cpxP 
and envY showed minimal growth impairment during n-butanol exposure.  %metE 
strain showed better growth at later stationary phase, consistent with the 
observation in the transcript, proteomics and metabolite data and suggesting that 
the system preferentially down-regulates methionine production during n-butanol 
stress.  The %malE, %yqhD, and %ompF mutants showed increased sensitivity to 
n-butanol exposure at the four-hour time point, while the %evgS and %malE 
strains demonstrated the poorest growth at later time points. The additional 
sensitivity suggests that these genes may play a beneficial role in n-butanol 
stress and may provide some relief from n-butanol stress if over-expressed in an 
engineered host. It should be noted that despite the growth impact, such as that 
seen for !yqhD, !evgS, #ompF and !malE, all the strains tested showed at least 
moderate growth in the presence of n-butanol, indicating that the mitigating role 
provided by these genes is not essential, but rather part of a larger set of 
mechanisms. 

3.4  Conclusions 
n-Butanol toxicity is a major concern to the economic production of this 

biofuel using a microbial host such as E. coli.  Accumulation of alcohols has been 
studied in a variety of organisms and has been found to impair growth and 
viability through a number of mechanisms including increased membrane fluidity, 
ion leakage, changes in fatty acid composition, difficulties in translation, and 
elongated cells (5, 6, 18, 19, 22, 27, 40, 43).  Data from this study show that n-
butanol stress causes several responses including oxidative stress, protein 
misfolding, acid stress, extracytoplasmic (envelope) stress, perturbation in 
respiratory systems, and activation of efflux pump systems (Figure 3.5).  The 
oxidative stress response appears to be one of the strongest signatures of n-
butanol exposure due to significant changes in several respiratory and oxidative 
stress proteins.  Measuring intracellular ROS levels in stressed cells validated 
the indicators from the transcript and protein data.  

Candidates with highly correlated changes at both the transcript and 
protein levels may be potential engineering targets to build more stress tolerant 
E. coli strains; however, as discussed in Chapter 1, the effects on endogenous 
production may be more difficult to predict.  The importance of several of these 
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candidates was further emphasized by additional n-butanol sensitivity shown by 
the corresponding gene deletion strains.  Stress relief may be provided via 
expression of redox stress response enzymes such as SodA or YqhD, which 
have also been reported for use in relieving growth defect due to oxidative 
stresses (23, 35).  To choose which genes would be the best candidates for 
over-expression in E. coli, a careful approach that consists of many different 
functional groups may be beneficial.  A strategy for building a combinatorial 
library of n-butanol responsive genes is discussed in more detail in Chapter 6, 
and there is additional growth data about the effects of several candidates 
discussed previously.   

Another engineering strategy would be the manipulation of global 
regulatory proteins that allow the modulation of entire stress regulons and more 
complex systems such as the NADH-ubiquinone oxidoreductase complex or the 
cytochrome complex, which were all found activated in this study.  Global 
approaches for trait selection have been conducted, including mutations in the E. 
coli rpoA for improved resistance to commercially important products including n-
butanol (26).  Manipulation of the global regulator CsrB has also been shown to 
increase energy metabolism and activate the stringent response in E. coli, but 
expression of CsrB did not improve n-butanol tolerance (unpublished results, 
Chapter 4).  Recent studies also suggest a potential use of RNA chaperons such 
as Hfq to modulate the role of protein complexes such as the Opp system (15) 
which was up-regulated under n-butanol exposure.  In addition to genetic 
engineering, traditional strain improvement techniques, such as serial adaptation 
used to generate Pseudomonas putida strains able to survive in up to 6% (v/v) n-
butanol (38) may improve solvent resistance in host strains.  In conclusion, while 
numerous candidates showed significant changes at the transcript level, 
additional systems level analysis and follow-up studies should allow a more 
rational approach for cellular engineering of E. coli for an improved host platform 
for n-butanol production.  
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3.5  Figures and Tables 
"

 
 

Figure 3.1. Growth of E. coli DH1 in M9 minimal medium in the presence of various 
concentrations (v/v) of n-butanol. n-Butanol was added in mid-log phase (OD600 ~ 0.35/ ml, 4 
hours after subculture). 
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Figure 3.2.  Scatterplot of log2 ratios of transcript level changes at 80 min vs. protein level at 60 
min.  The set of most up- and down-regulated candidates from both data sets are indicated.  
Legends are as denoted in the figure.  
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Figure 3.3.  Schematic model of microarray data for genes categorized with function in 
respiratory complexes and energy conservation are shown at 80 min after n-butanol exposure. 
Candidates depicted are energy metabolism complexes involved in oxidative phosphorylation in 
the KEGG pathway map (http://www.genome.jp/kegg/) and other ArcA regulated genes.   
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Figure 3.4.  Measurement of intracellular reactive oxygen species using carboxy-HDCFDA. n-
Butanol concentration used (v/v) are as indicated, ‘TBHP’ are control cells treated with tert-butyl 
hydroperoxide, known to produce intracellular H2O2 and serve as a positive control. Data shown 
is fluorescence measured after 15 min of treatment with carboxy-HDCFDA. Measurements were 
conducted in triplicate.  
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Figure 3.5.  Overview of the impact of n-butanol exposure on different E. coli stress regulons at 
80 min. Colors indicate log2 ratio expression values in microarray experiments as indicated in the 
legend.  The directions of arrows indicate the genes directly regulated by the global regulators, 
where each column of symbols represents genes with a unique set of regulators.  Pluses and 
minuses indicate genes that either activated or repressed. Circles are genes that have both 
activators and repressors. Squares represent the sigma factors.  Colors indicate log2 cut-off as 
per legend. The figure was generated using Biocyc Pathway tools (SRI, Menlo Park, CA, USA). 
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Figure 3.6.  CE-MS data for key metabolites in response to n-butanol stress (120 min). For 
metabolite extraction, E. coli was grown in M9 medium with or without 0.8% n-butanol.  Samples 
were collected in triplicate at the mid-log phase and then pooled (a total volume of 400 ml was 
drawn from each pool of biomass). 
 

 
 
Figure 3.7.  Response to metabolites. E. coli DH1 growth with or without addition of  0.8% n-
butanol was supplemented with the most highly accumulated amino acids detected in the 
metabolite assay profile. OD600 data is shown on a log scale. Data were measured in triplicate. 
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Figure 3.8.  Phospholipid Fatty Acid profile of E coli DH1 after two hours of n-butanol stress. 
Control and stressed cell cultures were grown in triplicate as described above and sent to 
Microbial ID (Newark, DE, USA) for analysis of PLFA content of each sample.  Stressed samples 
were exposed to 0.8% (v/v) n-butanol for two hours before being harvested.  Cell cultures (50 mL 
each) were harvested, centrifuged, washed in phosphate buffered saline, and flash frozen in 
liquid nitrogen before being shipped. 
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Table 3.1.  Selected Microarray Data (Log2 Ratios Shown) 

 
Log2 stress/control ratio at: 

COG category and gene namea Prestress 30 min 80 min 195 min Additional COG category 

COG C      
    cyoA 0.76 $0.24 2.66 2.14 C 
    cyoB 1.10 $0.92 2.69 1.44 C 
    cyoC 0.51 $0.53 2.26 1.70 C 
    cyoD 0.93 $0.31 1.94 1.13 C 
    cyoE 0.56 $0.49 1.47 0.65 O 
    nfsA 0.33 2.10 1.17 1.21 C 
    nuoA 0.61 1.29 0.57 1.82 C 
    nuoB 0.68 1.29 0.98 1.61 C 
    nuoC 0.37 0.59 1.79 1.63 C 
    nuoE 0.53 0.67 1.29 1.40 C 
    nuoF 0.77 0.47 1.59 1.98 C 
    nuoG 0.82 0.65 1.87 2.23 C 
    nuoH 0.14 0.56 1.80 1.86 C 
    nuoI 0.34 0.49 2.02 2.02 C 
    nuoJ 0.07 0.42 1.65 1.35 C 
    nuoK 0.13 0.47 1.75 1.89 C 
    nuoL 0.06 0.20 0.97 1.04 CP 
    nuoM 0.10 0.25 1.59 1.03 C 
    nuoN 0.10 0.38 1.83 0.79 C 
    sdhC 0.45 $0.63 2.04 1.90 C 
    sdhD 0.19 $1.14 0.69 0.19 C 
    sdhA 0.63 $1.76 1.35 0.84 C 
    sdhB 0.92 $1.43 1.10 0.56 C 
    yqhD $0.29 2.63 0.99 0.65 C 
COG E      
    cysD $0.15 $2.07 $0.41 $0.32 E 
    dcp 0.21 $0.31 0.26 $0.09 E 
    gadA $1.62 $0.64 $0.11 0.30 E 
    glnH $0.20 0.17 $0.90 $1.55 ET 
    hisI $0.22 $0.08 $1.27 $1.04 E 
    leuD 1.22 $2.35 $3.17 $0.76 E 
    metE $0.30 $3.83 $4.16 $3.90 E 
    oppA 0.40 2.45 0.60 1.45 E 
    oppB 0.35 2.45 1.40 1.70 EP 



(,"

Log2 stress/control ratio at: 
COG category and gene namea Prestress 30 min 80 min 195 min Additional COG category 

    oppC 0.14 2.16 1.85 1.47 EP 
    oppD $0.12 2.36 2.00 1.22 EP 
    oppF $0.05 2.32 1.78 1.16 E 
    potF $0.50 $0.62 $0.61 $0.88 E 
COG G      
    malE 1.14 4.02 $1.34 $1.01 G 
    manX 0.76 2.67 0.55 2.26 G 
    manY 0.66 2.72 0.63 1.76 G 
    mgsA $0.06 0.22 $0.91 $0.53 G 
COG J      
    raiA 1.06 2.05 $0.62 2.57 J 
    rmf $1.19 3.22 2.84 1.96 J 
    rplB 1.00 $2.07 $1.11 $0.94 J 
    rplD 1.19 $2.19 $0.89 $0.64 J 
    rplS 0.50 $1.88 $2.02 $1.94 J 
    rplW 1.03 $2.11 $0.90 $0.73 J 
    yhbH $0.12 0.97 0.05 $0.17 J 
COG M      
    acrA 0.05 1.23 1.41 0.11 M 
    acrB 0.37 1.73 2.33 0.75 V 
    ompF 1.76 $5.18 $4.07 $1.95 M 
    tolC 0.13 0.04 $0.15 0.31 MU 
COGs O and P      
    clpB $1.05 1.04 0.40 0.82 O 
    cpxP 0.33 2.70 4.47 2.76 UNTP 
    cyoE 0.56 $0.49 1.47 0.65 O 
    dnaJ $0.32 0.71 0.16 $0.23 O 
    groELS 0.09 1.04 0.41 $0.53 O 
    groS 0.10 0.78 0.28 0.34 O 
    htpG $0.13 0.72 0.28 $0.50 O 
    htrA 0.13 1.71 1.10 0.45 O 
    ibpA $0.56 0.26 $0.64 $0.04 O 
    ibpB $0.56 0.76 $0.52 $0.16 O 
    katG 0.09 0.00 $0.57 $1.01 P 
    sodA 0.34 $0.61 1.98 0.64 P 
    sodC $0.67 $0.08 0.46 $0.20 P 
    spy $0.28 2.63 2.67 1.84 UNTP 
    yegD 0.75 $0.89 2.01 $1.92 O 
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Log2 stress/control ratio at: 
COG category and gene namea Prestress 30 min 80 min 195 min Additional COG category 

COG T      
    arcA $0.25 $0.22 $1.14 $0.01 TK 
    cpxA $0.16 $0.08 $0.31 $0.86 T 
    cpxR $0.17 $0.77 $0.64 $0.88 TK 
    evgA 0.26 1.22 0.59 0.84 TK 
    evgS 0.11 2.14 2.83 1.73 T 
    phoB 0.14 1.19 0.88 0.49 TK 
    phoR $0.73 0.38 0.39 0.06 T 
Additional uncategorized genes      
    asr $1.15 5.31 3.41 2.47  
    crl 0.24 $0.20 $0.26 0.00  
    marA $0.13 2.92 1.14 0.43  
 
a COG C, energy production and conversion; COG E, amino acid transport and metabolism; 
COG G, carbohydrate transport and metabolism; COG J, translation, ribosomal structure, and 
biogenesis; COG M, cell wall, membrane, and envelope biogenesis; COG O, posttranslational 
modification, protein turnover, and chaperones; COG P, inorganic ion transport and metabolism; 
COG T, signal transduction mechanisms. 
 
 
 
Table 3.2.  RT-PCR Log2 (Stress: Control) Ratios For Selected Genes  
Time 
(mins) 0 5 30 80 185 260 
cyoA -0.33 -5.25 -1.41 -0.83 2.60 3.82 
cpxP -0.82 5.04 3.44 3.29 3.08 2.49 
rpoH -0.24 1.02 1.03 0.65 -2.63 -1.50 
ompF -0.15 -4.71 -6.29 -6.69 -1.99 -1.98 
evgS -0.66 0.31 0.17 1.53 3.86 1.55 
marA -0.05 2.76 2.75 1.90 1.15 1.80 
arcA -0.16 -1.86 -0.27 -0.94 -1.82 -1.12 
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Table 3.3.  iTRAQ Proteomics Log2 Ratios For Select Protein Candidates 
Protein 
Name 60 Minutes 120  Minutes Additional Category 
Cog C - Energy production and conversion 
CyoB 1.68 0.26 C 
CydA 0.34 0.92 C 
NfsA 0.91 0.91 C 
NuoB 1.01 0.07 C 
NuoE 0.23 0.06 C 
NuoF 0.20 0.12 C 
NuoG -0.05 0.06 C 
NuoI 0.31 -0.02 C 
NuoK 0.14 0.92 C 
YqhD 0.73 0.81 C 
Cog E - Amino acid transport and metabolism 
CysD -1.22 -0.73 E 
GadA -1.92 -1.28 E 
GlnH -1.68 0.25 ET 
HisJ -0.62 -0.47 E 
LeuD -0.45 -0.84 E 
OppA 0.54 0.81 E 
OppD 0.42 0.45 EP 
OppF 0.15 0.63 E 
PotF -1.58 -0.12 E 
Cog G - Carbohydrate transport and metabolism 
MalE -0.04 0.75 G 
ManX 0.63 0.86 G 
ManY 2.61 0.88 G 
MgsA 0.48 0.86 G 
Cog J - Translation, ribosomal structure and biogenesis 
RaiA 1.56 1.18 J 
RplB -0.34 -0.41 J 
RplD -0.94 -0.59 J 
RplS -0.51 -0.42 J 
RplW 1.56 -0.59 J 
YhbH 1.82 0.89 J 
Cog M - Cell wall/membrane/envelope biogenesis 
AcrA 0.06 0.26 M 
AcrB 0.51 0.19 MV 
OmpF -3.91 -1.79 M 
TolC -0.23 0.33 MU 
Cog O - Posttranslational modification, protein turnover, chaperones 
Cog P - Inorganic ion transport and metabolism 
ClpB 0.58 0.44 O 
CpxP 0.97 0.68 UNTP 
GroEL 0.58 0.20 O 
GroS 0.48 0.22 O 
IbpB 0.79 -0.03 O 
KatG 0.12 0.30 P 
SodA -0.47 -0.01 P 
SodB 0.25 0.09 P 
SodC -0.14 0.43 P 
Spy -0.19 0.96 O 
Additional uncategorized proteins 
Crl -1.22 -0.73  
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Table 3.4.  Growth Response of Select Gene Deletion Strains in E. coli DH1 
(0.8% n-Butanol Exposure)  
 

                                 OD600/ml  
 Differenceb 

 

Straina   
  4 hoursb  (+/- error)           10 hoursb (+/- error) 

DH1 0.13 (0.01) 0.47 (0.04) 
BW25113 0.26 (0.04) 0.48 (0.05) 

!dcp 0.19 (0.01) 0.59 (0.04) 

!mobB 0.24 (0.03) 0.29 (0.06) 

!evgS 0.13 (0.00) 0.75 (0.05) 

!cpxP 0.060 (0.02) 0.38 (0.01) 

!malE 0.34 (0.01) 0.62 (0.03) 

!oppA 0.23 (0.02) 0.33 (0.06) 

!sodC 0.13 (0.02) 0.34 (0.07) 

!yqhD 0.34 (0.02) 0.44 (0.05) 

!envY 0.022 (0.01) 0.36 (0.03) 

!metE 0.22 (0.03) 0.27 (0.08) 

!ompF 0.33 (0.01) 0.43 (0.03) 
aStrains were obtained from the Keio Collection (Japan). The 
background strain for the Keio knockouts (BW25113) was 
obtained from Yale culture collection  
bDifference in optical density (OD600 absorbance 600 nm per 
ml). Control – Stress. Time points are post n-butanol addition. 
Assays were conducted in triplicate in 24 well plates using the 
Tecan Saffire® plate reader in M9 medium.  
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Chapter 4:  A Proteomics Approach to Characterizing the Carbon 
Storage Regulator in Escherichia Coli 
 

Microbial engineering strategies that cause global metabolic perturbations 
have the capacity to increase organism robustness for targeted metabolite 
production; however, the systems-wide changes in the host’s proteome and 
metabolome may be difficult to predict with current informatics tools.  It was 
found that manipulation of the carbon storage regulator (Csr) system of E. coli 
resulted in fold-level improvements in the production of advanced biofuels or their 
precursors.  The Csr system in E. coli consists of CsrA, an RNA-binding protein 
that regulates translation of specific mRNA targets, and its antagonist, CsrB, the 
350-nucleotide non-coding RNA.  The full extent of Csr regulation is still largely 
unknown since the CsrA binding-site has yet to be characterized, and only a 
small number of genes have had CsrA binding-sites validated.  To better 
understand how the Csr system remodels cellular metabolism to allow for 
increased flux through biofuel pathways, a shotgun and targeted proteomics 
analysis was conducted to determine the relative protein levels in E. coli over-
expressing CsrB.  A metabolite analysis demonstrated that the corresponding 
proteomic variations could be used to augment flux through engineered 
pathways. A putative CsrA binding motif was also computed using genes with 
known CsrA binding-sites and results from this proteomics survey.  These 
proteomic results extend the range of candidates potentially regulated by the Csr 
system and quantify which functional groups are most perturbed by this 
metabolic remodeling. 
 

4.1  Introduction 
 

The carbon storage regulator system is of interest to metabolic engineers 
due to its ability to regulate glycolysis and potentially alter flux through acetyl-
CoA dependent heterologous pathways, commonly engineered for secondary 
metabolite production.  In addition to glycolysis, the Csr system of E. coli exerts 
control over a number of physiological processes including central carbon 
metabolism, biofilm development, motility, peptide uptake, and virulence gene 
expression (15, 32, 42, 43, 48).  The current model of the Csr system describes 
the RNA-binding protein CsrA (33-35), binding to the 5’ untranslated region of its 
target mRNAs, usually in the region spanning the Shine-Dalgarno (SD) site (38) 
(Figure 1A).  Interaction of CsrA, the RNA-binding protein, with target mRNA 
impedes ribosome binding, preventing translation of target transcripts, which 
reduces protein levels.  The non-coding small RNAs CsrB and CsrC (4, 21, 45) 
can sequester CsrA from its target mRNA, removing the hindrance for protein 
translation (Figure 1A).  One key component of the Csr model that is still 
unknown is the identity of the CsrA binding-motif, so the true extent of this 
regulation is difficult to predict.   
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As suggested by its name, much of the research into this system has been 
focused on its role in carbon utilization and glycolysis.  It was found that the 
presence of CsrA is essential to E. coli during growth on glycolytic carbon 
sources due to its ability to limit glycogen accumulation (42).  CsrA also regulates 
the activity of glycolysis pathway components both positively (glucose-6-
phosphate isomerase (pgi), triose-phosphate isomerase (tpiA), and enolase 
(eno)) and negatively (fructose-1,6-bisphosphatase (fbp) and 
phosphoenolpyruvate synthetase (pps))(36).  Recent studies on equilibrium 
levels of the Csr system suggest that CsrB levels may be a key factor in CsrA 
activity (13).  The first metabolic engineering studies on this system 
demonstrated improved production of the primary metabolite phenylalanine 
through the manipulation of CsrA activity (41, 47).   

In light of these data, the impact of increasing CsrB levels in E. coli 
engineered for the production of advanced biofuels or their precursors was 
examined in three different pathways.  However, to describe the mechanism 
underlying the Csr system’s ability to increase flux through these pathways, 
functional genomic tools were employed to better characterize this improved 
host.  Recent studies have shown that the Csr system may interact with over 700 
genes and can exert control other global regulatory systems, such as the 
stringent response (11), but the corresponding changes in the proteome have not 
been quantified on a systems-wide level.  Using a combination of shotgun and 
targeted proteomics, the relative changes in protein levels during CsrB over-
expressing in E. coli were determined and used to validate and improve a 
putative CsrA binding motif.  These results were compared with a metabolite 
analysis focusing on glycolysis and amino acid accumulation.  This study 
demonstrates that (i) the Csr system can serve as an effective regulatory handle 
for improving flux through a number of engineered pathways, and (ii) key 
proteome changes assist in this metabolic remodeling. 
 

4.2  Materials and Methods 
Motif analysis 

This sequence was obtained from an alignment of previously reported 
CsrA binding sites (5, 6, 10, 15, 44).  We developed the initial binding motif 
[~G]ANGGAN[A/U] based on the 12 experimentally determined CsrA binding 
sites (Table 4.4).  The pattern was used to find putative CsrA binding sites in the 
E. coli K-12 MG1655 genome.  We are fully cognizant that this pattern will yield 
both false positives and false negatives, prompting our proteomic abundance 
measurements for key putatively regulated genes in the context of CsrB 
overexpression.  Genes were recorded as putatively regulated by CsrA if a site 
was found within 22 bases (15 from the end of the 8 base pattern) upstream of 
the gene start (where most of the sites were found, as expected based on the 
known overlap with the Shine-Delgarno site).  We also checked for additional 
sites within 207 bases (200 from the end of the 8-base pattern) of the gene start. 
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Strains 
E. coli strain DH5a (F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

%80dlacZ&M15 &(lacZYA-argF)U169, hsdR17(rK- mK+), '–) was used for 
cloning and DNA amplification. For metabolite and production experiments, E. 
coli strain BLR () with additional genomic modifications (%-tyrR; %-pheA/L; 
aroF[P148L]; tyrA[M53I; A354V]) designed to replicate those of the host strain 
(aroG39, aroF394, pheA101, pheO352, tyrR366, tyrA4, and trpE401) used by 
Yakandawala et al (47).  
 
Plasmids 

The csrB gene was amplified from genomic DNA of the E. coli strain 
MG1655 using primers csrB_F and csrB_R. Restriction enzymes BamH1 and 
XhoI were used to insert CsrB into the medium copy vector pBbA5C, which bears 
a lacUV5 promoter and the chloramphenicol resistance gene.  CsrB was 
additionally subcloned into pBbB5A, a vector containing a lacUV5 promoter and 
the bla gene for ampicilin resistance.  
 
Construction of 1-butanol production plasmid 

The C. acetobutylicum butyryl-CoA biosynthetic operon – crt, hbd, etfAB, 
hbd genes – was amplified from C. acetobutylicum ATCC824 genomic DNA 
(ATCC) using primers F76/F73.  The C. acetobutylicum alcohol dehydrogenase 
adhE2 gene was amplified using primers F72/F74. The vector backbone 
containing a p15a origin, chloramphenicol selective marker, Ptrc promoter and 
gene encoding for LacIQ was amplified using primers F75/F77.  The three PCR 
products were assembled using the sequence and ligation independent cloning 
(SLIC) protocol (20), producing an intermediate plasmid, pBMO49.  A copy of the 
atoB gene from E.coli and an additional Ptrc promoter were inserted before 
adhE2 to generate plasmid pBMO50.  The gene atoB was PCR amplified from 
the E.coli chromosome using primers F92/F93. The Ptrc promoter was PCR 
amplified using primers F90/F91.  The vector backbone was digested with 
restriction enzymes BglII and BamHI, and subsequently assembled with the Ptrc 
and atoB PCR products using the SLIC protocol, producing plasmid pBMO50. 
 
Medium composition and growth conditions 

Luria-Broth (LB) medium was used for culturing cells for cloning and DNA 
amplification purposes. All metabolite production experiments were carried out in 
Neidhardt MOPS medium (26) supplemented with 12.5 mg/L isoleucine (to 
compensate for the natural auxotrophy of BLR strains (37) and 10 mg/L 
phenylalanine to compensate for the designed phenylalanine deficiency in this 
modified strain.  Individual colonies were grown overnight at 37°C in LB medium 
with the appropriate antibiotic. Cells were then passed 1:100 into Neidhardt 
MOPS medium containing 0.5% glucose for broad scan metabolite analysis or 
supplemented with 1.0% glucose for heterologous pathway production 
experiments, and grown for an additional overnight period.  E. coli were seeded 
at 1:100 dilutions into either 5 mL shake tube cultures or into 50 ml shake flasks 
and grown at 30°C or 37°C with appropriate antibiotic. IPTG (Sigma-Aldrich) was 
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added at concentrations indicated to induce csrB expression from the lacUV5 
promoter. Except where noted, all metabolite and production data was collected 
from cells treated with IPTG inducer for 48 hrs. Broad-scan metabolite analyses 
were performed on cells grown in 50 mL shake flasks. All data presented are the 
averaged results of biological triplicates.  
 
Proteomics sample preparation 

Cells were pelleted by centrifugation at 8000g at 4 °C for 5 min, and the 
supernatant was discarded.  The pellet was then flash frozen in liquid nitrogen 
and stored at $80 °C.   After thawing on ice, 100 "L of cells were used for protein 
extraction following a chloroform/methanol precipitation method as described 
previously (46), with the exception that protein pellets were dried in a vacuum 
concentrator (ThermoSavant) for 30 min.  Next 200 "L of 100 mM ammonium 
bicarbonate solution with 20% (v/v) methanol was then added to reconstitute the 
sample.  Protein concentration was determined with the DC Protein reagent 
(BioRad, Hercules, CA) according to manufacturer's instructions.  Protein was 
taken from each sample and diluted to a final concentration of 50 "g in 200 "L of 
100 mM ammonium bicarbonate with 20% (v/v) methanol.  Disulfide bonds were 
reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP) for 30 minutes, and 
alkylation was performed with 200 mM iodoacetic acid for 30 minutes in the dark.  
Trypsin (1 µg/µL) was then added to the sample at a final concentration of 1:50 
(trypsin:sample), and incubated at 37 °C overnight.  

 
Shotgun proteomics analysis 

Peptide samples were analyzed on a LC-MS/MS system consisting of an 
Eksigent TEMPO nanoLC-2D coupled to an AB Sciex (Foster City, CA) 5600 
Triple-TOF mass spectrometer running with Analyst TF™ 1.5.1 (AB Sciex) 
running in IDA experiment mode. The peptide samples were loaded onto a 
Pepmap100 µ-guard column (Dionex-LC Packings, Sunnyvale, CA) prior to 
injection onto a Dionex Pepmap100 analytical column (75 µm i.d., 150 mm 
length, 100 Å, and 3 µm). The peptide samples were loaded onto a Pepmap100 
µ-guard column (Dionex-LC Packings, Sunnyvale, CA) and were washed for 10 
min using a 15 µL/min flow rate and 96% buffer A (98% (v/v) acetonitrile, 0.1% 
(v/v) formic acid, balance H2O) prior to injection onto a Dionex Pepmap100 
analytical column (75 µm i.d., 150 mm length, 100 Å, and 3 µm) with a 60-min 
method at a flow rate of 300 nL/min. The pressure in the column was allowed to 
equilibrate by running 95% buffer A with 5% buffer B (98% (v/v) acetonitrile, 0.1% 
(v/v) formic acid, balance H2O) for two minutes. Peptide separation occurred 
during a 58 min ramp to 65% buffer A. The column was washed by a ramping the 
column to 10% (v/v) buffer A over 3 min and maintaining that composition for 7 
min. Column re-equilibration occurred by ramping back to 95% A in 5 min and 
maintaining that composition for 15 min.  The LC system was interfaced to the 
mass spectrometer by using the AB Sciex NanoSpray 3 source with nebulizing 
gas and a 10-µm Picotip emitter (New Objective, Woburn, MA) operating in 
positive mode (2400 V).  A survey scan of the twenty most abundant ions from a 
mass range of 400 to 1600 m/z were selected for MS/MS.  Twenty product ion 
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scans were collected over 50 ms for a mass range of 100 to 1600 m/z.  For all 
ions that exceeded 150 counts with charge states between 2+ to 5+, candidate 
ions were excluded for 16 sec.  The match tolerance was set to 50 mDa.   

Spectra from the Triple-TOF MS/MS system were processed as .mgf files 
using PeakView v1.1.1.2 (AB Sciex), and analyzed with Mascot 2.2 (Matrix 
Science).  A database of all Escherichia coli ORF (MicrobesOnline) was 
searched using a peptide tolerance of 100 ppm, allowing for one missed trypsin 
cleavage and carboxymethyl modifications (9).   Mascot search results were then 
imported in Scaffold v3.2.0 (Proteome Software Inc, Portland, OR USA) for 
analysis.  Scaffold was used to quantitate and validate protein identifications 
derived from MS/MS sequencing results.  Scaffold probabilistically validates 
peptide and protein identifications by using PeptideProphet and ProteinProphet 
(16, 27). Proteins were identified with at least two 95% confidence peptides.  For 
analysis of fold changes in both individual proteins and TIGR groups, only 
proteins with at least five spectral counts were considered. 

 
Targeted proteomics analysis 

Peptide samples were analyzed on a LC-MS/MS system consisting of an 
Eksigent TEMPO nanoLC-2D coupled to an Applied Biosystems (Foster City, 
CA) 4000Q-Trap mass spectrometer running with Analyst™ 1.5 (Applied 
Biosystems) operating in SRM mode. The peptide samples were loaded onto a 
Pepmap100 µ-guard column (Dionex-LC Packings, Sunnyvale, CA) prior to 
injection onto a Dionex Pepmap100 analytical column (75 µm i.d., 150 mm 
length, 100 Å, and 3 µm).  The analytical column was interfaced to the mass 
spectrometer by using the MicroIonSpray head with nebulizing gas and a 10-µm 
Picotip emitter (New Objective, Woburn, MA) operating in positive mode (2300–
2400 V).   

Peptide transitions for each protein were selected from theoretical SRMs 
generated using the Skyline targeted proteomics application v0.7 (23) (Table 2).  
Transitions were validated by running in Information Dependent Acquisition (IDA) 
mode with a SRM survey scan and two-product ion (MS/MS) scans.  The 
retention time of the peptide was used for added confirmation.  MS/MS spectra 
were processed with the Paragon algorithm (ProteinPilot 2.0, Applied 
Biosystems) and searched against a database consisting of all the ORFs from E. 
coli K12 obtained from MicrobesOnline (9).  MultiQuant™ version 1.2 software 
(Applied Biosystems) was used to determine the peak area for all SRM 
transitions. Total peak area for each protein was normalized to the total peak 
area for the internal standard, BSA, to give a normalized total peak area for each 
protein, similar to a method reported earlier (39).  Each normalized total peak 
area was averaged for three replicate analyses, and the standard deviation was 
calculated. 
 
Methods for analyzing metabolites 

Chemical standards were purchased from Sigma-Aldrich, and were made 
up to 100 "M, as the stock solution, in methanol-water (50:50, v/v).  All chemicals 
used were of analytical and reagent grade, and all solvents used were of HPLC 
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grade (Honeywell Burdick & Jackson, CA, USA).  The separation of pyruvate was 
conducted on a ZIC-HILIC column (250 mm length, 2.1 mm internal diameter, 
and 3.5 "m particle size; from Merck SeQuant, and distributed via The Nest 
Group, Inc., MA, USA) using an Agilent Technologies 1100 Series HPLC system 
(Agilent Technologies, CA, USA).  The injection volume for each measurement 
was 4 "L.  The temperature of the sample tray was maintained at 4°C by an 
Agilent FC/ALS Thermostat.  The column compartment was set to 50°C. The 
mobile phase was composed of A) 50 mM ammonium acetate in water and B) 
acetonitrile.  Metabolites were eluted isocratically with 64% of mobile phase B. A 
flow rate of 0.1 mL/min was used throughout.  The separation of acetyl-CoA was 
conducted on a ZIC-pHILIC column (150 mm length, 2.1 mm internal diameter, 
and 5 "m particle size; from Merck SeQuant, and distributed via The Nest Group, 
Inc., MA., USA) using an Agilent Technologies 1100 Series HPLC system 
(Agilent Technologies, CA, USA).  The injection volume for each measurement 
was 2 "L.  The column compartment was set to 30°C.  All other chromatographic 
conditions were the same as described above.  The mobile phase was 
composed of A) 100 mM ammonium carbonate in water and B) acetonitrile. 
Acetyl-CoA separation was conducted via the following gradient: 78% B (0 min), 
48% B (12 min), 78% B (24 (min) and 78% B (30min).  A flow rate of 0.23 mL/min 
was used throughout.  The HPLC system was coupled to an Agilent LC/MSD SL 
mass spectrometer (LC-MS), by a 1/6 post-column split.  The LC-MS system was 
controlled by the Chemstation (Agilent Technologies, CA, USA) software 
package.  Contact between both instrument set-ups was established by a LAN 
card in order to trigger the MS into operation upon the initiation of a run cycle 
from Chemstation. ESI-MS was conducted in the negative ion mode and a 
capillary voltage of - 3500 V was utilized.  MS experiments were carried out in 
the selected ion-monitoring mode, with a dwell time of 995 ms, for the detection 
of [M - H]- ions.  The instrument was tuned for a range of 50 – 2000 m/z.  The 
LC/MSD SL was calibrated externally by the Agilent ES tune mix (Agilent 
Technologies, CA, USA).  Data acquisition and processing were performed by 
MassHunter.  Metabolites from E. coli extracts were quantified via seven-point 
calibration curves ranging from 625 nM to 100 "M. The R2 coefficients for the 
calibration curves were (0.99.  

For analysis of the intermediates of the glycolysis pathway and TCA cycle, 
separation of metabolites was conducted on a Fermentation monitoring HPX-87H 
column with 8 % cross linkage (150 mm length, 7.8 mm internal diameter, and 9 
"m particle size; Biorad, CA, USA) using an Agilent Technologies 1100 Series 
HPLC system.  A sample injection volume of 5 "L was used throughout.  The 
temperature of the sample tray was maintained at 4°C by an Agilent FC/ALS 
Thermostat.  The column compartment was set to 50°C.  Mevalonate was eluted 
isocratically with a mobile phase composition 0.1% formic acid in water.  A flow 
rate of 0.5 mL/min was used throughout.  The HPLC system was coupled to an 
Agilent Technologies 6210 time-of-flight mass spectrometer (LC-TOF MS), by a 
1/4 post-column split.  Contact between both instruments was established by a 
LAN card in order to trigger the MS into operation upon the initiation of a run 
cycle from the MassHunter workstation (Agilent Technologies, CA, USA). 
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Nitrogen gas was used as both the nebulizing and drying gases to facilitate the 
production of gas-phase ions. The drying and nebulizing gases were set to 13 
L/min and 30 psi, respectively, and a drying gas temperature of 330°C was used 
throughout.  Electrospray ionization (ESI) was conducted in the negative ion 
mode and a capillary voltage of - 3500 V was utilized. MS experiments were 
carried out in the full scan mode, at 0.85 spectra/ second and a cycle time of 
1.176 seconds, for the detection of [M - H]- ions.  The instrument was tuned for a 
range of 50 – 1700 m/z.  Prior to LC-TOF MS analysis, the TOF-MS was 
calibrated via an ESI-L-low concentration tuning mix (Agilent Technologies, CA, 
USA).  Data acquisition and processing were performed by the MassHunter 
software package.  Metabolites from E. coli extracts were quantified via seven-
point calibration curves ranging from 625 nM to 50 "M. The R2 coefficients for the 
calibration curves were (0.99.  

For analysis of amino acids, CE separations were carried out in a 100-cm, 
50 "m i.d. ~365 "m o.d. (total volume 1963 nL), untreated, fused-silica capillary 
(PolyMicro Technologies) via the Agilent CE system (Agilent CE system, Agilent 
Technologies).  The capillary was preconditioned with 1 M NaOH (10 min at ~940 
mbar in the flush mode), followed by the electrolyte (for 20 min at ~940 mbar in 
the flush mode), which was 1.6 M formic acid in methanol-water (20:80, v/v).  
The capillary was conditioned prior to each run with the electrolyte for 5 min at 
~940 mbar in the flush mode.  The sample was introduced to the fused-silica 
capillary at 50 mbar for 10 sec.  This was followed by the introduction of the 
electrolyte at 50 mbar for 12 sec.  Separations in the positive mode of CE were 
achieved by using an applied voltage of 30 kV.  The electrolyte was replenished 
after every three run cycles to account for electrolyte depletion.  The Agilent CE 
system was interfaced to a Bruker MicrOTOF TOF-MS (Bruker Daltonics) via a 
G1603A Agilent CEMS adapter kit and a G1607A Agilent CE-ESI-MS sprayer kit 
(Agilent Technologies).  A Harvard syringe pump (Harvard Apparatus) was used 
to deliver the sheath liquid.  Both the Agilent CE system and the Bruker 
MicrOTOF were controlled by Chemstation (Agilent Technologies) and Compass 
(Bruker Daltonics) software packages, respectively.  A contact closure between 
both instrument setups was established in order to trigger the MS into operation 
upon the initiation of a run cycle from Chemstation.  Nitrogen gas was used as 
both the nebulizing and drying gases to facilitate the production of gas-phase 
ions.  The drying and nebulizing gases were set to 2.4 L/min and 0.3 bar, 
respectively, and a drying gas temperature of 190 °C was used throughout.  An 
electrical contact at the outlet end was provided by the sheath liquid (methanol-
water, 50:50, v/v), at a flow rate of 8 "L/min.  ESI-MS was conducted in the 
positive ion mode, and a capillary voltage of 4000 V was utilized.  MS 
experiments were carried out in full scan mode, at two times the rolling average 
and 25 000 summations, or the detection of [M + H]+ ions.  The instrument was 
tuned for a range of 50-350 m/z.  Prior to CE-TOF MS analysis, the TOF MS was 
calibrated via an ESI-L-low concentration tuning mix (Agilent Technologies, CA, 
USA). Data acquisition and processing was carried out by the Compass software 
package. Metabolites from E. coli extracts were quantified via seven-point 
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calibration curves ranging from 625 nM to 50 "M. The R2 coefficients of (0.99 
were achieved for all calibration curves. 
 

4.3  Results and Discussion 
Both shotgun and targeted proteomics was used in this study to both 

quantify the systems-wide changes to the proteome during CsrB over-expression 
and to validate several putative CsrA binding-site predictions, many of which 
were not identified in the shotgun experiment.  First, a shotgun proteomics 
experiment was conducted to compare the protein levels in E. coli BLR-DAJ 
bearing either pBbA5C or pBbA5C-CsrB (Table 1).  Cells were grown in 
Neidhardt’s MOPS medium with IPTG inducer for 24 hours, and harvested for 
proteomic analysis.  At a 95% confidence interval, 894 proteins were identified 
with at least two peptides, and candidates with an average of five normalized 
spectral counts in the induced samples and at least a 2-fold change upon 
induction are listed in Table 3.  Only three previously reported CsrA mRNA 
targets were identified, glgB, glgC, ompA (6, 11), and their levels were shown to 
increase 16.7-, 4.5-, and 2.8-fold, respectively.  Five proteins had fold-level 
changes that fell within this range: CysA, YhiI, IaaA, TolC and AhpC.  CysA, the 
ATP-binding component of the sulfate transport system, had the second highest 
change during induction, 6.93-fold.  YhiI had an approximately 5-fold 
upregulation, but this protein largely uncharacterized except for predicted 
homology to the HlyD family of secretion proteins.  With a slightly higher than 3-
fold increase, IaaA is the third asparaginase in E. coli, and is involved in the 
interconversion of aspartate and asparagine.  Another highly expressed protein 
was TolC, which is a common outer membrane component of several multi-drug 
efflux systems in E. coli.  With similar fold changes to TolC, AhpC converts 
organic hydroperoxides to their corresponding alcohols with either NADH or 
NADPH as reducing equivalents, and this enzyme has been shown to be induced 
by sulfate starvation, oxidative stress, and solvent resistance (12, 31).  The 
increase in AhpC can also be linked to the increase in CysA (sulfate-limitation) 
and the increases in TolC (solvent stress inducible) 

    Next, the shotgun proteomics data was categorized according to their 
respective TIGR functional groups to gain a more global perspective of the 
protein changes.  The TIGR Gene Indices are a series of species-specific 
databases that use a highly developed protocol to analyze sequence information 
in an attempt to provide functional information about those genes (30).  Grouping 
the data by their TIGR roles provided insight into which functional groups were 
being most perturbed by CsrB overexpression.  Levels of proteins involved in 
energy metabolism were mostly upregulated, particularly those associated with 
the TCA cycle (Figure 1B).  Within the TCA cycle, two operons SdhAB and 
SucABCD, were upregulated by nearly two fold.  SdhAB are two of the four 
subunits of succinate dehydrogenase, which catalyzes the oxidation of succinate 
to fumarate along with the reduction of ubiquinone to ubiquinol.  SucCD encodes 
for succinyl-CoA synthetase, and SucAB is the oxoglutarate dehydrogenase 
complex.  As expected GlgABC, involved in polysaccharide biosynthesis and 
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degradation, had significantly higher levels of protein in cells overexpressing 
CsrB.  TktA, TalB, and AtpG, involved in the pentose phosphate pathway and 
ATP generation, were seen at 1.6-, 1.5-, and 1.4- fold changes, respectively.  
Interestingly, proteins involved in glycolysis had mixed reactions.  
Phosphoenolpyruvate carboxykinase (Pck) and triose phosphate isomerase 
(TpiA) were up nearly two-fold, whereas glyceraldehyde 3-phosphate 
dehydrogenase-A (GapA) and enolase (Eno) levels were half of those in the 
uninduced sample.  Proteins from transport (CysA, TolC, SecB), stress response 
(PspA, GrpE, AhpC), and regulation (DksA, RraA, AllR) were seen to be 
upregulated.   

The carbon storage regulator system exhibited control over other 
functional areas such as stress and regulation.  Levels of GrpE, part of the DnaK 
chaperone system, were more than doubled. Regulatory proteins seen highly 
perturbed include DksA, which binds to RNA polymerase affecting transcription 
of alarmone ppGpp, and is involved in regulation of RpoS.  Ribonuclease 
inhibitor E (RraA) and the allatoin repressor (AllR) are both unexpectedly 
upregulated.  At nearly two-fold upregulation, SecB is a cytoplasmic molecular 
chaperone that functions to delivery properly folded proteins into the membrane.  
It has been found that SecB has an affinity for other proteins upregulated in this 
study, such as OmpA and TolC (3).  Given the carbon storage regulator’s role in 
sugar metabolism, it seems likely that these other transport systems could be 
directly or indirectly controlled by CsrB. However, it is important to note that 
these highly upregulated proteins may have csrA binding sites upstream of their 
corresponding RNA sequences, but it is unclear whether this is the case or their 
upregulation is from indirect regulation or other cellular response.  

Unfortunately several proteins of interest to validate the CsrA binding-motif 
were not identified in the shotgun proteomics experiment.  To quantify several 
proteins with both single and multiple CsrA binding sites, a targeted proteomics 
method, via single reaction monitoring (SRM), was designed and optimized.   In 
brief, SRM-based analysis provides identification of target proteins based on the 
peptide mass and a peptide-specific MS/MS fragment ion, which usually 
increases target sensitivity as only a specific mass range needs to be scanned.  
Previously reported CsrA mRNA targets glgC and pgaA were included as 
positive controls and were seen to increase upon CsrB over-expression (Figure 
2, Table 3), although the fold-change of GlgC was less than observed in the 
shotgun experiment.  Candidates selected for targeted proteomics were focused 
on central carbon metabolism, and also included some candidates seen slightly 
upregulated in the shotgun proteomics study.  Using SRM-based analysis we 
observed that protein levels of at least eight of the nineteen CsrA predicted 
targets tested in this study were elevated in cells with increased CsrB (Figure 2, 
Table 3).  It was not anticipated that all the proteins with putative CsrA binding-
sites would be up-regulated due to uncertainty in the binding motif and potential 
regulation by other systems.  The eight proteins that were shown to increase in 
the targeted proteomics assay were from diverse functional groups including the 
expected carbon utilization (XylA), TCA cycle (MdH, SucB), but also groups such 
as fatty acid biosynthesis (FabI), transcriptional regulation (FabR), detoxification 
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and stress response (Gst, HchA), and amino acid activation (ThrS).  Results from 
the shotgun proteomics study are currently being used to refine the binding motif 
to aim for more accurate predictions. 

Next, relative concentrations of intracellular metabolites from 
intermediates of glycolysis, the TCA cycle, and proteinogenic amino acids were 
determined.  E. coli BLR-DAJ bearing either pBbA5C or pBbA5C-CsrB were 
grown in Neidhardt’s MOPS medium with IPTG inducer (50 "M) and harvested 
after 48 hrs.  The 48-hour time point was chosen to correlate with the production 
data from the three-biofuel pathways tested.  All measurements were performed 
with LC-MS analysis except for amino acid metabolites that were determined by 
CE-MS.  Intracellular concentrations of 24 of the 34 metabolites analyzed were 
elevated, with 9 intermediates demonstrating increases greater than 6-fold 
(Figure 3).  Intracellular levels of glycerol-3-phosphate (G3P), 3-
phosphoglycerate (3PG), phosphoenolpyruvate PEP, and pyruvate (pyr) were 3-
8 fold higher in cultures expressing CsrB.  Intracellular pools of acetyl-CoA 
increased by 8.3-fold.  In contrast to the effect observed on glycolytic 
intermediates, the impact due to CsrB overexpression on the TCA cycle was 
more restricted (Figure 3).  Greater than 5-fold increases in oxaloacetate (OAA), 
malate (MAL), fumarate (FUM), and succinate (SUC) in cells overexpressing 
CsrB were observed.  Concentrations of citrate, cis-aconitate, isocitrate (I-CIT) 
and )-ketoglutarate ()-KG) were unaffected upon CsrB overexpression, despite 
higher levels of these intermediates (Figure 3).  Notably glyoxylate levels rose 
upon CsrB overexpression, suggesting decreased carbon loss from the microbe 
in the form of CO2 (24).  From a metabolic engineering perspective, the large 
increase in acetyl-CoA is an important aspect of the Csr metabolic remodeling 
since this metabolite is the first committed step in several important pathways.  
Although the proteomics and metabolite data were from samples harvested at 
different time-points, several trends correlate well and support the hypothesis of 
Csr more efficiently utilizing carbon and energy.     

Several aspects highlighted from the previous systems-wide 
characterization of the Csr regulatory system in E. coli, including increased flux 
through central metabolism and decreased levels of fermentation by-products are 
desirable in metabolic engineering applications.  It was hypothesized that the 
ability of CsrB to remodel the cell’s use of carbon may be leveraged to improve 
titers of target fuels and precursors through engineered pathways.  This 
hypothesis was tested for the production through the three major routes that 
have been targeted in a number of metabolic engineering studies (8, 29).  These 
include the 1-butanol pathway (from Clostridium acetobutylicum), the mevalonate 
pathway (from Saccharomyces cerevisiae)(25), and the native fatty acid (FA) 
pathway of E. coli (40).  In brief, either CsrB or an empty vector control was 
expressed in BLR-DAJ containing a plasmid harboring the C. acetobutylicum 
butanol pathway genes (2, 28) (Table 1, Figure 4A).  CsrB-mediated regulation 
enhanced total 1-butanol production from 48 mg/L to 90 mg/L, an 88% increase, 
when cells were induced with 20 mM arabinose (Figure 4B).  To determine the 
effect of CsrB on isoprenoid production, the mevalonate pathway from S. 
cerevisiae was expressed with the amorphadiene synthase, ADS, from Artemisia 
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annua in E. coli BLR-DAJ.  Results showed that total production of 
amorphadiene increased 55% (from 60 mg/L to 93 mg/L in 48h) when the full 
heterologous mevalonate pathway and ADS were expressed in conjunction with 
CsrB (Figure 3D).  Finally, the third pathway investigated was fatty acid 
production.  FAs are synthesized via a condensation reaction involving acetyl-
CoA and acetyl-CoA-derived monomers.  We overexpressed a leaderless 
version of the tesA gene product (`tesA) with either CsrB or an empty plasmid 
control.  Cytosolically localized `TesA, can act on a range of acyl-CoA molecules 
to produce FFAs and FA ethyl esters (7, 14, 22, 40).  E. coli overexpressing both 
`tesA and CsrB produced 76% more saturated and unsaturated FAs than control 
cultures bearing `tesA and an empty plasmid control  (from 233 mg/L to 430 mg/L 
in 48h) (Figure 4F).  
 

4.4  Conclusions 
  Increasing host robustness by manipulation of non-pathway components 
have gained traction in recent years (18) with several successful examples that 
involve reprogramming of transcriptional machinery, and the expression of 
heterologous transcription factors (1, 17, 19, 49).  Improved flux was observed 
through three engineered pathways via a single change to the host’s regulatory 
system, without additional modifications to production pathways.  In addition to 
demonstrating the utility of the Csr system for metabolite production, the shotgun 
and targeted proteomics studies reveal new candidates that may be directly or 
indirectly controlled by this global regulator.  The importance of the Csr system 
on cellular metabolic concentrations was determined by measuring relative levels 
of intracellular metabolites that represent the major facets of central carbon 
metabolism in E. coli.  The informatics survey of CsrA binding sites identified 
many putative targets, many of which encode proteins involved in intermediary 
metabolism.   The initial binding motif profiled in this study was validated with 
targeted proteomics, and current work is being done to refine this motif using 
information gathered from the shotgun proteomics study.  Proteomics provided 
valuable insight into the global changes effecting E. coli during elevated levels of 
CsrB.  Since the full range of native Csr regulation is still uncharacterized, this 
study also provides a starting point for future work in validating candidates with 
CsrA binding-sites, especially in functional groups outside carbon utilization and 
glycolysis. 
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4.5  Figures and Tables 
 

 
 
Figure 4.1.  Over-expression of CsrB results in increased levels of proteins in the Energy 
Metabolism TIGR functional group.A) mRNA binding protein CsrA (yellow circle) abrogates 
ribosome binding, preventing protein translation.  When its antagonist, CsrB (blue star) is present, 
CsrA preferentially binds and removes the translation inhibition.  B) Averaged spectral counts for 
proteins in the Energy Metabolism TIGR group from samples containing the pBbA5C-CsrB 
plasmid (induced) or pBbA5C plasmid (uninduced) with 500 uM IPTG harvested at 24 hours after 
induction.  Proteins from the TCA cycle are highlighted in the figure inset. 
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Figure 4.2.  Targeted proteomics validates several CsrA informatic target predictions.  Relative 
protein levels from samples containing the pBbA5C-CsrB plasmid (dark grey) or pBbA5C plasmid 
(light grey) with 500 uM IPTG harvested at 24 hours after induction.  GlgC and PgaA are known 
to be regulated by CsrB, whereas the other proteins shown were from informatics predictions.  
Values are shown as the average from three technical replicates, with error bars calculated as the 
standard deviation from the mean.  
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Figure 4.3.  Extensive proteomic and metabolic remodeling is achieved through CsrB 
manipulation.  Concentrations of metabolites are affected by overexpression of CsrB. Metabolites 
were measured from biological triplicate samples after 48hs of growth in Neidhardt MOPS 
medium with 0.5% glucose and 50uM IPTG at 37°C.  Color scale represents the averaged fold 
ratio change of each metabolite profiled and ranges from 4 down to -1 fold. 
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Figure 4.4.  Overexpression of CsrB improves production through engineered biofuel pathways.  
Acetyl-CoA is the key host entry metabolite for numerous biofuel-relevant pathways. A) Inclusion 
of overexpressed CsrB nearly doubled total production of 1-butanol yielded from E. coli co-
expressing the C. acetobutylicum butanol pathway, relative to an empty plasmid control. C. 
acetobutylicum genes are designated in bold font. B) CsrB overexpressed with an engineered 
mevalonate pathway and the amorphadiene sythase (ADS) gene produced approximately twice 
the amporphadiene after 48hrs relative to a control. Genes from S. cerevisiae and heterologous 
genes are designated in bold font. C) Overexpression of CsrB improved production of total free 
fatty acids, detected as fatty acid methyl esters (FAMEs) by 1.8 fold in E. coli overexpressing L-
tesA after 72 hrs relative to an empty plasmid control. Overexpressed E. coli genes are indicated 
in color. 
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Table 4.1.  Plasmids and Primers Used in This Study 
Listed are the names and descriptions of each plasmid used in this study along with sequences 
for primers mentioned in the Materials and Methods section. 
 

Name Description     Reference 
pBbA5C placUV5 promoter/p15A origin/CmR This study. 
pBbS8K pBAD promoter/pSC101 origin/KanR This study. 
pBbE8K pBAD promoter/colE1 origin/KanR This study. 
pBbB5A placUV5 promoter/MMR origin/AmpR This study. 

pBbE1A-ADS 
pTrc promoter/ColE1 origin/AmpR bearing 
ADS gene This study. 

pKS1 placUV5 promoter/p15A origin/CmR (40) 
pBMO50 placUV5 promoter/p15A origin/CmR This study. 
pBbA5C-MevT/B placUV5 promoter/p15A origin/CmR This study. 

pBbA5C-CsrB 
bearing the CsrB gene cloned with BamH1 
and XhoI This study. 

pBbS8K-CsrB 
bearing the CsrB gene cloned with EcoR1 
and XhoI This study. 

pBbE8K-CsrB 
bearing the CsrB gene cloned with EcoR1 
and XhoI This study. 

pBbB5A-CsrB 
bearing the CsrB gene cloned with EcoR1 
and XhoI This study. 

pBbB5A-ADS-
CsrB 

bearing an operon consisting of a terminator 
and placUV5-CsrB cassette This study. 

 
Name Primer Sequence 
csrB_F tcagaattcggatccGAGTCAGACAACGAAGTGAAC 
csrB_R tggctcgagAATAAAAAAAGGGAGCACTGTATTCA 
F72 attaatacgcgagttaaggagtacaggagcatgaaggtgaccaatcagaaagaactgaa 
F73 tactccttaactcgcgtattaatttggatccttattttgaataatcgtagaaaccttttc 
F74 atctacattaagagcttttgaagatctgaagcttgggcccgaacaaaaac 
F75 gtttttgttcgggcccaagcttcagatcttcaaaagctcttaatgtagat 
F76 ttgtgagcggataacaatttcacaccagcaggacgcactgagggcccatg 
F77 catgggccctcagtgcgtcctgctggtgtgaaattgttatccgctcacaa 
F90 tttctacgattattcaaaataaggatcccgactgcacggtgcaccaatgcttctggcg 
F91 acctacctccttatttcaattttttcgatgaattgttatccgctcacaattccacacatt 
F92 aaaattgaaataaggaggtaggtagtaatgaaaaattgtgtcatcgtcagtgcggtacg 
F93 tgtactccttaactcgcgtattaatttgttaattcaaccgttcaatcaccatcgcaat 
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Table 4.2.  SRM Transitions For Targeted Proteomics 
Peptides from each protein are listed below along with the corresponding parent/fragment 
transition pair and optimized collision energy.  Theoretical peptides were generated using Skyline 
Targeted Proteomics Environment v1.0.  Two proteins without a predicted CsrA binding site, 
RadB and ManY, were selected as negative controls. 
 

Protein Name Peptide q1 (m/z) q3 (m/z) 
Collision Energy  
(eV) 

LVPIIADEAR 548.82 674.35 23.0 AceE 
VQLLGSGSILR 571.85 689.39 24.0 
GVLHTTGGYLVYAALTFK 956.02 650.39 50.2 
HQVNILYTAPTAIR 798.95 628.38 31.8 

Acs 
 

QAIAMPS 359.18 405.18 20.0 
YMANAMGPEGVR 648.30 614.33 32.7 FabI 

 VNAISAGPIR 499.29 600.35 24.2 
FadA EMQDAFAAR 519.74 650.33 20.0 

YHLPDAISFR 609.82 805.42 30.5 FadD 
 SALHNGYR 459.23 759.39 25.0 
FadR DGWLTIQHGKPTK 740.90 908.53 28.0 

TVDGPSHK 420.71 371.20 19.7 GapA 
AGIALNDNFVK 581.32 920.48 28.9 
GTADAVTQNLDIIR 743.90 871.50 35.0 GlgC 
AEYVVILAGDHIYK 795.93 803.40 37.0 
MLEEISSVK 518.27 791.41 25.3 GltA 
YSIGQPFVYPR 663.85 778.42 33.6 
LQYVNEALK 539.30 673.39 32.4 Gst 
QLLAPVNSISR 599.35 772.43 36.5 
MGMNIINDDITGR 725.35 790.37 44.0 HchA 

 ILVIAADER 500.30 674.35 29.4 
TITVAFQHAADK 651.35 816.40 30.0 ManY 
 651.35 887.44 30.0 
LFGVTTLDIIR 624.37 831.49 31.3 Mdh 
SDLFNVNAGIVK 638.85 814.48 32.1 
LSFMPTR 426.23 651.33 23.2 PgaA 
HQQLPAR 425.24 584.35 23.1 
TLVSSAMIDR 546.79 779.37 26.9 Pgm 
ANALLADGLK 493.29 616.37 23.9 
EQLAEEK 423.71 476.24 30.0 PgpB 
 423.71 589.32 30.0 
AELLQYQLK 553.32 792.46 27.0 RadB 
 553.32 905.55 33.0 
ESVGFLVTIK 546.82 777.49 26.9 SucB 
GLVTPVLR 427.78 585.37 20.1 

ThrS LSTRPEK 415.74 630.36 22.5 
TufA AGENVGVLLR 514.30 557.38 30.5 

AGGFTTGGLNFDAK 678.33 1023.51 34.4 XylA 
FMQMVVEHK 574.78 870.45 18.5 
LLLETMR 438.26 649.33 24.3 Zwf 
LGAMLDQK 438.24 705.36 24.3 
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Table 4.3.  Proteins That Showed Greater Than 2-Fold Change During CsrB 
Over-Expression. 
Although highly up-regulated proteins may or may not contain a CsrA binding site, these proteins 
would be good candidates for further follow-up studies.  Proteins with known CsrA binding sites 
are marked with an asterisk, and their change ranged from 2.84- to over 16-fold.  These proteins 
are from a variety of functional groups including transport, stress response, and carbon utilization 
 

Protein Fold Change Variance 

GlgB* 16.71 0.01 
CysA 6.93 0.12 
YhiI 4.97 0.24 
GlgC* 4.51 0.02 
IaaA 3.23 0.43 
TolC 3.15 0.03 
AhpC 2.96 0.11 
OmpA* 2.84 0.04 
PspA 2.83 0.12 
DksA 2.60 0.12 
RraA 2.55 0.16 
GrpE 2.42 0.17 
Pck 2.37 0.09 
CysN 2.17 0.11 
RplR 2.17 0.39 
SelD 2.16 0.35 
FucU 2.15 0.15 
SecB 2.09 0.09 
AllR 2.04 0.12 
YfgM 2.02 0.17 
CysD 2.01 0.08 
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Table 4.4.  Known CsrA Binding Sites Used to Develop Initial Binding Motif 
Genes were recorded as putatively regulated by CsrA if a site was found within 22 bases (15 from 
the end of the 8 base pattern) upstream of the gene start (where most of the sites were found, as 
expected based on the known overlap with the Shine-Delgarno site).  RNA was also checked for 
additional sites within 207 bases (200 from the end of the 8-base pattern) of the gene start. 
 

Gene      Binding Site   

glgC  ---CACGGAUU- 

glgC  ---AAAGGAGU- 

cstA  ---UAUGGACA- 

cstA  ---CACGGAUA- 

cstA  ---CAGGGAAA- 

cstA  ---UCUGGACA- (C in 2nd position not used in pattern) 

pgaA  -AGAAAGGAUU- 

pgaA  UUAUAUGGACA- 

pgaA  AAUAACGGAUU- 

pgaA  AUACAUGGAGA- 

pgaA  AUACAUGGAGA- 

pgaA  AUACA-GCAUG- (binding site not used in pattern) 

hfq  AUAUAAGGAAAA 

[~G]ANGGAN[A/U] 
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Chapter 5:  Multiplexed Targeted Proteomics for Synthetic Biology 
Applications 
 

5.1  Introduction 
Synthetic biology efforts to design new biological parts, and establish 

standards to aid in the re-wiring of natural biological systems rely a host of 
analytical techniques.  The recent success of synthetic biology combined with 
metabolic engineering strategies to optimize entire pathways, are yielding 
biological production systems that produce a wide variety of chemicals such as 
n-butanol and polylactic acid (4, 40). Optimal expression of native and 
heterologous enzymes is a key component of efficient chemical production 
through microbial hosts, and new developments to modulate gene expression 
include construction and characterization of synthetic and hybrid gene circuits (5, 
6, 12, 25), advances in promoter engineering and promoter libraries (1, 15, 32), 
prediction of ribosome binding strength (34), and 5’ untranslated region (UTR) 
modification (30, 34).  Other considerations such as codon usage, pathway gene 
order, and even the identity of the gene sequence itself can impact protein and 
production titers in unexpected ways (27, 33, 38).  Predicting the amount of 
protein produced can be a challenging task due to the variety of parts available to 
tune gene expression and their interaction with native systems.  Consequently, 
typical optimization efforts focus on brute force and combinatorial strain 
engineering with well-established screens to achieve success (8, 16, 31, 38).  
The inability to produce proteins at desired levels limits synthetic biology as a 
predictive field.  

Recently, targeted proteomics via single reaction monitoring (SRM) mass 
spectrometry has emerged as an important method for quantifying individual 
proteins in metabolic pathways (20, 33, 37).  Targeted proteomics is a robust 
method capable of targeting low abundance proteins and post-translational 
modifications due to its high sensitivity and selectivity (21).  It consists of 
identifying a protein-specific combination of peptide and fragment ion transitions, 
along with their corresponding retention time (Figure 5.2).  Protein levels are then 
quantified through normalizing to an exogenously added internal peptide 
standard (relative quantification) or to an isotopically labeled version of the 
peptide of interest (absolute quantitation) (3, 13).  A recent study demonstrated 
the utility of SRM to synthetic biology by characterized the levels of mevalonate 
pathway proteins in E. coli under nine different inducible and constitutive 
promoters (37).  Sample throughput becomes a limiting factor when testing the 
effect of multiple synthetic biology parts must be analyzed, especially when 
considering additional technical and biological replicates. 

To expand the utility of targeted proteomics as a synthetic biology tool, 
new methods for quantification and multiplexing are needed to increase sample 
throughput.  Multiplexing is the ability to mix different experimental conditions 
together before analysis on the mass spectrometer.  Multiplex analysis reduces 
sample preparation variability, reduces instrument time, and eliminates run-to-run 
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due to MS detector response variation.  Isotopic labeling through metabolic 
feeding (SILAC) or isobaric chemical tagging (TMT, ICAT, iTRAQ) is commonly 
used for multiplexing and relative quantitation; however, these strategies were 
originally developed for shotgun proteomics experiments, where the goal is to 
identify and quantify as many proteins as possible (13, 14, 28).  The maximum 
number of samples that can currently be multiplexed is eight by using the iTRAQ 
8-plex (AB Sciex) (7).  mTRAQ, a nonisobaric variant of iTRAQ, has been 
specifically designed for SRM targeted proteomics, but is currently limited to 
three conditions (AB Sciex) (11).  

To improve the throughput of targeted proteomics, we describe a strategy 
for protein quantification based on unique peptide barcodes. This approach to 
multiplexing was inspired by DNA tagging and molecular barcodes used 
previously in a variety of applications (17, 29, 35).    By designing a unique 
peptide tag for each protein, many samples can be pooled together and 
quantified in a single SRM method allowing higher throughput than previously 
possible.  In this study, we designed 20 peptide barcodes and cloned their 
nucleotide sequence onto BglBrick expression vectors (22) behind a red 
fluorescence protein (RFP).  The mass spectrometric response of each peptide 
barcode was quantified, and the best transitions were optimized to give similar 
signal intensity.  Experiments will be conducted to compare quantitation of RFP 
levels using these barcodes versus quantitation with an external BSA standard.  
Next, the effect of 10 different UTRs on bisabolene synthase levels will be tested 
for both native and E. coli codon optimized protein.  To demonstrate the 
multiplexing capabilities of this method, all 20 strains will be pooled together and 
protein levels were quantified.  Finally, the UTRs responsible for higher protein 
levels will be tested for improved bisabolene production in E. coli.  Multiplexed 
targeted proteomics using peptide barcodes reduces assay development time, 
improves sample throughput, and will be an important synthetic biology tool for 
protein optimization 
 

5.2  Materials and Methods 
 
Strains 

Escherichia coli strain DH10b (F- mcrA&(mrr-hsdRMS-mcrBC) 
%80dlacZ&M15&lacX74 endA1 recA1 deoR&(ara,leu)7697 araD139 galU galK  
nupG rpsL '-) was used for cloning, DNA amplification, fluorescence, and 
production assays.  
 
Construction of 20 barcoded-RFP plasmids 

The vector backbone used for construction was pBbE8k, which contained 
a ColE1 origin, kanamycin selective marker, PBad promoter and gene encoding 
for red fluorescent protein (RFP).  Forward and reverse primers for each of the 
20 barcodes are listed in Table 5.2.  The vector was amplified with the primers 
according to the Phusion protocol, and then linear PCR product was Dpn1 
treated and phosphorylated with polynucleotide kinase (Fermentas).  The 
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phosphorylated linear DNA was then ligated using T4 ligase and transformed into 
chemically competent E.coli DH10b.  
 
Construction of bisabolene synthase plasmids 

The codon optimized bisabolene synthase gene was amplified from 
plasmid JBS1456 using forward primer 5'-TTCAGAATTCAAAAGATCTTTT-3' 
and reverse primer 5'-GATCGGCGGCCGCTCAGCGG-3'.   The reverse primer 
included an overhang with the NotI restriction site, and removed the bisabolene 
synthase stop codon.  Restriction enzymes EcoRI and NotI were used to insert 
bisabolene synthase into the barcoded-RFP vectors described previously.  For 
control experiments, bisabolene synthase was cut from JBS 1456 using 
restriction enzymes EcoR1 and Xho1 and ligated into the pBbE8k backbone 
vector cut with the same enzymes. 
 
Medium composition and growth conditions 

Luria-Broth (LB) medium supplemented with 50-mg/L kanamycin was 
used for culturing cells for cloning and DNA amplification purposes.  Individual 
colonies were grown overnight at 37°C in EZ Rich medium with the appropriate 
antibiotic (26). Cells were then passed 1:100 into fresh medium for heterologous 
pathway production experiments.  E. coli were seeded at 1:100 dilutions into 
either 5 mL shake tube cultures or into 50 ml shake flasks and grown at 30°C or 
37°C with appropriate antibiotic.  Arabinose (Sigma-Aldrich) was added at 
concentrations indicated to induce barcoded-RFP or bisabolene synthase 
expression from the pBad promoter. Except where noted, production data was 
collected from cells treated with arabinose inducer for 48 hrs. Proteomics 
analyses were performed on cells grown in 50 mL shake flasks. All data 
presented are the averaged results of biological triplicates. 
 
RFP growth and fluorescence assays 

Overnight cultures of E.coli were grown in LB media with supplemented 
kanamycin.  Optical density (OD) measurements were taken and cultures were 
diluted 20-fold into fresh media.  Arabinose was added to a final concentration of 
2 mM.  In a 96-well plate with black sides (Costar), 155 uL of culture was pipetted 
into each well and the plate was sealed with a gas permeable seal (Not sure who 
makes these).  Each culture was tested in triplicate wells.  Using a Tecan F200 
Pro, fluorescence, excitation at 535 nm and emission at 620 nm, and optical 
density measurements were recorded every 6 minutes for 10 hours at 37°C with 
shaking every 330 seconds at an amplitude of 1mm.   
 
Proteomics sample preparation & analysis 

Proteomics sample preparation and analysis was performed as previously 
described (33).  In brief, cells were pelleted by centrifugation at 8000g at 4 °C for 
5 min, and cells were flash frozen in liquid nitrogen and stored at $80 °C.   
Protein extraction was done using chloroform/methanol precipitation as 
described previously (39), with the exception that protein pellets were dried in a 
vacuum concentrator (ThermoSavant) for 30 min.  Protein concentration was 
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determined with the DC Protein reagent (BioRad, Hercules, CA) according to 
manufacturer's instructions.  Protein was taken from each sample and diluted to 
a final concentration of 1 mg/mL in 100 mM ammonium bicarbonate with 10% 
(v/v) methanol.  After reduction and alkylation, trypsin (1 µg/µL) was added to the 
sample to a final concentration of 1:50 (trypsin:sample), and incubated at 37 °C 
overnight.  Prior to analysis, bovine serum albumin (BSA) digests were added to 
the sample at a concentration of 17 fmol/µL to serve as an internal standard. 

Peptide samples were analyzed on a LC-MS/MS system consisting of an 
Eksigent TEMPO nanoLC-2D coupled to an Applied Biosystems (Foster City, 
CA) 4000Q-Trap mass spectrometer running with Analyst™ 1.5 (Applied 
Biosystems) operating in SRM mode. The peptide samples were loaded onto a 
Pepmap100 µ-guard column (Dionex-LC Packings, Sunnyvale, CA) prior to 
injection onto a Dionex Pepmap100 analytical column (75 µm i.d., 150 mm 
length, 100 Å, and 3 µm).  The analytical column was interfaced to the mass 
spectrometer by using the MicroIonSpray head with nebulizing gas and a 10-µm 
Picotip emitter (New Objective, Woburn, MA) operating in positive mode (2300–
2400 V).   

Peptide transitions for each protein or barcode were selected from 
theoretical SRMs generated using the Skyline targeted proteomics application 
v0.7 (23).  Transitions were validated by running in Information Dependent 
Acquisition (IDA) mode with a SRM survey scan and two-product ion (MS/MS) 
scans.  The retention time of the peptide was used for added confirmation.  
MS/MS spectra were processed with the Paragon algorithm (ProteinPilot 2.0, 
Applied Biosystems) and searched against a database consisting of all the ORFs 
from E. coli K12 obtained from MicrobesOnline (9).  MultiQuant™ version 1.2 
software (Applied Biosystems) was used to determine the peak area for all SRM 
transitions. For non-barcoded proteins, total peak area for each protein was 
normalized to the total peak area for the internal standard, BSA, to give a 
normalized total peak area for each protein, similar to a method reported earlier 
(36).  Each normalized total peak area was averaged for three replicate 
analyses, and the standard deviation was calculated. 
 

5.3  Results and Discussion 
We selected 20 protein barcodes with amino acid sequences as shown in 

Table 5.1.  Several factors were considered in the construction of these reporter 
peptides.  All peptides were designed with lysine or arginine at the C-terminus to 
mimic tryptic peptides, which are usually highly amenable to electrospray 
ionization (ESI).  Several peptide barcodes were chosen to take advantage of the 
proline effect, which increases the number of stable and abundance y-2 ions in 
collision-induced dissociation fragmentation(19).  We also avoided amino acids 
that are easily modified during sample preparation, such as cysteine, methionine, 
and histidine, since variability in the frequency of modification would make 
quantitation more variable.  Upon ionization the peptide barcodes produce doubly 
charged ions in the range of 400 to 700 m/z, which has been observed to be 
ideal for most triple quadrupole instruments (21).  We used Escherichia coli as a 
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host organism to test these barcodes, and the peptide barcodes are not found in 
the native E.coli proteome.  The first 14 barcodes listed in Table 5.1 were found 
in either MRM Atlas (10) or a commercially available retention-time calibration kit, 
and the final six were designed to utilize the proline effect for stronger fragment 
signal (18, 19).  Methods development utilized a BglBrick vector (22) pBbE8k-
RFP, containing a ColE1 origin of replication, pBad promoter, and kanamycin 
antibiotic selection marker, as the template for each ORF-barcode vector (Figure 
5.1).  We also included a NotI restriction enzyme site before the barcode 
sequence to facilitate cloning different genes into the vector backbone.  The ‘SG’ 
scar sequence (ACGGGC) has been demonstrated to not affect most protein 
fusion applications in a variety of host organisms, including E. coli and yeast (2).  
An adenine was added to the beginning of the NotI restriction site so the scar 
would translate into ‘SGR’. The additional arginine functions as a trypsin cut-site 
to generate the barcode peptide. 

First, we assessed the mass spectrometric response of each peptide 
barcode on an AB Sciex Q-Trap 4000 triple quadrupole instrument. Samples 
were prepared by growing E. coli, harboring each of the RFP-barcode vectors, 
for 24 hrs after induction with 10 mM arabinose.  Proteins were extracted using a 
chloroform-methanol extraction, assayed for concentration, and then digested 
with trypsin.  The most intense transition for each barcode along with its 
optimized collision energy is listed in Table 5.1.  The peptide barcodes all 
showed multiple transitions with strong signal (Figure 5.3).  We also assessed 
the impact of adding these extra amino acids to the C terminal end of RFP.  
Fluorescence and optical density assays were conducted to determine changes 
in protein function or cell growth due to the induction of these peptide barcode 
vectors.  Initial results show that there is minimal impact on specific fluorescence 
for most barcodes tested, however barcode 25 currently shows lower levels of 
specific fluorescence than the RFP control (Figure 5.5).  However, impacts on 
protein function do not effect protein quantitation unless there is an increase in 
protein degradation for the targeted protein.  In E. coli, the precise structural 
features that target a protein for degradation by native proteases are still 
unknown, but certain amino acids located on the N-terminal end of the protein 
can be targets for degradation, as well as some internal lysine sites (24).    

The next sections of this chapter discuss work that is currently being 
conducted to complete this study.  Currently the ionization efficiencies of the 
peptide barcodes are different, which means that some show higher intensity 
peaks for the same amount of RFP present in the sample.  Ideally, the barcodes 
would show the same signal for the same amount of protein.  The level of signal 
can be modified through either choosing more or less intense fragment ions, or 
modifying the collision energies (Figure 5.5).  Once the barcodes have been 
tuned to similar signal intensities, quantitation can be done by simply comparing 
the peak areas of the barcodes, with twice the peak area corresponding to twice 
the amount of targeted protein in that sample.  However, even if the 
normalization attempt does not work, the ratio of signal between the 20 barcodes 
can still be used but it makes the data interpretation slightly less straightforward.   
To test this quantitation on proteins produced in vivo, we selected 10 RFP-
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barcodes to test with different levels of exogenously added inducer.  The RFP-
barcodes were moved onto a trc promoter, since it has a more dynamic induction 
range than the pBad promoter (22).  The barcodes selected were 
1,2,4,6,7,8,9,10,14,22 and cloning is complete.  E. coli DH10b harboring each of 
the 10 pTrc barcode vectors will be grown with different levels of IPTG inducer.  
The RFP levels of each sample will be quantified both with traditional BSA 
standard peptides and with the barcode peptides.  Next, peptides from all 10 
samples will be combined to test this method’s multiplexing capabilities. 

To test a non-fluorescent protein, RFP was replaced with a codon 
optimized bisabolene synthase, a terpene synthase that catalyzes the conversion 
of farnesyl disphophate into bisabolene, a precursor to bisabolane, a biosynthetic 
alternative to D2 diesel (31).  Bisabolene synthase was cloned into 10 different 
barcode vectors (#1, 2, 3, 4, 6, 7, 8, 9, 10, 14, and 22).  Currently these have a 
pBad promoter and the standard BglBrick ribosome binding site (22), and work is 
underway to clone in 10 different UTRs to determine if any of these regions 
would increase protein expression levels.  Work is also underway to create these 
vectors with the non-codon optimized bisabolene synthase as well.  Comparing 
both versions of the protein demonstrates another use for this method that is of 
interest to synthetic biologists and represents an example where both samples 
would have the same peptides despite having genetic differences.  Bisabolene 
production will also be tested with the UTR showing the greatest increases in 
protein level.  Finally, if all 20 of these strains can be combined and quantified 
accurately, it would demonstrate the highest level of targeted multiplexing to 
date.  This novel strategy allows for vastly more multiplexing than by using 
isotopes or other isobaric chemical tags such as iTRAQ at much less expense. 
 
 

5.4  Conclusions 
Shotgun proteomics is ideal for studying the systems-wide effect of 

different environmental conditions or genetic manipulation, and much work has 
been done to develop quantitation and multiplexing techniques (3).  However, 
multiplexing for targeted proteomics is still less developed than for shotgun 
experiments, with only 3-plex being commercially available (11).  As many 
metabolic engineers and synthetic biologists begin utilizing targeted proteomics 
in their workflows, it will become more important to combine samples due to 
limitations in instrument time, sample accuracy, and cost.  A multiplexed targeted 
proteomics method is currently being developed to address some of these 
issues.  We have created 20 different peptide barcodes encoded on Bglbrick 
plasmid systems (22).  These barcodes were designed based on previously 
identified highly ionizing peptides from MRM Atlas, and some were designed to 
use the profile effect.  The mass spectrometric signal for each peptide will be 
normalized to produce equal amounts of signal, and that up to 20 different 
samples can be multiplexed at once.  We plan to test this system with expression 
of RFP, and bisabolene synthase, an important protein in producing the biofuel 
precursor to bisabolane.  This system is meant as a high throughput method for 
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synthetic biologists to test different parts, such as ribosome binding sites and 
promoter strengths, for their effects on protein level.  However, for future 
applications of this strategy, protein function may become a concern and will 
need to be prioritized in barcode design.   
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5.5  Figures and Tables 
 

 

 

 

 

 

 

Figure 5.1.  Construction of Barcode Vectors.  Primers were designed to add the barcode 
nucleotide sequence to the C-terminal end of a RFP (Table 5.2).  A NotI restriction site was also 
included to facilitate quick gene changes with these vectors.  The native stop codon was 
removed, and a new stop codon was added at the end of the barcode.  An additional ‘A’ was 
added to the beginning of the NotI sequence to make the scar translate to ‘SGR’.  The additional 
arginine is necessary for trypsin digestion.  The entire vector was PCR amplified, phosphorylated 
with polynucleotide kinase (PNK), and then ligated with T4 ligase.  The final barcode vector is 
shown to the right. 
 

 

 

 

 

Complete Barcode Vector 
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Figure 5.2.  Selected Reaction Monitoring for Targeted Proteomics.  A whole cell-lysate protein 
mixture is digested with trypsin into its constitutive peptides.  The sequence of targeted proteins is 
then entered into Skyline and transitions to test are selected.  A SRM transition consists of a 
peptide (q1) and fragment (q3) mass to charge ratio (m/z).  On a triple quadrupole mass 
spectrometer, only the targeted peptide mass is allowed to pass through q1.  Next the peptide ion 
is fragmented, often using collisionally induced dissociation (CID), and then only targeted 
fragments are allowed to pass through q3 to the detector.      
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Figure 5.3.  SRM Analysis of Peptide Barcodes.  Transitions for each barcode were designed 
using Skyline and run on a Q-Trap 4000 mass spectrometer.  (a) Extracted ion chromatogram 
(XIC) for barcode 16 showing seven transitions eluting at a retention time of 29.9 minutes.  (b) All 
20 final barcodes had high signal intensity and several transitions to choose from for 
normalization purposes.  Six barcodes (1,3,16,23,25,27) SRM XICs are shown below as an 
example. 
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Figure 5.4.  Signal Normalization for Peptide Barcodes.  By choosing different fragment ions and 
testing different collision energies, the relative signal intensities for each barcode can be 
normalized to approximately the same level.  In this example, the y7 fragment from barcode 17 
and the y6 fragment from barcode 25 both have similar intensities. 
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Figure 5.5.  Specific Fluorescence for Barcode Vectors.  E. coli DH10b with one of the barcode 
vectors or a control RFP was grown in LB-kan with 2 mM arabinose in a 96-well plate for 10 
hours in a Tecan plate reader.  The strains were grown in triplicate wells.  Most of the strains had 
similar specific fluorescence, although barcode 25 did show decrease in specific fluorescence. 
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Table 5.1.  Peptide Barcodes.  The peptide sequence and corresponding q1 
(peptide) and q3 (fragment) transitions are listed along with the collision energy 
corresponding to maximum signal intensity. 
 
Barcode 
Number Peptide sequence q1 m/z q3 m/z 

Collision 
Energy (V) 

BC_1 LVNEVTEFAK 575.31 937.46 25.5 
BC_02 LSITGTYDLK 555.81 797.4 24.5 
BC_03 DLQFVEVTDVK 646.84 690.37 43.4 
BC_04 ASSIIDELFQDR 697.35 922.43 30.6 
BC_06 GGYTLVSGYPK 571.30 650.35 23.6 
BC_07 VSFLSALEEYTK 693.86 940.46 28.5 
BC_08 GFEPTLEALFGK 654.85 975.55 27.8 
BC_09 LETPDFQLFK 619.33 894.47 26.3 
BC_10 LDVTTSIGR 481.27 634.35 23.2 
BC_14 YILAGVESNK 547.30 817.44 26.9 
BC_16 TPVISGGPYYER 669.84 928.42 33.9 
BC_17 GDLDAASYYAPVR 699.34 855.44 35.6 
BC_19 TGFIIDPGGVIR 622.85 598.37 37.0 
BC_20 GTFIIDPAAIVR 636.87 626.40 38.0 
BC_22 WAGGGPVVIR 506.29 754.46 24.6 
BC_23 WAAGVPAVVR 513.30 541.35 25.0 
BC_24 WAAAAPVVVR 520.31 782.49 25.4 
BC_25 WGVVVPVVVR 555.35 569.38 27.4 
BC_27 WAGPGGVVIR 506.29 754.46 24.6 
BC_28 WGPVVIR 413.75 583.39 19.3 
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Sequence 
Name 

Sequence 

Bc01_Fwd TGA CCG AAT TTG CGA AAT AAG GAT CCA AAC TCG AGT AAG GAT 

Bc01_Rev CTT CGT TCA CCA GGC GGC CGC TAG CAC CGG TGG AGT GAC 

Bc02_Fwd GCA CCT ATG ATC TGA AAT AAG GAT CCA AAC TCG AGT AAG GAT 

Bc02_Rev CGG TAA TGC TCA GGC GGC CGC TAG CAC CGG TGG AGT GAC 

Bc03_Fwd GAA GTG ACC GAT GTG AAA TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc03_Rev CAC AAA CTG CAG ATC GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc04_Fwd ATG AAC TGT TTC AGG ATC GCT AAG GAT CCA AAC TCG AGT AAG GAT 

Bc04_Rev CAA TAA TGC TGC TCG CGC GGC CGC TAG CAC CGG TGG AGT GAC 

Bc06_Fwd GTG AGC GGC TAT CCG AAA TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc06_Rev CAG GGT ATA GCC GCC GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc07_Fwd CGC TGG AAG AAT ATA CCA AAT AAG GAT CCA AAC TCG AGT AAG GAT 

Bc07_Rev CGC TCA GAA AGC TCA CGC GGC CGC TAG CAC CGG TGG AGT GAC 

Bc08_Fwd TGG AAG CGC TGT TTG GCA AAT AAG GAT CCA AAC TCG AGT AAG GAT 

Bc08_Rev GGG TCG GTT CAA AGC CGC GGC CGC TAG CAC CGG TGG AGT GAC 

Bc09_Fwd ATT TTC AGC TGT TTA AAT AAG GAT CCA AAC TCG AGT AAG GAT 

Bc09_Rev CCG GGG TTT CCA GGC GGC CGC TAG CAC CGG TGG AGT GAC 

Bc10_Fwd ACC AGC ATT GGC CGC TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc10_Rev GGT CAC ATC CAG GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc14_Fwd GGC GTG GAA AGC AAC AAA TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc14_Rev CGC CAG AAT ATA GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc16_Fwd GGC GGC CCG TAT TAT GAA CGC TAA GGA TCC AAA CTC GAG TAA 
GGA T 

Bc16_Rev GCT AAT CAC CGG GGT GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc17_Fwd GAG CTA TTA TGC GCC GGT GCG CTA AGG ATC CAA ACT CGA GTA 
AGG AT 

Bc17_Rev GCC GCA TCC AGA TCG CCG CGG CCG CTA GCA CCG GTG GAG TGA C 

Bc19_Fwd GAT CCG GGC GGC GTG ATT CGC TAA GGA TCC AAA CTC GAG TAA 
GGA T 

Bc19_Rev AAT AAT AAA GCC GGT GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc20_Fwd GAT CCG GCG GCG ATT GTG CGC TAA GGA TCC AAA CTC GAG TAA 
GGA T 

Bc20_Rev AAT AAT AAA GGT GCC GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc22_Fwd GGC CCG GTG GTG ATT CGC TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc22_Rev GCC GCC CGC CCA GCG GCC GCT AGC ACC GGT GGA GTG AC 

 Table 5.2.  RFP Barcode Primers 
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Bc23_Fwd GTG CCG GCG GTG GTG CGC TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc23_Rev GCC CGC CGC CCA GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc24_Fwd GCG CCG GTG GTG GTG CGC TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc24_Rev CGC CGC CGC CCA GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc25_Fwd GTG CCG GTG GTG GTG CGC TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc25_Rev CAC CAC GCC CCA GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc27_Fwd GGC GGC GTG GTG ATT CGC TAA GGA TCC AAA CTC GAG TAA GGA T 

Bc27_Rev CGG GCC CGC CCA GCG GCC GCT AGC ACC GGT GGA GTG AC 

Bc28_Fwd GGT GGT GAT TCG CTA AGG ATC CAA ACT CGA GTA AGG AT 

Bc28_Rev GGG CCC CAG CGG CCG CTA GCA CCG GTG GAG TGA C 



$-("

 

5.6  References 
1. Alper, H., C. Fischer, E. Nevoigt, and G. Stephanopoulos. 2005. 

Tuning genetic control through promoter engineering. Proceedings of the 
National Academy of Sciences of the United States of America 
102:12678-12683. 

2. Anderson, J. C., J. E. Dueber, M. Leguia, G. C. Wu, J. A. Goler, A. P. 
Arkin, and J. D. Keasling. 2010. BglBricks: A flexible standard for 
biological part assembly. Journal of Biological Engineering 4. 

3. Bantscheff, M., M. Schirle, G. Sweetman, J. Rick, and B. Kuster. 2007. 
Quantitative mass spectrometry in proteomics: a critical review. Analytical 
and Bioanalytical Chemistry 389:1017-1031. 

4. Bond-Watts, B. B., R. J. Bellerose, and M. C. Y. Chang. Enzyme 
mechanism as a kinetic control element for designing synthetic biofuel 
pathways. Nature Chemical Biology 7:222-227. 

5. Burrill, D. R., and P. A. Silver. Synthetic circuit identifies subpopulations 
with sustained memory of DNA damage. Genes & Development 25:434-
439. 

6. Cagatay, T., M. Turcotte, M. B. Elowitz, J. Garcia-Ojalvo, and G. M. 
Suel. 2009. Architecture-Dependent Noise Discriminates Functionally 
Analogous Differentiation Circuits. Cell 139:512-522. 

7. Choe, L., M. D'Ascenzo, N. R. Relkin, D. Pappin, P. Ross, B. 
Williamson, S. Guertin, P. Pribil, and K. H. Lee. 2007. 8-Plex 
quantitation of changes in cerebrospinal fluid protein expression in 
subjects undergoing intravenous immunoglobulin treatment for 
Alzheimer's disease. Proteomics 7:3651-3660. 

8. Das, A., S. H. Yoon, S. H. Lee, J. Y. Kim, D. K. Oh, and S. W. Kim. 
2007. An update on microbial carotenoid production: application of recent 
metabolic engineering tools. Applied Microbiology and Biotechnology 
77:505-512. 

9. Dehal, P. S., M. P. Joachimiak, M. N. Price, J. T. Bates, J. K. Baumohl, 
D. Chivian, G. D. Friedland, K. H. Huang, K. Keller, P. S. Novichkov, I. 
L. Dubchak, E. J. Alm, and A. P. Arkin. MicrobesOnline: an integrated 
portal for comparative and functional genomics. Nucleic Acids Research 
38:D396-D400. 

10. Desiere, F., E. W. Deutsch, N. L. King, A. I. Nesvizhskii, P. Mallick, J. 
Eng, S. Chen, J. Eddes, S. N. Loevenich, and R. Aebersold. 2006. The 
PeptideAtlas project. Nucleic Acids Research 34:D655-D658. 

11. DeSouza, L. V., A. M. Taylor, W. Li, M. S. Minkoff, A. D. Romaschin, T. 
J. Colgan, and K. W. M. Siu. 2008. Multiple reaction monitoring of 
mTRAQ-labeled peptides enables absolute quantification of endogenous 
levels of a potential cancer marker in cancerous and normal endometrial 
tissues. Journal of Proteome Research 7:3525-3534. 

12. Elowitz, M. B., and S. Leibler. 2000. A synthetic oscillatory network of 
transcriptional regulators. Nature 403:335-338. 



$-)"

13. Gerber, S. A., J. Rush, O. Stemman, M. W. Kirschner, and S. P. Gygi. 
2003. Absolute quantification of proteins and phosphoproteins from cell 
lysates by tandem MS. Proceedings of the National Academy of Sciences 
of the United States of America 100:6940-6945. 

14. Gygi, S. P., B. Rist, S. A. Gerber, F. Turecek, M. H. Gelb, and R. 
Aebersold. 1999. Quantitative analysis of complex protein mixtures using 
isotope-coded affinity tags. Nature Biotechnology 17:994-999. 

15. Hammer, K., I. Mijakovic, and P. R. Jensen. 2006. Synthetic promoter 
libraries - tuning of gene expression. Trends in Biotechnology 24:53-55. 

16. Hanai, T., S. Atsumi, and J. C. Liao. 2007. Engineered synthetic 
pathway for isopropanol production in Escherichia coli. Applied and 
Environmental Microbiology 73:7814-7818. 

17. Hardenbol, P., J. Baner, M. Jain, M. Nilsson, E. A. Namsaraev, G. A. 
Karlin-Neumann, H. Fakhrai-Rad, M. Ronaghi, T. D. Willis, U. 
Landegren, and R. W. Davis. 2003. Multiplexed genotyping with 
sequence-tagged molecular inversion probes. Nature Biotechnology 
21:673-678. 

18. Harrison, A. G. Effect of proline position on symmetric versus asymmetric 
fragmentation of doubly-protonated tryptic-type peptides. International 
Journal of Mass Spectrometry 306:182-186. 

19. Harrison, A. G., and A. B. Young. 2005. Fragmentation reactions of 
deprotonated peptides containing proline. The proline effect. Journal of 
Mass Spectrometry 40:1173-1186. 

20. Juminaga, D., E. E. Baidoo, A. M. Redding-Johanson, T. S. Batth, H. 
Burd, A. Mukhopadhyay, C. J. Petzold, and J. D. Keasling. 2011. 
Modular Engineering of Tyrosine Production in Escherichia coli. Applied 
and Environmental Microbiology. 

21. Lange, V., P. Picotti, B. Domon, and R. Aebersold. 2008. Selected 
reaction monitoring for quantitative proteomics: a tutorial. Molecular 
Systems Biology 4:14. 

22. Lee, T. S., R. A. Krupa, F. Zhang, M. Hajimorad, W. J. Holtz, N. 
Prasad, S. K. Lee, and J. D. Keasling. 2011. BglBrick vectors and 
datasheets: A synthetic biology platform for gene expression. Journal of 
Biological Engineering 5. 

23. MacLean, B., D. M. Tomazela, N. Shulman, M. Chambers, G. L. 
Finney, B. Frewen, R. Kern, D. L. Tabb, D. C. Liebler, and M. J. 
MacCoss. Skyline: an open source document editor for creating and 
analyzing targeted proteomics experiments. Bioinformatics 26:966-968. 

24. Makrides, S. C. 1996. Strategies for achieving high-level expression of 
genes in Escherichia coli. Microbiological Reviews 60:512-&. 

25. Nandagopal, N., and M. B. Elowitz. Synthetic Biology: Integrated Gene 
Circuits. Science 333:1244-1248. 

26. Neidhard.Fc, P. L. Bloch, and D. F. Smith. 1974. CULTURE MEDIUM 
FOR ENTEROBACTERIA. Journal of Bacteriology 119:736-747. 

27. Nishizaki, T., K. Tsuge, M. Itaya, N. Doi, and H. Yanagawa. 2007. 
Metabolic engineering of carotenoid biosynthesis in Escherichia coli by 



$-*"

ordered gene assembly in Bacillus subtilis. Applied and Environmental 
Microbiology 73:1355-1361. 

28. Ong, S. E., B. Blagoev, I. Kratchmarova, D. B. Kristensen, H. Steen, A. 
Pandey, and M. Mann. 2002. Stable isotope labeling by amino acids in 
cell culture, SILAC, as a simple and accurate approach to expression 
proteomics. Molecular & Cellular Proteomics 1:376-386. 

29. Paddison, P. J., J. M. Silva, D. S. Conklin, M. Schlabach, M. M. Li, S. 
Aruleba, V. Balija, A. O'Shaughnessy, L. Gnoj, K. Scobie, K. Chang, 
T. Westbrook, M. Cleary, R. Sachidanandam, W. R. McCombie, S. J. 
Elledge, and G. J. Hannon. 2004. A resource for large-scale RNA-
interference-based screens in mammals. Nature 428:427-431. 

30. Park, Y. S., S. W. Seo, S. Hwang, H. S. Chu, J. H. Ahn, T. W. Kim, D. 
M. Kim, and G. Y. Jung. 2007. Design of 5 '-untranslated region variants 
for tunable expression in Escherichia coli. Biochemical and Biophysical 
Research Communications 356:136-141. 

31. Peralta-Yahya, P. P., M. Ouellet, R. Chan, A. Mukhopadhyay, J. D. 
Keasling, and T. S. Lee. 2011. Identification and microbial production of a 
terpene-based advanced biofuel. Nature Communications 483. 

32. Pfleger, B. F., D. J. Pitera, C. D Smolke, and J. D. Keasling. 2006. 
Combinatorial engineering of intergenic regions in operons tunes 
expression of multiple genes. Nature Biotechnology 24:1027-1032. 

33. Redding-Johanson, A. M., T. S. Batth, R. Chan, R. Krupa, H. L. 
Szmidt, P. D. Adams, J. D. Keasling, T. S. Lee, A. Mukhopadhyay, and 
C. J. Petzold. Targeted proteomics for metabolic pathway optimization: 
Application to terpene production. Metabolic Engineering 13:194-203. 

34. Salis, H. M. THE RIBOSOME BINDING SITE CALCULATOR. Synthetic 
Biology, Pt B: Computer Aided Design and DNA Assembly 498:19-42. 

35. Shoemaker, D. D., D. A. Lashkari, D. Morris, M. Mittmann, and R. W. 
Davis. 1996. Quantitative phenotypic analysis of yeast deletion mutants 
using a highly parallel molecular bar-coding strategy. Nature Genetics 
14:450-456. 

36. Silva, J. C., M. V. Gorenstein, G. Z. Li, J. P. C. Vissers, and S. J. 
Geromanos. 2006. Absolute quantification of proteins by LCMSE - A 
virtue of parallel MS acquisition. Molecular & Cellular Proteomics 5:144-
156. 

37. Singh, P., T. S. Batth, J. D. Keasling, and C. J. Petzold. 2011. Targeted 
Proteomics for Characterizing the Mevalonate Pathway. Proteomics. 

38. Wang, C., S. H. Yoon, H. J. Jang, Y. R. Chung, J. Y. Kim, E. S. Choi, 
and S. W. Kim. Metabolic engineering of Escherichia coli for alpha-
farnesene production. Metabolic Engineering 13:648-655. 

39. Wessel, D., and U. I. Flugge. 1984. A METHOD FOR THE 
QUANTITATIVE RECOVERY OF PROTEIN IN DILUTE-SOLUTION IN 
THE PRESENCE OF DETERGENTS AND LIPIDS. Analytical 
Biochemistry 138:141-143. 

40. Yang, T. H., T. W. Kim, H. O. Kang, S.-H. Lee, E. J. Lee, S.-C. Lim, S. 
O. Oh, A.-J. Song, S. J. Park, and S. Y. Lee. Biosynthesis of Polylactic 



$-+"

Acid and Its Copolymers Using Evolved Propionate CoA Transferase and 
PHA Synthase. Biotechnology and Bioengineering 105:150-160. 

 
 



$-,"

Chapter 6:  Continuing and Future Work 
 

Designing improved hosts for biofuel production is a challenging 
endeavor, and will be vital to obtain the titers necessary to make microbial 
production an economically viable process in the future.  Toxicity is a major 
concern due to the growth inhibition observed upon exposure to many potential 
biofuels, such as n-butanol and isopentanol, which will severely limit the total 
yield of the process.  Currently, there are no strains capable of producing these 
fuels to inhibitory concentrations; however, recent work in n-butanol production in 
Escherichia coli are beginning to approach significant titers with engineered 
aerobic production at approximately 4.7 g/L and anaerobic levels at 30 g/L (5, 
29).  As levels of production increase with more sophisticated metabolic 
engineering, strategies to cope with toxicity will take on a new urgency.  Using 
results from the functional genomics study of n-butanol stress in E. coli, 
additional work has begun on approaches to investigate beneficial stress-
responsive candidates, and to design targeted proteomics methods to facilitate 
more rapid screening for different stresses.  The first approach is to determine if 
there are synergistic effects of expressing several n-butanol responsive genes in 
combination, and if this confers more fitness compared with single-gene 
constructs.  The second approach is a rapid screen for stress response in E. coli 
using SRM targeted proteomics, which is better able to select for specific 
proteins of interest.  Often in shotgun proteomics experiments, much data is 
gathered that is not of necessarily important to the questions being investigated.  
Instead of focusing on high proteome coverage, only proteins involved in specific 
stress responses such as heat shock, oxidative damage, osmotic stress and 
DNA damage were selected.  This diagnostic will be helpful not only in studying 
fuels toxicity, but also can identify if issues with growth or production may be due 
to unexpected stress, such as internal redox imbalances or from pretreatment 
inhibitors.   

One goal of many toxicity projects is to develop resistant phenotypes to 
characterize, with the goal of elucidating the genetic mechanisms enabling 
increased tolerance.  Several strategies for developing these phenotypes exist 
including traditional strain improvement techniques and newly developed 
genomic methods.  However, there were many difficulties with isolating an n-
butanol tolerant E.coli strain, and some theories for these challenges will be 
discussed.  It should be noted that several examples of n-butanol and isobutanol 
resistant mutants exist in the literature, but the development of improved 
phenotypes for extreme stress may be more complicated than anticipated (3, 7, 
17, 24).  Of particular interest is the role of heterogeneous sub-populations that 
may be contributing to the survival of the culture as opposed to the canonical 
single most-fit mutant strain.  
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6.1  Building a combinatorial library of n-butanol responsive genes 
 Since n-butanol perturbs many different cellular systems and invokes a 
variety of stress responses such as heat shock, oxidative stress, acid stress, and 
envelope stress, it was hypothesized that over-expression of several candidates 
concurrently could enable resistance to different aspects of the stress.  Using 
results from the microarray and proteomics experiments profiled previously, a 
total of 37 n-butanol responsive candidates were chosen for a combinatorial 
library, to be constructed using the Golden Gate cloning approach (9).  Figure 6.1 
illustrates these candidates and their respective cellular components.  To 
determine which candidates to include, all genes and proteins identified were 
sorted into their respective functional categories, specifically using COG 
definitions, the two most up-regulated candidates were chosen and then 
additional criteria were imposed to prepare the final list (31).  To make the cut-off, 
the candidate must have been up-regulated over both time points, have at least 
one time point with a log2 ratio of ( 1.5 under stress, and correlate at both the 
transcript and protein level.  GroEL and YqhD did not make the original cut-off, 
but were added into the library since previous unpublished work (Keasling lab) 
had shown their benefit under stress.  These candidate genes were originally 
cloned into a high copy plasmid with a strong promoter, but issues with plasmid 
and protein burden caused severe growth inhibition or cell lysis.  The inserts 
were then sub-cloned into a medium copy plasmid with a pLacUV5 promoter, 
which was previously used to study the effects of efflux pumps on fuel toxicity (8).  
The primers used amplify these genes from genomic E. coli DH1 DNA are listed 
in Table 6.1.     
 The individual genes were tested for their effectiveness at enabling 
improved growth during exposure to n-butanol.  E. coli strains harboring the 
expression plasmids were acclimated to M9-MOPS media supplemented with 50 
mg/L kanamycin, and then grown and stressed as described previously (25).  
Due to the extra plasmid burden, the concentration of n-butanol added was 
lowered to 0.6% (v/v) to maintain a 50% reduction in overall growth, and an 
inducer concentration of 10 uM IPTG was used.  The results after 24 hours of 
exposure are shown in Figure 6.2.  As expected, the control strains had very 
different growth profiles, with the expression of some genes being very beneficial 
even without stress present.  Eleven strains grew to higher optical densities than 
the wild type E. coli DH1 control.  Notably, the strain growing to the highest 
optical density was that containing ychN in the expression plasmid, which is a 
conserved protein that has some similarity to the TusBCD transporter (22).  
Other genes involved in transport with improved growth were oppD (oligopeptide 
and murein tripeptide transport), and phoU (phosphate transport repressor).  
Genes involved with energy production and respiration, aceE (pyruvate 
dehydrogenase component), cydA (cytochrome b1 oxidase), cyoB (cytochrome 
b0 oxidase) and arcB (sensory histidine kinase), also exhibited improved growth.  
Genes involved with degradation, degP (periplasmic serine protease) and amn 
(AMP nucleosidase), were notably improved.  In addition, expression of acpP 
(acyl carrier protein) also helped growth despite being one of the most abundant 
proteins in E. coli (35).  YecD, a conserved protein, also made this list.  Only two 
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strains exhibited particularly poor growth, cdd and lolC.  Cdd is a cytidine 
deaminase, which catalyzes the hydrolytic deamination of cytidine to uridine and 
utilizes Zn2+ as a cofactor (40).  LolC is predicted to be the membrane 
component of the LolCDE lipoprotein transporter in E. coli (39).   
 After 24-hours of n-butanol exposure, the strains showed a range of 
tolerances to n-butanol exposure.  The most tolerant candidate was phoU, which 
was able to grow to an OD of 3.25, which is an approximately 42% improvement 
over wild-type growth under stress.  Part of E. coli’s phosphate transport system, 
phoU is a negative regulator of alkaline phosphatase synthesis, and may also 
have a role in free-Pi uptake (20).  The second most resistant candidate was 
nlpD, which is a putative outer membrane lipoprotein and may also function in 
cell division (32).  This candidate was not one of the strains that exhibited better 
growth than wild type.  Candidates degP, oppD, amn, and aceE were also more 
tolerant to n-butanol stress as compared with the wild type, but were also better 
growing strains in general.  Another tolerant candidate, aldB, is an acetaldehyde 
dehydrogenase.  This strain also did not show considerable growth improvement 
in the absence of stress.  It has been shown that aldB expression is induced by 
ethanol and may participate in detoxifying alcohols and aldehydes that 
accumulate during stationary phase (38). The acid resistance protein, asr, also 
showed some improvement over wild type.  This experiment was also repeated 
using a higher level of inducer and stress (0.8% v/v), but the stress from protein 
expression may have been higher than the benefit of having the genes to deal 
with the toxicity (Figure 6.3).  An IPTG concentration curve would help identify if 
this is the issue.   
 To investigate whether combinations of these genes confer additive or 
synergistic relief to n-butanol stress, a plasmid library containing a synthetic 
operon of all possible 2-, and 3-gene combinations of the 37 candidates is under 
construction. This experimental design requires both an efficient means of 
constructing >50,000 plasmid variants (37 x 37 x 37), and a way to determine the 
plasmid content of the initial and final library population.  To the first issue, we 
proposed a construction scheme based on type-IIs endonuclease mediated DNA 
assembly that maximizes the reuse of input parts. As for de-convoluting the 
population content of the library, we have devised a barcode plus ultra-deep 
sequencing strategy.  In brief, we will insert ~30 base pair (bp) unique DNA 
“barcode” corresponding to the gene in position one between the second and 
third gene in the synthetic operon, such that a single read of >50 bp could 
capture a unique, plasmid-specific signature.  The BioCAD software DeviceEditor 
and j5 were used to facilitate the design of the DNA assembly processes (6, 13). 
PCR reactions for each of the genes in all three operonic positions were set up 
using liquid handling robotics (NextGen, Exetek), and the resulting amplicons 
purified by magnetic bead PCR clean-up (Axygen). Barcode fragments were 
created by annealing single-stranded oligos, which were offset by 4-bps on either 
side. The one-pot assembly reactions will be performed in 37 pools, holding the 
gene in position 1 and its corresponding barcode constant, and pooling all 
possible genes for position 2 and 3.  Once the library has been constructed, 
pools of transformants will be split into three aliquots—one to be cryogenically 
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archived, one to have plasmid DNA isolated at time zero, and one to be 
subjected to n-butanol stress in both wild-type and n-butanol producing E. coli. 
The stressed pool will ultimately have its plasmid DNA isolated to identify which 
gene combinations are enriched following n-butanol treatment. 
 Based on several studies of bacterial solvent tolerance, it appears often 
that multiple genes are perturbed during stress, either through up- or down-
regulation, to achieve resistant phenotypes.  However, in designing experiments 
such as the combinatorial library, there are several important aspects to consider 
that could potentially be deleterious to a successful outcome despite using 
beneficial genes.  One issue is the lack of dynamic control of current plasmid-
based gene expression systems.  Ideally, an expression system would be able to 
mimic the native timing of stress response activation, but be able to dynamically 
control the amount of beneficial protein beyond what may be natively produced 
but less than what might be toxic.  Until recently, it was assumed that bacteria 
undergoing stress would activate their response systems, such as alternate 
sigma factors, and keep them active until the environmental conditions improved.  
A recent study utilizing fluorescently labeled "B, the transcriptional regulator of 
general stress response in Bacillus subtilis, has shown sustained pulses of on-off 
behavior of "B as opposed to continuous up-regulation (19).  They also showed 
that the frequency of these pulses increases with the amount of stress, creating a 
cascade of signal throughout the network (19); however, it should be noted that 
this was only one stress response system and each system may have different 
profiles.  Another aspect of this problem is the issue of protein burden.  There is 
a balance between the benefit from the expression of different stress regulons 
and the cost to the cell in terms of energy, nutrients, and other resources in their 
over-expression, as seen in previous work in both E. coli and other bacteria (21, 
28, 33).  While it has yet to be seen whether combinatorial approach as 
described above will yield improved tolerance to n-butanol, the issue of how to 
design optimal expression systems is a challenging problem.  
  

6.2  Development of a stress response diagnostic using targeted proteomics 
Shotgun proteomics is a powerful analytical tool that provides ample 

information about large portions of the expressed proteome under defined 
conditions.  However, often proteins of interest are not identified due to low 
biological abundance, low instrument sensitivity, or suppression by more intense 
ions eluting at a similar chromatographic time.  Targeted proteomics, as 
described in depth in previous chapters, using SRM overcomes some of these 
issues by providing more sensitivity and selectivity for a pre-defined set of protein 
transitions.  Many stress response studies gather a large amount of functional 
genomics data, including microarray and shotgun proteomics, but then focus in 
on a few key regulators or functional groups of proteins.  With these discovery 
projects, often it is difficult to determine a priori which pathway may be most 
perturbed, but certain stress regulons are well characterized enough that they 
almost always are mentioned, such as heat shock proteins.  Another 
consideration is the time to perform elaborate experiments aiming for full 
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proteome coverage, plus additional strategies for quantitation.  In a cellulosic 
biofuel production pipeline, there are multiple sources of stress from 
deconstruction by-products, such as furfural or hydroxymethylfural, pretreatment 
reagents, such as ionic liquids, or the final fuel product.  In metabolic 
engineering, there can also be stress from pathway imbalances, difficulties with 
energy production, or protein aggregation.  There is a need for a rapid method to 
screen strains that have been exposed to these sources of toxicity in order to 
more effectively engineer a biofuel producing host capable of growing on 
pretreated lignocellulosic biomass. 

Much work has been published on bacterial stress responses, and 
growing interest in biofuel related stresses has increased work in this area.  
Several well-characterized stress regulons are often detected during these 
studies, and these main regulons may be able to provide a signature diagnostic 
that would be valuable for evaluating a given biofuel production related stress.  
After much literature review, four targeted proteomics methods were designed to 
quantify several commonly encountered stresses: heat shock, oxidative stress, 
DNA damage (SOS response), and osmotic stress.  The proteins chosen for 
these methods are those listed by Storz et al (30) and transitions were designed 
using Skyline (MacCoss lab) as described in previous chapters.  A list of the 
proteins, their transitions, and collision energies for each method are shown in 
Tables 6.2-6.5.  The performance of these targeted stress response methods 
was validated using E. coli that had been exposed to increasing amounts of 
chemicals or conditions known to induce these proteins.  For heat shock, E. coli 
was exposed to 42 ºC for 5, 10, 15, and 20 minutes, and at 50 ºC for 5, 10, and 
20 minutes.  Oxidative stress was tested by the addition of 25 or 50 mm of 
hydrogen peroxide, and cells were harvested at various time points from 10 to 60 
minutes.  DNA damage was induced by the addition of nalidixic acid at 
concentrations of 172 or 344 uM for up to 30 minutes.  Sodium chloride was used 
to test for salt stress, and was added to a final concentration of 25 mM for 20 
minutes.  The stressors used and their concentrations were based off of previous 
stress-response studies in E. coli (34). 

  It was found that three of the four methods performed well and were 
sensitive to increasing amounts of their respective stresses.  The osmotic stress 
method performed poorly due in large part to the difficulty in finding transitions 
with high enough signal for good quantitation.  The low signal is most likely due 
to low protein abundance since many of the proteins targeted are regulators or 
membrane bound.  The intensity of the transitions that did register was very low, 
and was almost indistinguishable from background noise (Figure 6.4).  Most 
proteins were only represented by a single transition, so it was difficult to use 
retention time as an additional measure of confidence.  Membrane bound 
proteins contain highly hydrophobic regions, and are often difficult to analyze 
using mass spectrometry without careful sample preparation to maintain their 
solubility (37).  Currently the three main techniques for solubilizing membrane 
fractions are by using detergents, organic solvents, or organic acids prior to 
chromatography and analysis by LC/MS (36, 37, 41).  The initial results from this 
method indicate that simple chloroform-methanol extraction will not provide 
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enough membrane proteome coverage to achieve good results even with a 
sensitive targeted proteomics method.  Additional work will be necessary if this 
method is to be applied to screening strains for osmotic stress.   

The heat shock, oxidative stress, and DNA damage methods all were 
sensitive to increasing amounts of stress, and had high intensity transitions as 
shown in Figures 6.5-6.10.  The protein levels were quantified to an exogenously 
added BSA digest standard.  Currently, these methods are each a 45-minute 
gradient, but by lowering the dwell time for each transition, the three methods 
could be combined into one method for faster testing.  For the heat shock 
method, levels of proteins were not significantly increased in most of the 42°C 
samples, but showed much better response at 50°C for 10 or 20 minutes.  
Although all these proteins are known to be heat inducible, several proteins show 
different levels of response, which is to be expected due to different regulation 
and other factors effecting translation.  Strongly induced proteins include DnaK, 
GapA, GroEL, GroS, ClpB, and RpoS, the alternative stress response sigma 
factor, and those showing only slight increases are GrpE, HflB, IbpB, and Lon.  
Sampling after longer exposure may change the levels of response as well.  The 
oxidative stress and DNA damage methods showed a very strong response to 
the stress, with all concentrations causing large increases in protein levels.  For 
the oxidative stress method, the control and 10-minute exposure samples were 
almost undetectable whereas both the 25 mM and 50mM hydrogen peroxide 
treated samples at longer times showed very high levels of proteins.  The sample 
exposed at 50 mM for 20 minutes was the most responsive.  The DNA damage 
method also exhibited this “on-off” behavior except for the protein IhfA, which is a 
global regulatory protein that assists in maintaining DNA structure by binding and 
bending at specific sites.  This protein is highly abundant in E. coli and may not 
be a good candidate for a stress response method since it is already present at 
6,000 dimers per cell in exponential phase (4). 

Once these three targeted stress response methods had been validated, 
they were used to characterize an E. coli strain producing a mixture of fuels, 
including n-butanol and 3-methyl-1-butanol, through the decarboxylase pathway, 
which was present on a plasmid pBMO#52S71 (Figure 6.11) (2).  Although the 
amount of fuel produced was not quantified during this experiment, past results 
from this strain showed production in the range of 300 to 900 mg/L (personal 
communication with J. Dietrich).  Although this titer of butanol is lower than what 
would cause stress if added exogenously, there have not been any cell-wide 
studies of endogeous fuel production to date to determine what level of 
production should cause stress, if any is present.  Four different conditions were 
tested in triplicate with each of the previously described targeted methods.  E.coli 
DH1 harboring the pBMO#52S71 plasmid was grown both in auto-induction M9-
media and in regular M9-media as a negative control.  To control for plasmid 
burden and protein production, E. coli containing pBbA1c-RFP was grown in 
auto-induction media, and for a negative control, a wild-type E. coli DH1 was 
used.  The results in Figure 6.11 show that there does not appear to be any more 
stress in the E. coli samples producing fuel versus the controls.  The fuel 
producing, un-induced, and wild-type E. coli all have similar stress profiles, 
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whereas the RFP producer has the lowest levels of stress proteins in most 
cases.  Another future application for these methods would be to test E.coli 
strains grown on sugars produced through enzymatic hydrolysis of ionic liquid 
pretreated biomass.  Ionic liquids, such as 1-ethyl-3-methylimidazolium acetate, 
have been shown to be inhibitory to Saccharomyces cerevisiae at concentrations 
of 30-35 mM, and the transformation of monosaccharides into toxic compounds 
is an unavoidable consequence of most deconstruction processes (23).  Since 
different deconstruction and pretreatment methods generate a variety of by-
products and potential inhibitors, these targeted proteomic methods would be a 
fast screen for which resulting sugar mixture would be less toxic for E.coli growth. 
 An important class of proteins that are often not accounted for in shotgun 
proteomics experiments are regulatory proteins, which control almost all cellular 
functions from respiration to carbon utilization.  Regulatory proteins, such as 
transcription factors, are challenging to identify and quantify since they are often 
small and low in abundance (11, 15).  Transcription factors are proteins that bind 
to specific DNA sequences and control transcription, often in combination with 
other protein complexes such as RNA polymerase.  Currently microarrays are 
used to characterize the majority of transcription factor response in during cell-
wide studies; however, with increasing sensitivity on triple quadrupole and 
quadrupole-trap instruments, it may soon be feasible to design a targeted 
proteomics method for many transcription factors in E.coli.  This would be an 
important development since it has been shown that individual transcription 
factors have significantly different protein levels than their corresponding mRNA 
would suggest (11).  There are approximately 175 E.coli transcription factors 
currently identified by experimental evidence according to RegulonDB 7.0, and 
these are listed in Table 6.6 (10).  It is important to note that many of these 
regulators may be post-translationally modified, which would need to be taken 
into account during SRM design and other regulation, such as alloseric changes, 
may not be reflected in protein levels alone. 

Another group of regulatory proteins to consider monitoring are the sigma 
subunits of E.coli, which modulate RNA polymerase activity and binding.  A 
sigma factor is a bacterial transcription initiation protein that enables binding of 
RNA polymerase to specific gene promoters(14).  Each molecule of RNA 
polymerase can contains exactly one sigma factor subunit, which will vary 
depending on the environmental conditions of the bacteria.  There are seven 
main species of sigma factors in E. coli (RpoDEFHNS, FecI) that are involved in 
growth phase, nitrogen, stress, flagella-chemotaxis, and transport regulation(14).  
It should be noted with using such a method that regulatory proteins can be 
quickly degraded, and are tightly controlled so sampling at several time-points 
may be necessary obtain an accurate profile of the cell-wide regulatory network.  
Combined with a shotgun proteomics experiment, this targeted proteomics 
method would provide a very comprehensive picture of cellular behavior under 
specified conditions.  Since targeted proteomics is just beginning to be integrated 
into systems biology and metabolic engineering workflows, it is hoped that by 
developing a faster way to assess toxicity and changes in regulation that 
proteomics will become a more routine part of strain optimization strategies.     
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6.3  Challenges in finding resistant phenotypes to complex stresses 
 Improving the industrial properties of a microorganism has traditionally 
been attempted by strain selection after mutagenesis, or in combination with 
serial adaptation or continuous culturing.  In addition to these traditional 
approaches, several recently developed genomic or global approaches are also 
gaining popularity in the metabolic engineering community.  These techniques, 
such as whole genome shuffling, transcription factor and cDNA libraries, and 
metagenomic strategies have had several positive results, and have been 
thoroughly reviewed elsewhere (1, 21, 26).  Despite some success of these 
newer techniques, the complex relationship between genotype and phenotype 
can lead to difficulties in rationally designing systems, particularly due to 
unforeseen secondary responses in genetic networks (27).  Therefore, traditional 
strain improvement techniques are still employed both academically and 
industrially.     

Several attempts were made to generate butanol or isopentanol resistant 
mutants through chemical mutagenesis (EMS), exposure to UV light, and serial 
adaptation without much success (Rutherford unpublished work).  In addition to 
these attempts, a mutator strain, E. coli DH1 expressing MutD5 on a pBBE1k 
plasmid, was used to try to improve tolerance to high levels of butanol, up to 5% 
v/v.  After growing the mutator strain in increasing concentrations of butanol in 
shake flasks, a tolerant phenotype was observed after 48 hours.  The mutation 
rate was quantified by streaking these aliquots of these cultures onto LB-plates 
supplemented with rifampicin. Resistant cultures were checked for contamination 
by PCR amplification of the 16S ribosomal protein sequence, which is unique to 
each microorganism, but no contamination was observed.  An aliquot of these 
cultures was stored for further analysis.  Upon streaking this aliquot onto a fresh 
agar plate and re-culturing under the same conditions, the resistant phenotype 
was no longer present, either indicating a temporary adaptation or perhaps there 
was not a single most fit mutant present in the culture.  This experiment was 
repeated several times with either a similar result, or no resistant phenotype 
observed.   

Symbiotic relationships between multiple subpopulations in a culture have 
been previously documented, and may occur more often than is currently 
accounted for in the literature.  One of the classic chemostat studies 
documenting these phenomena in E. coli found that a culture grown in glucose-
limiting conditions produced four subpopulations, all with different growth rates, 
glucose transport rates, and excretion of metabolites (12).  Recently a group 
revisited this study and characterized these four strains with transcriptome 
profiling to reveal cross-feeding between these were made possible by mutations 
to impair regulation of acetate and glycerol metabolism, as well as perturbations 
in genes regulated by CRP and CpxP (16).  Another interesting example involves 
the continuous culture of E. coli grown in increasing concentrations of an 
antibiotic, norfloxacin.  It was found that individual clones from this population 
were less antibiotic resistant than the overall population, and this was due to the 
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presents of a subpopulation of highly resistant clones.  These highly resistant 
clones also excreted indole into the media, which signaled to the rest of the 
population to activate efflux pumps, oxidative stress proteins, and other stress 
response systems (18).  Another example of population heterogeneity is 
unpublished work from McKee et al on adaptation of E. coli to increasing levels 
vanillin, an inhibitory compound produced in the pretreatment process by 
degradation of lignin.  Two chemostat cultures of E. coli were grown for 35-days, 
one without addition of vanillin and the other with increasing concentrations of 
this inhibitor.  The level of vanillin was gradually increased to 2.1 g/L, and 
aliquots of cells were stored each day.  It was found that the cells from the final 
day of the stressed chemostat were actually viable and tolerant to vanillin, and 
but many different morphologies were present when these cells were plated.  
However no single strain from this culture was unable to recreate the resistant 
phenotype.  While the above examples are not meant to discourage future work 
using continuous cultures or chemostats, but it is illustrative of a potential 
outcome that may be more complicated to analyze than initially expected.  
 

6.4  Conclusions 
 As more complicated metabolic engineering efforts are undertaken to 
solve problems in the production of specialty chemicals, pharmaceuticals, and 
fuels, proteomics will be able to provide additional information to optimize 
microbial hosts.  There are many examples of systems-wide studies that have 
utilized shotgun proteomics to better characterize a variety of environmental 
conditions.  Results from the proteomics study of n-butanol stress in E. coli, 
along with mRNA profiling, were used to inform the design of a combinatorial 
library of responsive genes.  A combinatorial strategy was chosen to assess 
whether synergistic effects of several candidates could exist, especially since n-
butanol stress targets several different cellular systems.  In addition to shotgun 
studies, targeted proteomics will soon become routinely used as part of the 
metabolic engineer’s toolkit to rapidly identify and quantify levels of important 
functional groups such as heterologous pathway proteins and stress regulons.  
Work highlighted in this chapter describes three targeted proteomics methods for 
heat shock, oxidative stress, and DNA damage, which were successfully able to 
characterize strains grown in these conditions.  Many engineering projects 
focused on production of cellulosic biofuels will encounter toxicity from some 
aspect of the process, and the characterization of stressed strains and the 
development of improved phenotypes will increase in importance.  Although the 
projects described in this chapter are works in progress, it is hoped that the 
results shown here may inspire or guide future research in these areas. 
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6.5  Tables and Figures 

 
Figure 6.1.  n-Butanol Responsive Genes Selected for Combinatorial Library.  A total of 37 n-
butanol responsive genes and proteins were selected for studies to determine if over-expression 
leads to improved tolerance.  Individual candidates were cloned onto medium copy promoters 
under a pLacUV5 promoter for testing.  A 3-bin combinatorial library will be constructed to test 
groups of these genes in both wild type and n-butanol producing E. coli.  The figure above depicts 
the cellular location of the candidates, as well as if they are known to be part of a stress regulon, 
a regulator, part of a transporter, or have unknown function. 
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Figure 6.2.  E. coli DH1 wild-type and single-insert strains were acclimated to M9-MOPs media, 
and aliquots were used to inoculate fresh media.  At an OD of 0.25, 10 uM of IPTG was added, 
and at an OD of 0.4, 0.6% n-butanol was added. Above: Strains grown without stress.  Wild-type 
DH1 is shown in black.  Green represents strains growing better than the control, and red 
represents strains growing poorly.  Below:  Growth of strains after exposure to n-butanol.  The 
OD of the wild type E. coli was 2.3, but is not represented on the graph since only one of the 
three test tubes survived the experiment. 
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Figure 6.3.  E.coli DH1 wild-type and single-insert strains were acclimated to M9-MOPs media, 
and aliquots were used to inoculate fresh media.  At an OD of 0.25, 100 uM of IPTG was added, 
and at an OD of 0.4, 0.8% n-butanol was added. Above: Strains grown without stress.  Wild-type 
DH1 and RFP control are shown in black.  Below:  Growth of strains after exposure to n-butanol.  
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Figure 6.4.  Osmotic Stress Targeted Proteomics Method.  Transitions for each of the osmotic 
stress proteins listed in Table 6.5 were designed using Skyline or from previous shotgun 
proteomics experimental data.  Collision energies were also optimized.  This method currently 
exhibits low signal (<10,000 cps) and poor peak shape.  Some signal was detected for the 
labeled peaks, but these are still too low to be reliably used for quantitation. 
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Figure 6.5.  Heat Shock Targeted Proteomics Method.  Transitions for each of the heat shock 
proteins listed in Table 6.2 were designed using Skyline or from previous shotgun proteomics 
experimental data.  Collision energies were also optimized.  Peaks representing peptide/fragment 
pairs are labeled with their respective protein names, and most show high signal, good peak 
shape, and a diversity of retention times. 
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Figure 6.6.  Oxidative Stress Targeted Proteomics Method.  Transitions for each of the oxidative 
stress proteins listed in Table 6.3 were designed using Skyline or from previous shotgun 
proteomics experimental data.  Collision energies were also optimized.  Peaks representing 
peptide/fragment pairs are labeled with their respective protein names, and most show high 
signal, good peak shape, and a diversity of retention times.  This method was later combined into 
a single 45-minute gradient run. 
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Figure 6.7.  DNA Damage Targeted Proteomics Method.  Transitions for each of the DNA 
damage proteins listed in Table 6.4 were designed using Skyline or from previous shotgun 
proteomics experimental data.  Collision energies were also optimized.  Peaks representing 
peptide/fragment pairs are labeled with their respective protein names, and most show high 
signal, good peak shape, and a diversity of retention times.   
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Figure 6.8.  Response of the Heat Shock Method to Increasing Temperature and Duration of 
Stress Exposure.   E.coli DH1 during exponential growth were exposed to either 42°C or 50 °C 
heat shock for 5, 10, 15 or 20 minutes.  The 50 °C for 15 minute sample showed poor results and 
was not included on the above graph.  There was significant increase in most protein levels in the 
50 °C samples as compared to the 42°C samples, which showed only minimal increases. 
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Figure 6.9.  Response of the Oxidative Stress Method to Increasing Concentration of Hydrogen 
Peroxide and Duration of Stress Exposure.  E.coli DH1 during exponential growth were exposed 
to either 25 or 50 mM hydrogen peroxide for various amounts of time from 10 minutes up to 60 
minutes.  The amount of oxidative stress proteins detected in the control, 25 mM for 10 minutes, 
and 50 mM for 10 minutes samples were very low.  Upon increased time of exposure, the levels 
of protein all increased.  The most significant increases were seen  in the sample exposed to 50 
mM hydrogen peroxide for 20 minutes.   
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Figure 6.10.  Response of the DNA Damage Method to Increasing Concentration of Nalidixic 
Acid and Duration of Exposure.  E.coli DH1 during exponential growth were exposed to either 172 
or 344 uM nalidixic acid for 10, 20 or 30 minutes.  The amount of DNA damage inducible proteins 
detected in the control sample was very low. The highest levels of proteins were observed in the 
172 uM for 30 minute samples, however there were significant levels detected in all stressed 
samples except the 172 uM for 10 minutes sample.  Interestingly, IhfA showed no increase in any 
of the stressed samples, indicating that it should be removed from this method. 
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Figure 6.11.  Testing the Stress Diagnostic Methods on a Fuel Producing Escherichia coli.  E. 
coli DH1 harboring pBMO#52S71 (p15a ori, pTRC promoter) containing the decarboxylase 
pathway was grown in auto-induction media, or M9 minimal media with added chloramphenicol.  
Control strains of E. coli DH1 wild-type or expressing RFP were also grown auto-induction media 
and harvested after 48 hours.  The green bargraphs represent the heat shock protein method.  
The turquoise and blue bargraphs represent the DNA damage and oxidative stress methods, 
respectively.  There was little difference in stress profile between the E.coli producing fuel versus 
the wild-type DH1 or the uninduced grown in M9-minimal media.  The RFP control had the lowest 
levels of stress proteins. 
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Table 6.1.  Primers Used to Amplify n-Butanol Responsive Genes from E.coli 
Genomic DNA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oigo Name Length Tm Tm (3' only) Sequence
B_R00001_(arcA)_pure_forward 25 61.242 61.242 ATGCAGACCCCGCACATTCTTATCG
B_R00003_(arcA)_pure_reverse 27 60.9 60.9 TTAATCTTCCAGATCACCGCAGAAGCG
B_R00005_(asr)_pure_forward 31 60.122 60.122 ATGAAAAAAGTATTAGCTCTGGTTGTTGCCG
B_R00007_(asr)_pure_reverse 21 62.916 62.916 TTACGCTGCGGGTTGTGCAGC

B_R00009_(cpxP_5prime)_pure_forward 21 60.046 60.046 ATGCGCATAGTTACCGCTGCC
B_R00011_(cpxP_5prime)_pure_reverse 24 62.765 62.765 CGCATCTGCTGACGCTGATGTTCG

B_R00012_(cpxP_5prime)_(BglII_silent_mutation)_reverse 40 69.477 62.765 TTTTTTGGTCTCATCACGCATCTGCTGACGCTGATGTTCG
B_R00013_(cpxP_3prime)_pure_forward 23 61.528 61.528 GATCTTATGCAACAGGCCCGGCA

B_R00014_(cpxP_3prime)_forward 38 69.696 61.528 TTTTTTGGTCTCAGTGATCTTATGCAACAGGCCCGGCA
B_R00015_(cpxP_3prime)_pure_reverse 32 60.747 60.747 CTACTGGGAACGTGAGTTGCTACTACTCAATA

B_R00017_(degP)_pure_forward 34 63.097 63.097 ATGAAAAAAACCACATTAGCACTGAGTGCACTGG
B_R00019_(degP)_pure_reverse 31 61.953 61.953 TTACTGCATTAACAGGTAGATGGTGCTGTCG
B_R00021_(evgA)_pure_forward 35 61.186 61.186 ATGAACGCAATAATTATTGATGACCATCCTCTTGC
B_R00023_(evgA)_pure_reverse 29 60.791 60.791 TTAGCCGATTTTGTTACGTTGTGCGAATG

B_R00025_(groEL_5prime)_pure_forward 34 63.941 63.941 ATGGCAGCTAAAGACGTAAAATTCGGTAACGACG
B_R00027_(groEL_5prime)_pure_reverse 26 60.502 60.502 AGGATACCCATGTCGATCATGTTGCC
B_R00029_(groEL_3prime)_pure_forward 31 62.884 62.884 GATCCAACCAAAGTAACTCGTTCTGCTCTGC
B_R00031_(groEL_3prime)_pure_reverse 24 63.774 63.774 TTACATCATGCCGCCCATGCCACC

B_R00033_(groS)_pure_forward 34 64.145 64.145 ATGAATATTCGTCCATTGCATGATCGCGTGATCG
B_R00035_(groS)_pure_reverse 28 60.569 60.569 TTACGCTTCAACAATTGCCAGAATGTCG

B_R00037_(manX)_pure_forward 29 59.333 59.333 GTGACCATTGCTATTGTTATAGGCACACA
B_R00039_(manX)_pure_reverse 35 58.846 58.846 TTACTTATCGATTTTGCTGATCAGATCCATCATTT

B_R00041_(manY_5prime)_pure_forward 31 60.725 60.725 ATGGAGATTACCACTCTTCAAATTGTGCTGG
B_R00043_(manY_5prime)_pure_reverse 25 61.362 61.362 ATCCAGGAAATCGCTGTCAGGTTGC

B_R00044_(manY_5prime)_(BamHI_silent_mutation)_reverse 41 68.316 61.362 TTTTTTGGTCTCATGAATCCAGGAAATCGCTGTCAGGTTGC
B_R00045_(manY_3prime)_pure_forward 26 60.545 60.545 CACGTTTCTTCTCTGTTCCTGCAAGC

B_R00046_(manY_3prime)_forward 41 67.156 60.545 TTTTTTGGTCTCATTCACGTTTCTTCTCTGTTCCTGCAAGC
B_R00047_(manY_3prime)_pure_reverse 32 60.036 60.036 TTAGTCCAGTTCGTTATCGAGATCGTTGTTAC

B_R00049_(manZ)_pure_forward 33 61.447 61.447 GTGAGCGAAATGGTTGATACAACTCAAACTACC
B_R00051_(manZ)_pure_reverse 24 65.388 65.388 TTACAGTCCCAGCAGGCCGCAAGC
B_R00053_(marA)_pure_forward 23 59.451 59.451 ATGTCCAGACGCAATACTGACGC
B_R00055_(marA)_pure_reverse 36 59.105 59.105 CTAGCTGTTGTAATGATTTAATGGATGTAAAAAGCG

B_R00057_(oppA_5prime)_pure_forward 32 60.302 60.302 ATGACCAACATCACCAAGAGAAGTTTAGTAGC
B_R00059_(oppA_5prime)_pure_reverse 26 60.55 60.55 CGGCTGATATTAGACTCCGGAACACC

B_R00060_(oppA_5prime)_(BsaI_silent_mutation)_reverse 42 68.263 60.55 TTTTTTGGTCTCATCACGGCTGATATTAGACTCCGGAACACC
B_R00061_(oppA_3prime)_pure_forward 27 61.425 61.425 GACCTGTTTGAAGGCTTACTGGTCAGC

B_R00062_(oppA_3prime)_forward 42 68.877 61.425 TTTTTTGGTCTCAGTGACCTGTTTGAAGGCTTACTGGTCAGC
B_R00063_(oppA_3prime)_pure_reverse 35 60.988 60.988 TTAGTGCTTCACAATGTACATATTCCGGGTATAGG

B_R00065_(rpoE)_pure_forward 24 60.931 60.931 ATGAGCGAGCAGTTAACGGACCAG
B_R00067_(rpoE)_pure_reverse 26 60.988 60.988 TCAACGCCTGATAAGCGGTTGAACTT

B_R00069_(sodB_5prime)_pure_forward 32 60.702 60.702 ATGTCATTCGAATTACCTGCACTACCATATGC
B_R00071_(sodB_5prime)_pure_reverse 19 61.295 61.295 TCCCAGTTCACCAGCGCCC

B_R00073_(sodC)_pure_forward 30 61.203 61.203 ATGAAACGTTTTAGTCTGGCTATTCTGGCG
B_R00075_(sodC)_pure_reverse 33 62.022 62.022 TTACTTAATTACACCACAGGCATAGCGTTCACC
B_R00077_(soxS)_pure_forward 36 61.132 61.132 ATGTCCCATCAGAAAATTATTCAGGATCTTATCGCA
B_R00079_(soxS)_pure_reverse 27 66.093 66.093 TTACAGGCGGTGGCGATAATCGCTGGG
B_R00081_(spy)_pure_forward 26 56.525 56.525 ATGCGTAAATTAACTGCACTGTTTGT
B_R00083_(spy)_pure_reverse 26 56.852 56.852 TTATTCAGCAGTTGCAGGCATTTTAC

B_R00085_(yqhD)_pure_forward 30 61.459 61.459 ATGAACAACTTTAATCTGCACACCCCAACC
B_R00087_(yqhD)_pure_reverse 24 60.693 60.693 TTAGCGGGCGGCTTCGTATATACG

B_R00089_(pBbE1k)_pure_forward 27 59.265 59.265 GGATCCAAACTCGAGTAAGGATCTCCA
B_R00090_(pBbE1k)_forward 40 66.775 59.265 TTTTTTGGTCTCAGGATCCAAACTCGAGTAAGGATCTCCA

B_R00091_(pBbE1k)_pure_reverse 36 55.492 55.492 ATGTATATCTCCTTCTTAAAAGATCTTTTGAATTCT
B_R00092_(pBbE1k)_reverse 49 62.412 55.492 TTTTTTGGTCTCAATGTATATCTCCTTCTTAAAAGATCTTTTGAATTCT

B_R00093_(arcA)_forward 42 67.86 61.242 TTTTTTGGTCTCAACATATGCAGACCCCGCACATTCTTATCG
B_R00094_(arcA)_reverse 44 68.459 60.9 TTTTTTGGTCTCAATCCTTAATCTTCCAGATCACCGCAGAAGCG
B_R00095_(asr)_forward 48 66.477 60.122 TTTTTTGGTCTCAACATATGAAAAAAGTATTAGCTCTGGTTGTTGCCG
B_R00096_(asr)_reverse 38 70.377 62.916 TTTTTTGGTCTCAATCCTTACGCTGCGGGTTGTGCAGC

B_R00097_(cpxP_5prime)_forward 38 67.552 60.046 TTTTTTGGTCTCAACATATGCGCATAGTTACCGCTGCC
B_R00098_(cpxP_3prime)_reverse 49 68.665 60.747 TTTTTTGGTCTCAATCCCTACTGGGAACGTGAGTTGCTACTACTCAATA

B_R00099_(degP)_forward 51 68.284 63.097 TTTTTTGGTCTCAACATATGAAAAAAACCACATTAGCACTGAGTGCACTGG
B_R00100_(degP)_reverse 48 68.728 61.953 TTTTTTGGTCTCAATCCTTACTGCATTAACAGGTAGATGGTGCTGTCG
B_R00101_(evgA)_forward 52 66.89 61.186 TTTTTTGGTCTCAACATATGAACGCAATAATTATTGATGACCATCCTCTTGC
B_R00102_(evgA)_reverse 46 67.854 60.791 TTTTTTGGTCTCAATCCTTAGCCGATTTTGTTACGTTGTGCGAATG

B_R00103_(groEL_5prime)_forward 51 68.584 63.941 TTTTTTGGTCTCAACATATGGCAGCTAAAGACGTAAAATTCGGTAACGACG
B_R00104_(groEL_5prime)_(BamHI_silent_mutation)_reverse 42 67.244 60.502 TTTTTTGGTCTCATCTAGGATACCCATGTCGATCATGTTGCC

B_R00105_(groEL_3prime)_forward 46 67.987 62.884 TTTTTTGGTCTCATAGATCCAACCAAAGTAACTCGTTCTGCTCTGC
B_R00106_(groEL_3prime)_reverse 41 70.856 63.774 TTTTTTGGTCTCAATCCTTACATCATGCCGCCCATGCCACC

B_R00107_(groS)_forward 51 68.727 64.145 TTTTTTGGTCTCAACATATGAATATTCGTCCATTGCATGATCGCGTGATCG
B_R00108_(groS)_reverse 45 67.953 60.569 TTTTTTGGTCTCAATCCTTACGCTTCAACAATTGCCAGAATGTCG

B_R00109_(manX)_forward 46 67.3 59.333 TTTTTTGGTCTCAACATGTGACCATTGCTATTGTTATAGGCACACA
B_R00110_(manX)_reverse 52 66.335 58.846 TTTTTTGGTCTCAATCCTTACTTATCGATTTTGCTGATCAGATCCATCATTT

B_R00111_(manY_5prime)_forward 48 67.081 60.725 TTTTTTGGTCTCAACATATGGAGATTACCACTCTTCAAATTGTGCTGG
B_R00112_(manY_3prime)_reverse 49 67.131 60.036 TTTTTTGGTCTCAATCCTTAGTCCAGTTCGTTATCGAGATCGTTGTTAC

B_R00113_(manZ)_forward 50 68 61.447 TTTTTTGGTCTCAACATGTGAGCGAAATGGTTGATACAACTCAAACTACC
B_R00114_(manZ)_reverse 41 71.762 65.388 TTTTTTGGTCTCAATCCTTACAGTCCCAGCAGGCCGCAAGC
B_R00115_(marA)_forward 40 66.87 59.451 TTTTTTGGTCTCAACATATGTCCAGACGCAATACTGACGC
B_R00116_(marA)_reverse 53 66.78 59.105 TTTTTTGGTCTCAATCCCTAGCTGTTGTAATGATTTAATGGATGTAAAAAGCG

B_R00117_(oppA_5prime)_forward 49 66.641 60.302 TTTTTTGGTCTCAACATATGACCAACATCACCAAGAGAAGTTTAGTAGC
B_R00118_(oppA_3prime)_reverse 52 67.822 60.988 TTTTTTGGTCTCAATCCTTAGTGCTTCACAATGTACATATTCCGGGTATAGG

B_R00119_(rpoE)_forward 41 67.725 60.931 TTTTTTGGTCTCAACATATGAGCGAGCAGTTAACGGACCAG
B_R00120_(rpoE)_reverse 43 68.753 60.988 TTTTTTGGTCTCAATCCTCAACGCCTGATAAGCGGTTGAACTT

B_R00121_(sodA)_pure_forward 25 61.792 61.792 ATGAGCTATACCCTGCCATCCCTGC
B_R00122_(sodA)_forward 42 68.587 61.792 TTTTTTGGTCTCAACATATGAGCTATACCCTGCCATCCCTGC

B_R00123_(sodA)_pure_reverse 25 60.338 60.338 TTATTTTTTCGCCGCAAAACGTGCC
B_R00124_(sodA)_reverse 42 68.077 60.338 TTTTTTGGTCTCAATCCTTATTTTTTCGCCGCAAAACGTGCC

B_R00125_(sodB_5prime)_forward 49 66.82 60.702 TTTTTTGGTCTCAACATATGTCATTCGAATTACCTGCACTACCATATGC
B_R00126_(sodB_5prime)_(EcoRI_silent_mutation)_(sodB_3prime)_reverse 64 75.469 61.295 TTTTTTGGTCTCAATCCTTATGCAGCGAGATTTTTCGCTACGAACTCCCAGTTCACCAGCGCCC

B_R00127_(sodC)_forward 47 67.228 61.203 TTTTTTGGTCTCAACATATGAAACGTTTTAGTCTGGCTATTCTGGCG
B_R00128_(sodC)_reverse 50 68.592 62.022 TTTTTTGGTCTCAATCCTTACTTAATTACACCACAGGCATAGCGTTCACC
B_R00129_(soxS)_forward 53 67.006 61.132 TTTTTTGGTCTCAACATATGTCCCATCAGAAAATTATTCAGGATCTTATCGCA
B_R00130_(soxS)_reverse 44 71.806 66.093 TTTTTTGGTCTCAATCCTTACAGGCGGTGGCGATAATCGCTGGG
B_R00131_(spy)_forward 43 64.779 56.525 TTTTTTGGTCTCAACATATGCGTAAATTAACTGCACTGTTTGT
B_R00132_(spy)_reverse 43 66.108 56.852 TTTTTTGGTCTCAATCCTTATTCAGCAGTTGCAGGCATTTTAC

B_R00133_(yqhD)_forward 47 67.642 61.459 TTTTTTGGTCTCAACATATGAACAACTTTAATCTGCACACCCCAACC
B_R00134_(yqhD)_reverse 41 68.595 60.693 TTTTTTGGTCTCAATCCTTAGCGGGCGGCTTCGTATATACG

B_R00135_(pBbE1k_vector_backbone)_pure_forward 28 59.813 59.813 GGATCCAAACTCGAGTAAGGATCTCCAG
B_R00136_(pBbE1k_vector_backbone)_forward 41 66.865 59.813 TTTTTTGGTCTCAGGATCCAAACTCGAGTAAGGATCTCCAG

B_R00137_(pBbE1k_vector_backbone)_pure_reverse 35 54.742 54.742 ATGTATATCTCCTTCTTAAAAGATCTTTTGAATTC
B_R00138_(pBbE1k_vector_backbone)_reverse 48 61.796 54.742 TTTTTTGGTCTCAATGTATATCTCCTTCTTAAAAGATCTTTTGAATTC

B_R00139_(ytfK)_pure_forward 26 56.717 56.717 ATGAAAATTTTCCAACGGTACAACCC
B_R00140_(ytfK)_forward 43 65.017 56.717 TTTTTTGGTCTCAACATATGAAAATTTTCCAACGGTACAACCC

B_R00141_(ytfK)_pure_reverse 25 59.893 59.893 TTAAGCCATCTCTGTTTGCAGACGC
B_R00142_(ytfK)_reverse 42 68.081 59.893 TTTTTTGGTCTCAATCCTTAAGCCATCTCTGTTTGCAGACGC

B_R00143_(aldB)_pure_forward 35 64.313 64.313 ATGACCAATAATCCCCCTTCAGCACAGATTAAGCC
B_R00144_(aldB)_forward 52 69.352 64.313 TTTTTTGGTCTCAACATATGACCAATAATCCCCCTTCAGCACAGATTAAGCC

B_R00145_(aldB)_pure_reverse 25 60.801 60.801 TCAGAACAGCCCCAACGGTTTATCC
B_R00146_(aldB)_reverse 42 68.949 60.801 TTTTTTGGTCTCAATCCTCAGAACAGCCCCAACGGTTTATCC

B_R00147_(lamB)_pure_forward 31 62.188 62.188 ATGATGATTACTCTGCGCAAACTTCCTCTGG
B_R00148_(lamB)_forward 48 67.922 62.188 TTTTTTGGTCTCAACATATGATGATTACTCTGCGCAAACTTCCTCTGG

B_R00149_(lamB)_pure_reverse 27 62.153 62.153 TTACCACCAGATTTCCATCTGGGCACC
B_R00150_(lamB)_reverse 44 69.693 62.153 TTTTTTGGTCTCAATCCTTACCACCAGATTTCCATCTGGGCACC

B_R00151_(malE)_pure_forward 32 63.762 63.762 ATGAAAATAAAAACAGGTGCACGCATCCTCGC
B_R00152_(malE)_forward 49 68.704 63.762 TTTTTTGGTCTCAACATATGAAAATAAAAACAGGTGCACGCATCCTCGC

B_R00153_(malE)_pure_reverse 34 65.854 65.854 TTACTTGGTGATACGAGTCTGCGCGTCTTTCAGG
B_R00154_(malE)_reverse 51 70.952 65.854 TTTTTTGGTCTCAATCCTTACTTGGTGATACGAGTCTGCGCGTCTTTCAGG

B_R00155_(raiA)_pure_forward 31 59.109 59.109 ATGACAATGAACATTACCAGCAAACAAATGG
B_R00156_(raiA)_forward 48 65.871 59.109 TTTTTTGGTCTCAACATATGACAATGAACATTACCAGCAAACAAATGG

B_R00157_(raiA)_pure_reverse 25 55.402 55.402 CTACTCTTCTTCAACTTCTTCGACG
B_R00158_(raiA)_reverse 42 65.964 55.402 TTTTTTGGTCTCAATCCCTACTCTTCTTCAACTTCTTCGACG

B_R00159_(rbsB)_pure_forward 34 64.04 64.04 ATGAACATGAAAAAACTGGCTACCCTGGTTTCCG
B_R00160_(rbsB)_forward 51 69.031 64.04 TTTTTTGGTCTCAACATATGAACATGAAAAAACTGGCTACCCTGGTTTCCG

B_R00161_(rbsB)_pure_reverse 32 61.268 61.268 CTACTGCTTAACAACCAGTTTCAGATCAACCG
B_R00162_(rbsB)_reverse 49 68.807 61.268 TTTTTTGGTCTCAATCCCTACTGCTTAACAACCAGTTTCAGATCAACCG

B_R00163_(yecD)_pure_forward 29 58.848 58.848 ATGCTTGAACTTAATGCTAAAACCACTGC
B_R00164_(yecD)_forward 46 65.863 58.848 TTTTTTGGTCTCAACATATGCTTGAACTTAATGCTAAAACCACTGC

B_R00165_(yecD)_pure_reverse 25 58.539 58.539 TCATAACGCGTTGAGGATCTCTTCC
B_R00166_(yecD)_reverse 42 67.307 58.539 TTTTTTGGTCTCAATCCTCATAACGCGTTGAGGATCTCTTCC

B_R00167_(ygaP)_pure_forward 24 60.872 60.872 ATGGCTTTGACAACCATTTCGCCG
B_R00168_(ygaP)_forward 41 67.671 60.872 TTTTTTGGTCTCAACATATGGCTTTGACAACCATTTCGCCG

B_R00169_(ygaP)_pure_reverse 25 63.468 63.468 TCAAGCTCGTTGGTTCCACGGCATC
B_R00170_(ygaP)_reverse 42 70.311 63.468 TTTTTTGGTCTCAATCCTCAAGCTCGTTGGTTCCACGGCATC

B_R00171_(yhbW)_pure_forward 29 60.121 60.121 ATGACTGATAAAACCATTGCGTTTTCGCT
B_R00172_(yhbW)_forward 46 66.67 60.121 TTTTTTGGTCTCAACATATGACTGATAAAACCATTGCGTTTTCGCT

B_R00173_(yhbW)_pure_reverse 29 58.171 58.171 CTATCCCAACAACTCTTCCTTAACATCCA
B_R00174_(yhbW)_reverse 46 67.64 58.171 TTTTTTGGTCTCAATCCCTATCCCAACAACTCTTCCTTAACATCCA

B_R00175_(ymfE)_pure_forward 24 55.432 55.432 GTGAATAATATGTTCGAACCCCCC
B_R00176_(ymfE)_forward 41 65.713 55.432 TTTTTTGGTCTCAACATGTGAATAATATGTTCGAACCCCCC

B_R00177_(ymfE)_pure_reverse 22 42.848 42.848 TCAATTAATGTTATTTTTAGTG
B_R00178_(ymfE)_reverse 39 58.773 42.848 TTTTTTGGTCTCAATCCTCAATTAATGTTATTTTTAGTG
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Table 6.2.  Proteins in the Heat Shock Targeted Proteomics Method  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein Name Transition Collision Energy
ClpB 647.4 / 457.4 29

643.9 / 771.4 29
ClpX 574.8 / 718.4 29

574.8 / 492.3 29
DnaK 814.4 / 617.3 35

814.4 / 518.3 29
643.9 / 616.4 38
643.9 / 745.5 30
799.9 / 554.4 30
799.9 / 440.3 30
769.9 / 893.5 30

FkpA 769.9 / 893.5 30
GapA 581.3 / 736.3 27

581.3 / 920.5 27
701.4 / 441.2 35

GroEL 461.3 / 559.4 27
461.3 / 687.4 27
923.5 / 514.3 30
493.3 / 616.4 30
493.3 / 829.5 30

GroS 601.8 / 504.3 31
748.4 / 899.4 35

485.6 / 1099.6 30
GrpE 822.5 / 914.5 38
HflB 926.0 / 1002.5 41

HtpG 655.9 / 515.3 30
795.4 / 844.5 30

IbpB 562.8 / 655.4 31
Lon 427.6 / 484.3 27

711.8 / 817.4 30
711.8 / 946.5 30

RpoS 709.9 / 802.4 29
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Table 6.3.  Proteins in the Oxidative Stress Targeted Proteomics Method 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein Name Q1 Q3 Collision Energy
AhpC 683.3 715.4 40

683.3 887.5 31
750.4 828.5 31
750.4 899.5 31

ArcA 618.8 777.4 30
618.8 720.4 30
618.8 1004.6 30

Dps 645.0 618.4 30
645.0 505.3 30
743.4 607.3 30
510.8 673.4 30
510.8 574.3 30

FhuF 572.8 858.4 29
572.8 761.4 29

FldA 472.2 718.4 27
FumC 576.8 685.4 29

Fur 724.4 993.5 30
724.4 846.5 30
690.8 892.5 30

GorA 760.4 1045.6 29
760.4 932.5 29

GrxB 898.5 498.4 31
649.8 602.3 30
649.8 749.4 30
550.8 732.4 30
550.8 845.4 30

GrxC 406.7 470.3 30
IscS 705.4 848.5 31

705.4 747.4 31
634.8 272.2 30
513.8 703.4 30
513.8 457.3 30

KatE 726.9 890.5 30
726.9 1018.5 30
476.2 737.4 30
476.2 630.3 30

KatG 851.9 1160.6 40
497.2 535.3 30

MsrA 801.9 1168.6 37
PolA 633.8 952.5 30
RecA 542.8 687.4 30

542.8 758.4 30
RibA 778.4 871.5 37

672.8 1019.5 34
672.8 776.4 34

Rob 597.8 619.4 33
SodA 853.9 632.3 30

853.9 658.3 30
853.9 932.5 30

SoxR 461.8 809.5 27
461.8 571.4 25

TolC 441.9 754.5 30
441.9 558.4 30

TrxA 634.3 570.3 30
634.3 927.5 30
578.0 690.4 30
578.0 837.5 30

TrxC 768.4 1106.5 25
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Table 6.4.  Proteins in the DNA Damage Targeted Proteomics Method  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Protein Name Transition Collision Energy
Eda 679.4 / 790.4 31

679.4 / 384.2 31
DinA 501.7 / 687.3 33

501.7 / 573.3 27
599.3 / 694.4 27

DinP 574.8 / 691.4 27
574.8 / 343.2 33

DinF 916.5 / 1164.6 27
DnaA 638.8 / 736.4 33

522.3 / 831.5 27
DnaN 581.7 / 869.5 31
IhfA 494.3 / 503.3 27

536.8 / 557.3 27
LexA 548.3 / 797.4 27
MutD 656.4 /786.4 33

837.4 / 387.2 27
PcsA 491.8 / 585.4 27

583.3 / 609.3 33
RadB 553.3 / 905.5 33

553.3 / 792.5 27
RuvB 748.9 / 988.5 33
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Table 6.5.  Proteins in the Osmotic Stress Targeted Proteomics Method  

Protein Name Membrane Bound?
EnvZ Y
KdpC Y
KdpE N
KefB Y
MscL Y

OmpR N
OsmC N
OsmE N
OsmY N
OtsA N
ProP Y
TreC N
TrkG Y
TrkH Y
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Table 6.6.  Escherichia coli Transcription Factors With Experimental Evidence 
For Regulation 
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Appendix A: Shotgun Proteomics Data Sets 
"

A1.  Ethanol Stress iTRAQ Proteomics. 
E. coli Dh10b was exposed to 4% (v/v) ethanol and harvested after two and four 
hours of stress exposure.  Samples were iTRAQ labeled, fractionated with HPLC, 
and analyzed on a Q-Star Pulsar ESI-Q-TOF.  Spectra were analyzed with 
Protein Pilot (AB Sciex), and only proteins identified with two 95% confidence 
peptides are shown below. 
 

ProtScore Accession Name 
Stress T2 
Log(115/116) 

Stress T4 
Log(117/116) 

64.07 gi|16131810 
protein chain elongation factor EF-
Tu (duplicate of tufA)  -0.14191599 -0.2099003 

62.3 gi|16131968 chaperonin GroEL  0.715050697 0.663266372 

58.68 gi|90111643 
tryptophanase/L-cysteine 
desulfhydrase, PLP-dependent  0.285970245 0.293634708 

56.07 gi|16131818 
DNA-directed RNA polymerase 
subunit beta'  -0.329025481 -0.466006107 

54.13 gi|16128008 molecular chaperone DnaK  0.942971063 0.767473716 

53.58 gi|16131817 
DNA-directed RNA polymerase 
subunit beta  -0.214815711 -0.314821701 

52.55 gi|16131219 elongation factor EF-2  -0.230259516 -0.3296288 

48.7 gi|16128107 
pyruvate dehydrogenase subunit 
E1  0.539109565 0.358257779 

47.82 gi|16131602 F0F1 ATP synthase subunit alpha  -0.134825862 -0.084684299 
46.92 gi|16128111 aconitate hydratase  -0.377189276 0.110760971 

46.7 gi|16129733 
glyceraldehyde-3-phosphate 
dehydrogenase  0.358833408 0.387065404 

45.81 gi|16131841 isocitrate lyase  -0.657994904 0.588062745 

45.61 gi|16129202 

fused acetaldehyde-CoA 
dehydrogenase/iron-dependent 
alcohol dehydrogenase/pyruvate-
formate lyase deactivase  0.307298051 0.331771401 

45.21 gi|16128421 trigger factor  -0.133440504 -0.244065457 
39.75 gi|16131600 F0F1 ATP synthase subunit beta  -0.10625563 -0.087744247 
39.06 gi|16130513 protein disaggregation chaperone  1.252200652 1.199849624 
36.16 gi|16128878 30S ribosomal protein S1  -0.272368464 -0.317401537 

36.13 gi|16129376 
aldehyde dehydrogenase A, NAD-
linked  -0.540919228 0.346843839 

35.13 gi|16128703 
succinyl-CoA synthetase subunit 
beta  -0.622727978 -0.096444646 

35.13 gi|16130827 phosphoglycerate kinase  0.076579668 0.19428281 
34.7 gi|16131126 malate dehydrogenase  -0.487595572 -0.214579265 

34.35 gi|16128980 

fused DNA-binding transcriptional 
regulator/proline 
dehydrogenase/pyrroline-5-
carboxylate dehydrogenase  -0.771016668 -0.041867885 

33.77 gi|16128108 dihydrolipoamide acetyltransferase  0.564390199 0.370565236 
33.05 gi|16131999 adenylosuccinate synthetase  0.699149832 0.690237581 
31.75 gi|16130686 phosphopyruvate hydratase  -0.065229204 -0.017691376 
31.66 gi|16128109 dihydrolipoamide dehydrogenase  0.105462405 0.165113199 
31.56 gi|16131764 glycerol kinase  1.22164069 1.171054952 
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30.39 gi|16128163 elongation factor Ts  -0.181466258 -0.388619728 
29.56 gi|16129632 pyruvate kinase  0.127867501 0.202224569 
29.54 gi|16131840 malate synthase  -0.546395198 0.7103019 

29.23 gi|16130340 
cysteine synthase A, O-acetylserine 
sulfhydrolase A subunit  0.876219202 0.970541571 

27.68 gi|16131182 30S ribosomal protein S5  -0.392971269 -0.574759017 
27.07 gi|16128870 pyruvate formate lyase I  0.690611944 0.521941337 
26.48 gi|49176206 NADH dehydrogenase subunit G  0.042920475 0.225933452 
26.19 gi|16128002 transaldolase B  0.486749518 0.405762385 

26.05 gi|16128154 
serine endoprotease (protease Do), 
membrane-associated  0.226110993 0.542218508 

25.88 gi|16128638 
glutamate and aspartate transporter 
subunit  -0.008578885 0.296253122 

25.52 gi|16130388 malic enzyme  -0.471947109 -0.22569715 

25.34 gi|16128698 
succinate dehydrogenase 
flavoprotein subunit  -0.989210331 -0.420392488 

25.24 gi|16130826 fructose-bisphosphate aldolase  0.283001284 0.509661113 
24.81 gi|16131198 50S ribosomal protein L4  -0.330661445 -0.501455657 
24.75 gi|16130476 serine hydroxymethyltransferase  0.326897823 0.347353324 

24.67 gi|16129970 
6-phosphogluconate 
dehydrogenase  0.294355738 0.340006484 

24.17 gi|16131061 transcription elongation factor NusA  -0.326965864 -0.313331119 
24.16 gi|16130805 glycine dehydrogenase  -0.036393238 0.018405439 
24.14 gi|16129807 pyruvate kinase  0.442245439 0.574491145 
23.87 gi|16129099 isocitrate dehydrogenase  -0.575053457 -0.096498786 
23.63 gi|16128457 heat shock protein 90  0.62487854 0.444834444 
23.62 gi|16130232 phosphate acetyltransferase  0.349430693 0.335706735 
23.42 gi|16128701 alpha-ketoglutarate decarboxylase  -0.485062431 -0.111206493 
23.28 gi|16131780 catalase/hydroperoxidase HPI(I)  0.137069425 0.285238423 

23.24 gi|16128704 
succinyl-CoA synthetase subunit 
alpha  -0.481815692 -0.056499116 

23.11 gi|16128588 
alkyl hydroperoxide reductase, C22 
subunit  0.349351608 0.42755153 

23.05 gi|16131199 50S ribosomal protein L3  -0.259937215 -0.484887111 
22.38 gi|16130792 lysine tRNA synthetase, constitutive  -0.148566661 -0.058556794 
22.37 gi|16131184 50S ribosomal protein L6  -0.287318029 -0.424878291 
22.21 gi|16128625 leucyl-tRNA synthetase  -0.061039154 -0.096295051 

22.1 gi|16132208 

fused predicted transporter subunits 
of ABC superfamily: ATP-binding 
components  -0.010244675 -0.031731533 

21.98 gi|16131815 50S ribosomal protein L10  -0.268251112 -0.37319317 
21.96 gi|49176235 cysteine desulfurase  0.217527033 0.316793139 

21.51 gi|49176320 
polynucleotide 
phosphorylase/polyadenylase  -0.314289598 -0.353154446 

21.13 gi|16131175 30S ribosomal protein S4  -0.293585312 -0.454185668 
20.98 gi|16131189 50S ribosomal protein L14  -0.409366407 -0.681782031 
20.96 gi|16131814 50S ribosomal protein L1  -0.163277343 -0.393712903 

20.86 gi|16129570 
fumarate hydratase (fumarase A), 
aerobic Class I  -0.490489649 -0.113927078 

20.6 gi|16128020 isoleucyl-tRNA synthetase  0.030742612 -0.13079387 
20.24 gi|90111690 aspartate ammonia-lyase  0.355890574 0.29427767 

20.21 gi|16129771 

fused mannose-specific PTS 
enzymes: IIA component/IIB 
component  0.763876482 0.68354345 

20.04 gi|16128088 cell division protein FtsZ  -0.017406286 -0.003157237 

20 gi|16131430 
glycyl-tRNA synthetase subunit 
beta  -0.04215591 -0.015553866 

19.48 gi|16132025 50S ribosomal protein L9  -0.371884393 -0.623902427 
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19.13 gi|16131639 transcription termination factor Rho  -0.227098925 -0.343329588 
19.12 gi|16131220 30S ribosomal protein S7  -0.389154934 -0.636186651 
19.08 gi|90111385 fructose-bisphosphate aldolase  0.272454361 0.604099364 
19.05 gi|16129027 glutaredoxin 2 (Grx2)  0.291468833 0.85248013 

19.02 gi|16131280 
phosphoenolpyruvate 
carboxykinase  0.030089506 0.078984284 

18.58 gi|16129198 
global DNA-binding transcriptional 
dual regulator H-NS  -0.201192193 -0.273087058 

18.49 gi|16131196 50S ribosomal protein L2  -0.31070072 -0.481906287 

18.33 gi|16131174 
DNA-directed RNA polymerase 
subunit alpha  -0.20640651 -0.306931433 

18.29 gi|16128702 dihydrolipoamide acetyltransferase  -0.408780801 -0.150414562 
18.28 gi|16129237 aconitate hydratase  -0.455832163 0.327725577 

18.27 gi|16130088 
methyl-galactoside transporter 
subunit  -0.437978663 -0.414280056 

18.17 gi|16130221 
NADH:ubiquinone oxidoreductase, 
chain C,D  -0.008835133 0.146450901 

18.04 gi|16130800 putative global regulator  0.695864075 0.977744156 
18 gi|16131620 ribokinase  -0.077911174 -0.125023249 
18 gi|16130687 CTP synthetase  -0.176977685 -0.348777809 

17.73 gi|90111564 

cell wall structural complex 
MreBCD, actin-like component 
MreB  -0.581543735 -0.454017065 

17.69 gi|16131187 50S ribosomal protein L5  -0.332245577 -0.482982411 
17.37 gi|16131193 30S ribosomal protein S3  -0.245277183 -0.371630393 

17.36 gi|16128254 
CP4-6 prophage; predicted 
dehydratase  -0.154295684 0.017898317 

17.3 gi|16131619 D-ribose transporter subunit  0.977538453 1.144248169 

17.25 gi|16131830 
HU, DNA-binding transcriptional 
regulator, alpha subunit  0.185731904 -0.096171905 

17.19 gi|16130342 
PEP-protein phosphotransferase of 
PTS system (enzyme I)  -0.200108935 -0.108049138 

17.15 gi|16128860 seryl-tRNA synthetase  -0.12494115 -0.127499646 

17 gi|16130909 
alcohol dehydrogenase, NAD(P)-
dependent  2.007216498 2.165350999 

16.81 gi|16128424 
DNA-binding ATP-dependent 
protease La  0.243959528 0.095454432 

16.55 gi|16131180 50S ribosomal protein L15  -0.231634823 -0.388918204 
16.52 gi|16128165 ribosome releasing factor  0.070939265 -0.110632889 

16.41 gi|90111614 
2-ketoaldonate reductase/glyoxylate 
reductase B  0.629055925 0.869323038 

16.17 gi|16128897 asparaginyl-tRNA synthetase  0.375120372 0.242726715 
16.16 gi|16131416 dipeptide transporter  -0.893390922 -0.636208384 

16.12 gi|16128895 
aspartate aminotransferase, PLP-
dependent  0.68562468 0.69704067 

16.07 gi|16128780 
DNA protection during starvation 
conditions  0.207799729 0.565883268 

16.03 gi|16129249 
enoyl-(acyl carrier protein) 
reductase  0.342323095 0.457665449 

15.81 gi|16131226 
FKBP-type peptidyl-prolyl cis-trans 
isomerase (rotamase)  0.10030953 0.062916116 

15.68 gi|16128253 
CP4-6 prophage; predicted 
lyase/synthase  0.31130774 0.43666264 

15.66 gi|16128223 
aminoacyl-histidine dipeptidase 
(peptidase D)  0.756078366 0.460558116 

15.66 gi|16131185 30S ribosomal protein S8  -0.491658377 -0.654464106 
15.54 gi|16128187 prolyl-tRNA synthetase  0.329849077 0.035552106 
15.47 gi|16128162 30S ribosomal protein S2  -0.342486104 -0.417215222 

15.4 gi|16128159 
2,3,4,5-tetrahydropyridine-2-
carboxylate N-succinyltransferase  0.422908082 0.531192826 

15.35 gi|90111453 aminopeptidase B  0.244803621 0.370494458 
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15.07 gi|16129669 
phenylalanyl-tRNA synthetase beta 
subunit  -0.175128047 -0.322926472 

14.97 gi|16131895 acetyl-coenzyme A synthetase  -0.97592647 -0.139573872 

14.71 gi|16131769 
ATP-dependent protease ATP-
binding subunit  0.553488484 0.303601379 

14.42 gi|16132194 periplasmic protein  -0.778937791 0.289511286 

14.34 gi|16128178 
acetyl-CoA carboxylase subunit 
alpha  -0.162326208 -0.116080386 

14.29 gi|49176286 transketolase 1, thiamin-binding  0.248467204 0.255588068 
14.18 gi|16131173 50S ribosomal protein L17  -0.348253776 -0.576735125 
14.17 gi|16131754 6-phosphofructokinase  -0.062374173 -0.048199681 
14.11 gi|16128458 adenylate kinase  0.186150227 -0.193439919 

14.1 gi|16128924 
outer membrane protein A 
(3a;II*;G;d)  0.660465281 0.236139626 

14.08 gi|16129170 
ribose-phosphate 
pyrophosphokinase  0.039773283 -0.061487404 

14.01 gi|16128855 
thioredoxin reductase, 
FAD/NAD(P)-binding  0.545318851 0.486030064 

14 gi|16131812 
transcription antitermination protein 
NusG  -0.35562111 -0.382135216 

13.98 gi|16131120 30S ribosomal protein S9  -0.453498677 -0.618054519 

13.96 gi|16130807 
glycine cleavage system 
aminomethyltransferase T  -0.186661992 -0.083449162 

13.83 gi|16129452 
glutamate decarboxylase B, PLP-
dependent  -0.051184538 -0.292567487 

13.77 gi|16131144 acetyl-CoA carboxylase  -0.338823505 -0.420711316 

13.54 gi|16131617 

fused D-ribose transporter subunits 
of ABC superfamily: ATP-binding 
components  0.150050802 0.211007727 

13.54 gi|16129285 thiol peroxidase  0.327080579 0.012644779 
13.52 gi|16130599 S-ribosylhomocysteinase  -0.301906885 -0.110456671 

13.4 gi|90111281 

malate dehydrogenase, 
(decarboxylating, NAD-requiring) 
(malic enzyme)  0.52694936 0.490804475 

13.32 gi|16131200 30S ribosomal protein S10  -0.463869035 -0.554074405 
13.29 gi|16132201 purine nucleoside phosphorylase  0.253234149 0.435740607 
13.29 gi|16131680 uridine phosphorylase  0.59974439 0.547482377 
13.22 gi|16130604 alanyl-tRNA synthetase  -0.036703883 -0.007552913 
13.21 gi|16131757 triosephosphate isomerase  0.251147445 0.398395007 

13.12 gi|16128047 
peptidyl-prolyl cis-trans isomerase 
(PPIase)  -0.136238274 -0.148400246 

13.12 gi|16129138 
membrane ATPase of the MinC-
MinD-MinE system  0.056280358 0.183819244 

13.1 gi|16131813 50S ribosomal protein L11  -0.475178485 -0.609199998 
13.04 gi|16131060 translation initiation factor IF-2  -0.223911889 -0.307355322 
12.94 gi|16130330 glutamyl-tRNA synthetase  0.082641512 0.123731423 

12.83 gi|16129152 
D-amino acid dehydrogenase small 
subunit  -0.818646689 -0.522508942 

12.81 gi|16131483 phosphoglyceromutase  -0.117650594 -0.018173436 
12.79 gi|49176395 DNA gyrase subunit B  0.146253007 0.123276479 

12.63 gi|16128699 
succinate dehydrogenase, FeS 
subunit  -0.962555367 -0.356390401 

12.45 gi|16128208 phosphoheptose isomerase  0.252964799 0.646628337 
12.41 gi|16129166 translation-associated GTPase  0.09695444 0.028516809 
12.37 gi|16128171 periplasmic chaperone  -0.361781068 -0.507824285 

12.31 gi|16129803 

keto-hydroxyglutarate-
aldolase/keto-deoxy-
phosphogluconate aldolase  0.576659442 0.440377588 

12.21 gi|16132022 30S ribosomal protein S6  -0.32058822 -0.52655085 

12.18 gi|16129011 
glucan biosynthesis protein, 
periplasmic  0.272558132 0.359257599 
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12.03 gi|90111384 
D-tagatose 1,6-bisphosphate 
aldolase 2, catalytic subunit  -0.317582534 -0.068989219 

12.01 gi|16128970 TrpR binding protein WrbA  0.637346857 0.18939833 
12 gi|16131177 30S ribosomal protein S13  -0.307515621 -0.335562545 

11.99 gi|16130440 
4-hydroxy-3-methylbut-2-en-1-yl 
diphosphate synthase  -0.057307668 -0.092425487 

11.95 gi|90111152 
alkyl hydroperoxide reductase, 
F52a subunit, FAD/NAD(P)-binding  0.217625688 0.185825667 

11.91 gi|16131997 
modulator for HflB protease specific 
for phage lambda cII repressor  -0.369684262 -0.366231533 

11.83 gi|16131601 F0F1 ATP synthase subunit gamma  -0.333606372 -0.223845778 

11.78 gi|16132049 

predicted sugar transporter subunit: 
periplasmic-binding component of 
ABC superfamily  -0.406127153 0.254295827 

11.77 gi|16131068 
protease, ATP-dependent zinc-
metallo  0.003237937 0.132413307 

11.77 gi|16130105 

fused fructose-specific PTS 
enzymes: IIBcomponent/IIC 
components  -0.344055098 -0.056520619 

11.73 gi|16130166 DNA gyrase subunit A  0.041582777 -0.140471661 

11.68 gi|16131996 
modulator for HflB protease specific 
for phage lambda cII repressor  -0.570077864 -0.444256656 

11.64 gi|16131370 oligopeptidase A  0.093078071 -0.056650176 
11.63 gi|16131816 50S ribosomal protein L7/L12  -0.188775886 -0.357548994 
11.55 gi|16132200 phosphopentomutase  0.547831594 0.317793427 

11.5 gi|16131710 glutamine synthetase  0.438485905 0.674871466 

11.46 gi|16131597 
D-fructose-6-phosphate 
amidotransferase  0.197658558 0.427642196 

11.43 gi|16131307 
aspartate-semialdehyde 
dehydrogenase  -0.209059972 -0.301489432 

11.4 gi|16131236 
DNA-binding transcriptional dual 
regulator  -0.11399639 -0.065128864 

11.37 gi|16131075 50S ribosomal protein L27  -0.119275723 -0.398348532 
11.31 gi|16132198 deoxyribose-phosphate aldolase  1.291585418 1.228836576 

11.31 gi|16130343 
glucose-specific PTS system 
enzyme IIA component  -0.30896392 -0.09532491 

11.24 gi|16130575 
succinate-semialdehyde 
dehydrogenase I, NADP-dependent  -0.549231416 -0.287076444 

11.22 gi|16131794 phosphoenolpyruvate carboxylase  -0.277061189 -0.037803378 

11.22 gi|16129265 
regulatory protein for phage-shock-
protein operon  1.110550148 1.845788247 

11.17 gi|16130251 
acetyl-CoA carboxylase subunit 
beta  -0.110836356 -0.145797743 

11.15 gi|16132080 valyl-tRNA synthetase  -0.437884285 -0.551412132 
11.1 gi|49176138 6-phosphofructokinase II  0.617733534 0.725633677 

11.06 gi|16128423 
ATP-dependent protease ATP-
binding subunit  0.126080463 0.307329518 

10.93 gi|16129670 
phenylalanyl-tRNA synthetase 
alpha subunit  -0.188195831 -0.152710341 

10.83 gi|16131860 
maltose ABC transporter 
periplasmic protein  0.458278413 0.66807361 

10.81 gi|16129819 aspartyl-tRNA synthetase  0.237588925 0.313882873 
10.63 gi|16128723 phosphoglyceromutase  -0.152161334 -0.086305273 
10.63 gi|16130533 heat shock protein  0.859976366 0.578136021 
10.61 gi|16128715 translocation protein TolB precursor  -0.07897905 -0.049863202 
10.61 gi|16128606 cold shock protein E  0.249101792 0.039733876 
10.53 gi|16130527 50S ribosomal protein L19  -0.543334032 -0.764192843 

10.5 gi|16128726 
galactose-1-phosphate 
uridylyltransferase  -1.616987372 -1.709131833 

10.42 gi|16131176 30S ribosomal protein S11  -0.12391848 -0.399495349 
10.41 gi|16128590 universal stress protein UP12  0.297855522 0.668378247 
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10.21 gi|16128156 hypothetical protein b0163  0.173480182 0.287626163 
10.11 gi|16130052 methionyl-tRNA synthetase  -0.217950748 -0.128874324 
10.11 gi|16131604 F0F1 ATP synthase subunit B  0.067257028 0.083171426 

10.1 gi|16128795 molybdopterin biosynthesis protein  0.258565193 0.368703643 

10.08 gi|90111142 
predicted thioredoxin domain-
containing protein  0.650875144 0.602675957 

10.05 gi|16128807 

D-alanyl-D-alanine 
carboxypeptidase (penicillin-binding 
protein 6a)  -0.03727835 0.134925325 

10.03 gi|16130504 pyruvate formate lyase subunit  -0.153420595 -0.396140715 

10.03 gi|16131490 
ADP-L-glycero-D-mannoheptose-6-
epimerase, NAD(P)-binding  0.419987081 0.362105441 

10.01 gi|16130432 

bifunctional GMP 
synthase/glutamine 
amidotransferase protein  -0.149468316 -0.308022819 

10.01 gi|16130433 
inositol-5-monophosphate 
dehydrogenase  -0.556380813 -0.812392433 

10.01 gi|90111448 uracil phosphoribosyltransferase  -0.50706824 -0.80898991 
10 gi|16129719 predicted oxidoreductase  -0.307701803 -0.28615031 

9.98 gi|90111619 aldehyde dehydrogenase B  -0.135383472 0.588435393 
9.8 gi|16131191 50S ribosomal protein L29  -0.421378274 -0.562972088 

9.74 gi|49176351 maltodextrin phosphorylase  -0.210269375 -0.302693341 
9.73 gi|16132199 thymidine phosphorylase  1.607063081 1.394053844 
9.72 gi|16128400 riboflavin synthase subunit beta  0.552029191 0.498313819 
9.66 gi|16131066 phosphoglucosamine mutase  0.059103016 -0.022594292 
9.61 gi|49176434 GTP-binding protein  -0.201001011 -0.303901481 

9.6 gi|16130876 malate synthase  -0.547743141 0.656131233 

9.53 gi|16128921 
3-hydroxydecanoyl-ACP 
dehydratase  -0.542080659 -0.746270054 

9.52 gi|16128425 
HU, DNA-binding transcriptional 
regulator, beta subunit  -0.602641702 -0.65063722 

9.52 sp|P00760|TRY1_BOVIN 
Cationic trypsin precursor (EC 
3.4.21.4) (Beta-trypsin)  0.770882923 0.504243388 

9.34 gi|16132218 

DNA-binding response regulator in 
two-component regulatory system 
with ArcB or CpxA  -0.261564241 -0.307447051 

9.3 gi|16128147 
glutamate-1-semialdehyde 
aminotransferase  0.175858125 0.155529684 

9.1 gi|16128009 
chaperone Hsp40, co-chaperone 
with DnaK  0.214200067 0.239836381 

9.07 gi|16129672 50S ribosomal protein L20  -0.198394166 -0.323238302 
9.03 gi|16131282 osmolarity response regulator  0.097544331 0.238818373 
9.03 gi|16131121 50S ribosomal protein L13  0.376747931 -0.54813304 

8.97 gi|16128643 
predicted protein with nucleoside 
triphosphate hydrolase domain  0.030545766 0.120615411 

8.87 gi|16130222 NADH dehydrogenase subunit B  0.080783237 0.048929489 
8.7 gi|16130606 recombinase A  0.023073261 0.181456173 

8.56 gi|90111132 nucleotide-binding protein  -0.070084284 -0.02765462 

8.51 gi|16129047 

fused ribonucleaseE: 
endoribonuclease/RNA-binding 
protein/RNA degradosome binding 
protein  0.028474186 -0.245384781 

8.42 gi|16129715 glutamate dehydrogenase  0.135463573 -0.451221407 
8.41 gi|16130106 1-phosphofructokinase  -0.329437973 -0.109064932 

8.38 gi|16130258 
3-oxoacyl-(acyl carrier protein) 
synthase  -0.690421702 -0.676757081 

8.35 gi|16129913 chaperone protein HchA  0.739442713 1.136470923 

8.34 gi|16129178 
2-dehydro-3-
deoxyphosphooctonate aldolase  0.195654464 0.208976561 
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8.33 gi|16129498 
L-allo-threonine dehydrogenase, 
NAD(P)-binding  -0.253760642 0.098567447 

8.32 gi|16130530 30S ribosomal protein S16  -0.279375901 -0.58335347 

8.3 gi|16129055 
acyl carrier protein S-
malonyltransferase  -0.351542842 -0.473751752 

8.26 gi|16129675 threonyl-tRNA synthetase  0.508699005 0.497778882 
8.26 gi|16131188 50S ribosomal protein L24  -0.34491391 -0.474415638 
8.19 gi|16131851 glucose-6-phosphate isomerase  -0.106105895 -0.056863648 
8.18 gi|16129612 hypothetical protein b1654  0.168456155 0.350823812 
8.16 gi|16129562 hypothetical protein b1604  -0.284740769 -0.209517298 
8.14 gi|16130390 transketolase 2, thiamin-binding  -0.486179924 0.40608959 

8.13 gi|16128968 
glucose-1-phosphatase/inositol 
phosphatase  0.369847607 0.655273786 

8.11 gi|49176125 mannose-6-phosphate isomerase  0.028406926 0.134068302 

8.11 gi|16129577 
7-alpha-hydroxysteroid 
dehydrogenase  0.421869337 0.329274986 

8.1 gi|16132024 30S ribosomal protein S18  -0.210484437 -0.454506641 
8.1 gi|16128447 multidrug efflux system  0.230006877 0.164888047 
8.1 gi|16130254 hypothetical protein b2319  0.448982209 0.278523906 

8.06 gi|16130815 ribose-5-phosphate isomerase A  0.661083589 0.68446784 

8.05 gi|16129777 
stress protein, member of the 
CspA-family  0.505469274 0.534131094 

8.05 gi|16128874 phosphoserine aminotransferase  -0.060553989 0.000837806 

8.05 gi|90111705 
FKBP-type peptidyl-prolyl cis-trans 
isomerase (rotamase)  0.103285336 -0.402595549 

8.03 gi|16132057 

predicted peptidase required for the 
maturation and secretion of the 
antibiotic peptide MccB17  0.193764186 0.426191312 

8.03 gi|16131967 co-chaperonin GroES  0.890352037 0.798334919 
8.03 gi|16128119 carbonic anhydrase  -0.300104135 -0.328077686 

8.02 gi|16131470 

fused mannitol-specific PTS 
enzymes: IIA components/IIB 
components/IIC components  0.155009913 0.416730414 

8.01 gi|16129197 
glucose-1-phosphate 
uridylyltransferase  0.240680094 0.094991884 

8.01 gi|16129093 

DNA-binding response regulator in 
two-component regulatory system 
with PhoQ  0.954666837 0.052608824 

8.01 gi|16128149 hypothetical protein b0156  -0.016809271 -0.261942484 

8 gi|16131228 
FKBP-type peptidyl prolyl cis-trans 
isomerase (rotamase)  -0.115209004 0.095858342 

7.92 gi|16131194 50S ribosomal protein L22  -0.52702862 -0.590313069 

7.75 gi|16131488 
2-amino-3-ketobutyrate coenzyme 
A ligase  0.339075275 0.308457378 

7.71 gi|16128126 pantoate--beta-alanine ligase  0.519884521 0.556267699 
7.71 gi|16129620 riboflavin synthase subunit alpha  0.151628047 -0.188766431 

7.7 gi|16131767 
ribonuclease activity regulator 
protein RraA  0.162711638 0.349150514 

7.53 gi|90111586 Hsp33-like chaperonin  0.644778374 0.344437576 

7.53 gi|16128593 
nucleoside diphosphate kinase 
regulator  -0.30500842 -0.418817493 

7.52 gi|16131143 acetyl-CoA carboxylase  0.430170143 -0.437331694 
7.5 gi|16129828 arginyl-tRNA synthetase  -0.055946771 -0.226981743 

7.45 gi|16131955 lysine tRNA synthetase, inducible  0.344935052 0.471299359 
7.43 gi|16129674 translation initiation factor IF-3  -0.251291638 -0.410834407 
7.31 gi|16131480 export protein SecB  -0.218908311 -0.086853318 

7.25 gi|16130518 
cold shock protein associated with 
30S ribosomal subunit  0.384979705 0.132135949 

7.22 gi|90111330 hypothetical protein b1780  0.671613402 0.351312372 
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7.17 gi|16131192 50S ribosomal protein L16  -0.201347422 -0.376312573 
7.11 gi|16129160 periplasmic trehalase  -0.891054444 -0.165899217 
7.06 gi|16131076 50S ribosomal protein L21  -0.40760291 -0.530128745 
7.02 gi|16128695 citrate synthase  -0.78528648 0.059753576 
6.99 gi|16130389 transaldolase A  0.097333143 0.294324512 
6.98 gi|16131181 50S ribosomal protein L30  -0.246512887 -0.412894489 
6.88 gi|16129694 NAD synthetase  -0.201818904 -0.129686034 

6.86 gi|16128653 
N-acetylglucosamine-6-phosphate 
deacetylase  0.512159362 0.110122219 

6.83 gi|16130443 nucleoside diphosphate kinase  -0.853995335 -0.943647308 

6.82 gi|16128341 

alcohol dehydrogenase class 
III/glutathione-dependent 
formaldehyde dehydrogenase  0.374505899 0.525319896 

6.82 gi|16131195 30S ribosomal protein S19  -0.285617818 -0.559010517 
6.77 gi|16130793 peptide chain release factor 2  -0.350704753 -0.159887527 
6.72 gi|16128899 aminopeptidase N  -0.043606939 0.146782068 

6.69 gi|16128509 
peptidyl-prolyl cis-trans isomerase 
B (rotamase B)  0.066988057 0.100705074 

6.68 gi|16129668 integration host factor subunit alpha  -0.427692213 -0.38711305 
6.66 gi|16131693 proline dipeptidase  0.097561914 0.173015689 
6.57 gi|16128634 ribonucleoside hydrolase 1  0.744864065 0.235992931 

6.56 gi|49176077 
purine nucleoside 
phosphoramidase  -0.189342183 -0.009312707 

6.55 gi|16128025 dihydrodipicolinate reductase  0.076213782 0.145770116 
6.49 gi|16129666 predicted glutathione peroxidase  -0.549044145 -0.21495481 

6.43 gi|16130169 
ribonucleotide-diphosphate 
reductase alpha subunit  -0.042056343 -0.219652787 

6.41 gi|67005950 thioredoxin  0.260021693 0.418636308 
6.41 gi|90111527 2,5-diketo-D-gluconate reductase A  0.592367433 0.68082474 

6.38 gi|16128229 
gamma-glutamyl phosphate 
reductase  -0.010433134 -0.051665829 

6.37 gi|16129441 
osmotically inducible, stress-
inducible membrane protein  0.17260474 0.399366625 

6.36 gi|16129057 acyl carrier protein  0.182716439 0.167111115 

6.35 gi|16129702 
succinylornithine transaminase, 
PLP-dependent  0.030641562 -0.052653385 

6.34 gi|16131057 30S ribosomal protein S15  -0.498037943 -0.619207478 
6.3 gi|90111293 Qin prophage; predicted protein  -0.140366925 0.123331925 

6.3 gi|16128561 

dihydropteridine reductase, 
NAD(P)H-dependent, oxygen-
insensitive  0.014830272 0.027081501 

6.28 gi|16130920 hypothetical protein b3024  -0.281444496 0.302819487 
6.26 gi|49176004 hypothetical protein b4406  -0.096216968 0.203453811 
6.25 gi|90111711 ketoacid-binding protein  0.575425888 0.434247346 

6.2 gi|16131636 ATP-dependent RNA helicase  -0.181104025 -0.167412599 
6.2 gi|16131624 hypothetical protein b3764  -0.342768281 -0.591524106 

6.19 gi|16130583 
DNA binding protein, nucleoid-
associated  -0.306510318 -0.121979177 

6.11 gi|16129575 beta-D-glucuronidase  1.172403115 2.101372541 

6.09 gi|16131678 

5-
methyltetrahydropteroyltriglutamate-
-homocysteine methyltransferase  -1.914188956 -2.232415429 

6.08 gi|16128644 
isopentenyl-adenosine A37 tRNA 
methylthiolase  -1.110896017 -1.295589674 

6.07 gi|16130219 
NADH:ubiquinone oxidoreductase, 
chain F  0.080270814 0.222581979 

6.07 gi|49176403 
branched-chain amino acid 
aminotransferase  -0.04353776 -0.013848484 

6.07 gi|16130350 thiosulfate transporter subunit  0.513734007 0.714565563 
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6.07 gi|16129697 
envelope stress induced 
periplasmic protein  2.806838175 3.132148958 

6.06 gi|16129595 tyrosyl-tRNA synthetase  -0.051285433 -0.088659949 
6.04 gi|16128864 predicted hydrolase  -0.320373831 0.115589919 
6.03 gi|16128998 hypothetical protein b1035  0.426629262 0.136997549 
6.03 gi|16130576 4-aminobutyrate aminotransferase  -1.161287053 -0.435537328 

6.03 gi|16131300 

sn-glycerol-3-phosphate 
dehydrogenase, aerobic, 
FAD/NAD(P)-binding  0.527475275 0.054731458 

6.02 gi|16130437 
protein assembly complex, 
lipoprotein component  0.355750752 0.637688594 

6.02 gi|16131979 fumarate reductase  0.191348597 0.270392065 

6.02 gi|16129403 
medium chain aldehyde 
dehydrogenase  -1.661283264 -0.966252773 

6.01 gi|49176140 hydroperoxidase HPII(III) (catalase)  -0.37267736 0.292163979 
6.01 gi|16129572 hypothetical protein b1614  0.149242487 0.183396727 
6.01 gi|16131771 essential cell division protein  0.187885922 -0.209980529 
6.01 gi|16129411 hypothetical protein b1452  -0.062557555 0.370253761 

6.01 gi|16129089 
putrescine/spermidine ABC 
transporter ATPase protein  -0.141820371 -0.4537319 

6.01 gi|16128626 hypothetical protein b0643  0.291062526 0.870995163 

6.01 gi|49176156 
putative solute/DNA competence 
effector  0.009623297 -0.278998278 

6.01 gi|16130456 
DNA-binding transcriptional 
repressor  -0.407317629 -0.424862985 

6.01 gi|16128819 
nitroreductase A, NADPH-
dependent, FMN-dependent  -0.217342713 0.115852065 

6.01 gi|16129718 selenophosphate synthetase  0.322377229 0.43526073 
6.01 gi|16129604 superoxide dismutase, Cu, Zn  0.238952696 0.665294153 

6 gi|16130516 predicted lipoprotein  0.086538356 0.372571906 

6 gi|16131581 
chromate reductase, Class I, 
flavoprotein  -0.012575603 0.226601667 

6 gi|90111431 short chain dehydrogenase  -0.102809848 0.026300049 

6 gi|16128654 
glucosamine-6-phosphate 
deaminase  0.110441865 0.451553176 

6 gi|16132036 

PAPS (adenosine 3'-phosphate 5'-
phosphosulfate) 3'(2'),5'-
bisphosphate nucleotidase  -0.277834724 -0.054269189 

6 gi|16129137 
cell division topological specificity 
factor MinE  -0.004454431 -0.022446562 

6 gi|90111560 hypothetical protein b3233  0.223530891 0.247263476 
6 gi|16130863 hypothetical protein b2962  0.000942346 0.112638475 
6 gi|16128735 6-phosphogluconolactonase  0.03444964 -0.364172647 

6 gi|90111233 
dihydroxyacetone kinase, N-
terminal domain  0.55515087 0.728651689 

6 gi|16128697 

succinate dehydrogenase 
cytochrome b556 small membrane 
subunit  -0.408695467 -0.777250848 

6 gi|16128721 hypothetical protein b0753  0.502498101 0.948198981 
5.99 gi|90111382 hypothetical protein b2080  -0.564803065 0.058272045 

5.83 gi|16131520 
DNA-directed RNA polymerase 
subunit omega  0.035163908 -0.685591294 

5.83 gi|16131119 stringent starvation protein A  0.584785821 0.587761949 
5.77 gi|16130454 scaffold protein  0.074390833 -0.006621056 

5.7 gi|16131134 predicted peptidase  -0.342351171 -0.152774838 

5.7 gi|16131113 
predicted N-acetylmannosamine-6-
P epimerase  -0.147154213 -0.029979884 

5.7 gi|16129732 methionine sulfoxide reductase B  0.086142938 0.355854151 
5.68 gi|16130839 arginine decarboxylase  -0.494026666 -0.70308412 
5.62 gi|16131704 DNA polymerase I  0.352035664 0.374596396 
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5.58 gi|16130963 RNA polymerase sigma factor  0.247943379 0.094642964 

5.58 gi|16130671 
sulfite reductase, alpha subunit, 
flavoprotein  1.13873475 1.046640871 

5.56 gi|16130843 S-adenosylmethionine synthetase  -0.694422783 -0.836770331 
5.53 gi|16129817 hypothetical protein b1864  -0.011673102 -0.104817847 
5.52 gi|90111595 periplasmic protein  0.071353379 0.571552641 
5.52 gi|16128206 inhibitor of vertebrate C-lysozyme  0.232251736 0.604552108 

5.52 gi|90111647 
predicted cytoplasmic sugar-binding 
protein  0.467590001 0.700476968 

5.52 gi|16128685 conserved metal-binding protein  0.319712186 0.258999555 
5.46 gi|16130152 outer membrane porin protein C  -0.632078895 -0.84799756 
5.41 gi|16129497 dipeptidyl carboxypeptidase II  0.006195135 -0.124616097 
5.29 gi|90111213 hypothetical protein b1108  -0.340526844 0.019418512 

5.17 gi|16129805 
glucose-6-phosphate 1-
dehydrogenase  0.431838883 0.228200654 

5.16 gi|16130123 50S ribosomal protein L25  -0.345600102 -0.731446547 

5.12 gi|16128722 

3-deoxy-D-arabino-heptulosonate-
7-phosphate synthase, 
phenylalanine repressible  0.075634961 0.115345669 

5.07 gi|16129247 exoribonuclease II  -0.103025748 0.188734289 

4.96 gi|16129980 

dTDP-4-dehydrorhamnose 
reductase subunit, NAD(P)-binding, 
of dTDP-L-rhamnose synthase  -0.286605055 -0.502393249 

4.95 gi|16131197 50S ribosomal protein L23  -0.317403017 -0.507325036 
4.91 gi|16131183 50S ribosomal protein L18  -0.380624807 -0.621212649 
4.86 gi|90111442 lipoprotein  0.510400996 0.273806953 
4.84 gi|16128656 glutaminyl-tRNA synthetase  -0.240391331 -0.719357277 
4.83 gi|16128664 phosphoglucomutase  -0.063112765 0.641145812 

4.78 gi|16128422 
ATP-dependent Clp protease 
proteolytic subunit  0.361419754 0.203437001 

4.77 gi|16129614 superoxide dismutase, Fe  0.252899524 0.466509355 

4.74 gi|16128856 
DNA-binding transcriptional dual 
regulator, leucine-binding  -0.526461988 -0.421244529 

4.72 gi|16130531 
Signal Recognition Particle (SRP) 
component with 4.5S RNA (ffs)  0.254626764 0.177739758 

4.7 gi|16130231 acetate kinase  0.321616232 0.056805095 
4.68 gi|16129234 hypothetical protein b1273  0.529454272 0.267267171 

4.62 gi|16129737 
conserved protein with nucleoside 
triphosphate hydrolase domain  -0.814468479 0.042188789 

4.54 gi|16130812 
protein that localizes to the 
cytokinetic ring  0.726506217 0.67951301 

4.54 gi|16129583 predicted regulator  -0.381557088 -0.51068049 

4.45 gi|16131880 
tyrosine aminotransferase, tyrosine-
repressible, PLP-dependent  -0.28687335 0.041980891 

4.35 gi|16130806 glycine cleavage system protein H  -0.141233905 -0.180412359 

4.33 gi|16131479 
NAD(P)H-dependent glycerol-3-
phosphate dehydrogenase  -0.058151625 -0.053279527 

4.31 gi|16129981 
dTDP-glucose 4,6 dehydratase, 
NAD(P)-binding  -0.559193242 -0.757040375 

4.3 gi|16129439 30S ribosomal subunit protein S22  0.101533998 0.032696406 
4.28 gi|49176178 hypothetical protein b2007  0.284036932 0.076158437 

4.26 gi|90111451 
3-mercaptopyruvate 
sulfurtransferase  0.089058093 0.487112241 

4.26 gi|16131603 F0F1 ATP synthase subunit delta  -0.13950398 -0.197034181 
4.26 gi|90111604 acid-resistance protein  -0.738926068 -1.065113998 
4.24 gi|16130494 GTP-binding protein LepA  0.212225029 0.323758231 
4.24 gi|16131632 ketol-acid reductoisomerase  0.470284048 0.426208016 



$',"

4.23 gi|16130154 

DNA-binding response regulator in 
two-component regulatory system 
with RcsC and YojN  0.010011025 0.194189802 

4.22 gi|16130405 
thioredoxin-dependent thiol 
peroxidase  -0.119055298 -0.102627971 

4.22 gi|16130238 

D-erythro-7,8-dihydroneopterin 
triphosphate 2'-epimerase and 
dihydroneopterin aldolase  0.348098053 0.409922918 

4.21 gi|16130201 hypothetical protein b2266  -1.358154358 -1.361318597 

4.18 gi|16130670 
sulfite reductase, beta subunit, 
NAD(P)-binding, heme-binding  0.942686968 0.959617627 

4.18 gi|16132048 inorganic pyrophosphatase  -0.018572106 -0.485078044 

4.17 gi|16131312 

predicted oxidoreductase with 
NAD(P)-binding Rossmann-fold 
domain  0.371330182 0.436706149 

4.17 gi|90111262 
stress-induced protein, ATP-binding 
protein  -0.741067817 -0.415486908 

4.16 gi|16131871 predicted stress response protein  -0.087123136 0.116203068 
4.16 gi|16132056 hypothetical protein b4234  -0.279538704 -0.253127054 
4.16 gi|16132077 hypothetical protein b4255  0.199446834 0.074890528 
4.15 gi|16128839 pyruvate dehydrogenase  -0.251456641 0.087813929 
4.15 gi|16128997 hypothetical protein b1034  0.513367682 0.207961696 
4.14 gi|90111286 hypothetical protein b1498  2.346159728 0.781840023 
4.13 gi|16131186 30S ribosomal protein S14  -0.187373435 -0.436379629 

4.12 gi|16130071 
D-lactate dehydrogenase, FAD-
binding, NADH independent  0.189065763 0.491595183 

4.12 gi|16130451 chaperone protein HscA  0.400134861 0.03847409 

4.09 gi|16131845 
B12-dependent methionine 
synthase  -0.49415781 -0.827585957 

4.09 gi|16130961 30S ribosomal protein S21  -0.241888374 -0.533076201 
4.09 gi|16131042 hypothetical protein b3150  0.877259485 1.101395987 
4.08 gi|16131124 serine endoprotease, periplasmic  -0.312880118 -0.091665603 

4.08 gi|16128297 
betaine aldehyde dehydrogenase, 
NAD-dependent  0.256973201 0.318577308 

4.08 gi|16129162 
dihydroxyacetone kinase, C-
terminal domain  0.12418839 0.111562224 

4.08 gi|16131972 elongation factor P  -0.451736903 -0.336960436 
4.07 gi|16128170 hypothetical protein b0177  -0.06941167 0.068519418 
4.06 gi|16128611 lipoyl synthase  -0.413856813 -0.547583029 
4.06 gi|49176129 outer membrane lipoprotein  0.406765973 0.910252322 

4.05 gi|16131655 
predicted uroporphyrinogen III 
methylase  0.436612259 0.459604035 

4.05 gi|16128724 
galactose-1-epimerase 
(mutarotase)  -0.229821619 -0.160169377 

4.04 gi|16128078 

UDP-N-acetylmuramoylalanyl-D-
glutamate--2,6-diaminopimelate 
ligase  0.307794406 0.605632949 

4.04 gi|16132062 

fused trehalose(maltose)-specific 
PTS enzyme: IIB component/IIC 
component  0.366003733 0.229473847 

4.04 gi|16131264 ribulose-phosphate 3-epimerase  0.040839995 -0.051383744 
4.03 gi|16130042 hydroxyethylthiazole kinase  0.068071882 0.496955653 

4.03 gi|16130089 
DNA-binding transcriptional 
repressor  -0.394336614 -0.571880934 

4.03 gi|16128920 ribosome modulation factor  -0.155457674 0.750885797 

4.03 gi|16128173 
(3R)-hydroxymyristoyl ACP 
dehydratase  -0.155478965 -0.367708478 

4.02 gi|16128615 

D-alanyl-D-alanine 
carboxypeptidase (penicillin-binding 
protein 5)  -0.089962593 -0.069965817 

4.02 gi|16128455 hypothetical protein b0471  -0.156232155 -0.03647892 
4.02 gi|49176442 superoxide dismutase, Mn  -0.065192735 0.361311215 
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4.02 gi|16131863 maltose regulon periplasmic protein  -0.620287044 -0.656805473 
4.02 gi|16131437 D-xylose transporter subunit  -0.126692998 0.082182396 
4.01 gi|16132203 lipoate-protein ligase A  0.386807351 0.24641134 
4.01 gi|16131262 tryptophanyl-tRNA synthetase  0.121700917 0.316260719 
4.01 gi|16129596 pyridoxamine 5'-phosphate oxidase  0.31552458 0.325872972 

4.01 gi|16129184 

DNA-binding response regulator in 
two-component regulatory system 
with NarX (or NarQ)  0.14928999 0.185053569 

4.01 gi|16129022 
N-methyltryptophan oxidase, FAD-
binding  0.797788186 0.945961307 

4.01 gi|16131481 glutaredoxin 3  -0.373845934 -0.288437245 
4.01 gi|16131059 ribosome-binding factor A  -0.44224841 -0.631810588 

4 gi|16130403 dihydrodipicolinate synthase  -0.149793205 0.236320502 

4 gi|16131598 

bifunctional N-acetylglucosamine-1-
phosphate 
uridyltransferase/glucosamine-1-
phosphate acetyltransferase  -0.111711933 -0.332920549 

4 gi|16131336 

fused Signal Recognition Particle 
(SRP) receptor: membrane binding 
protein/conserved protein  0.037233303 -0.005539678 

4 gi|16129979 
glucose-1-phosphate 
thymidylyltransferase  -0.298434587 -0.098016709 

4 gi|90111375 

regulator of length of O-antigen 
component of lipopolysaccharide 
chains  -0.650904641 0.01703866 

4 gi|90111130 
predicted oxidoreductase, NAD(P)-
binding  -0.096410166 0.209193336 

4 gi|16131565 predicted hydrolase  0.244529185 0.284888441 

4 gi|16130401 
phosphoribosylaminoimidazole-
succinocarboxamide synthase  0.84401448 0.377162195 

4 gi|16130848 glutathione synthetase  0.189236019 0.254755428 

4 gi|16130174 
periplasmic glycerophosphodiester 
phosphodiesterase  1.224098282 1.01534532 

4 gi|90111529 conserved outer membrane protein  0.126001591 -0.132987007 
4 gi|16130993 hypothetical protein b3098  -0.481573796 -0.201373648 

4 gi|16129978 
dTDP-4-deoxyrhamnose-3,5-
epimerase  -0.813404904 -0.835582628 

4 gi|16128614 hypothetical protein b0631  0.155326585 0.263494169 
4 gi|16128453 adenine phosphoribosyltransferase  -0.795811658 -0.503028332 
4 gi|90111516 hypothetical protein b2948  0.005843795 0.054874616 
4 gi|16129623 hypothetical protein b1667  0.540502415 0.412631952 
4 gi|16129633 murein lipoprotein  0.116265973 0.250041804 
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A2.  Butanol Stress iTRAQ Proteomics. 
E. coli Dh1 was exposed to 0.8% (v/v) n-butanol and harvested after one and two 
hours of stress exposure.  Samples were iTRAQ labeled, fractionated with HPLC, 
and analyzed on a Q-Star Elite ESI-Q-TOF.  Spectra were processed in Protein 
Pilot (AB Sciex), and this data is also available in the supplemental information in 
Rutherford et al 2010. 
 
VIMSS GI: Name Log(StressT1) T1 s  (Z) Log(StressT2) T2 s (Z) 
VIMSS15786 16129623 ydhR -6.765 -6.581 1.036 2.833 
VIMSS16980 16130802 yqfB -6.082 -5.912 -0.697 -1.925 
VIMSS17884 16131685 tatA -4.619 -4.478 0.378 1.026 
VIMSS16449 90111421 yfcZ -4.441 -4.304 0.93 2.541 
VIMSS15053 16128896 ompF -3.908 -3.781 -1.792 -4.931 
VIMSS17263 16131082 yrbC -2.694 -2.592 -0.308 -0.856 

VIMSS17788 16131596 pstS -2.028 -1.939 0.602 1.642 
VIMSS17578 16131389 gadA -1.924 -1.837 -1.284 -3.535 
VIMSS15965 16129800 yebF -1.737 -1.654 -0.665 -1.835 
VIMSS14936 16128779 glnH -1.678 -1.597 0.245 0.66 
VIMSS16895 16130718 ygdK -1.675 -1.594 0.017 0.035 
VIMSS17614 16131425 yiaF -1.654 -1.573 -0.96 -2.645 

VIMSS14947 16128790 ybiV -1.622 -1.542 -0.365 -1.013 
VIMSS14979 16128822 potF -1.583 -1.503 -0.117 -0.333 
VIMSS17016 16130838 speB -1.416 -1.34 -0.592 -1.637 
VIMSS15601 16129439 sra -1.414 -1.338 -0.008 -0.034 
VIMSS17367 16131183 rplR -1.364 -1.289 -0.698 -1.926 
VIMSS17697 16131507 rpmG -1.363 -1.287 -0.43 -1.192 

VIMSS17256 16131075 rpmA -1.337 -1.263 -0.715 -1.975 
VIMSS15407 16129248 yciW -1.337 -1.262 -0.96 -2.647 
VIMSS17956 16131755 sbp -1.308 -1.233 -0.116 -0.329 
VIMSS15975 16129810 yebL -1.271 -1.198 -1.413 -3.891 
VIMSS17118 16130938 yqiC -1.237 -1.164 -0.337 -0.936 
VIMSS14737 16128583 ybdL -1.227 -1.154 -0.371 -1.03 

VIMSS17117 16130937 ribB -1.218 -1.145 -0.831 -2.292 
VIMSS16836 16130659 cysD -1.216 -1.144 -0.734 -2.027 
VIMSS15941 16129777 cspC -1.194 -1.122 0.032 0.076 
VIMSS15213 16129054 fabH -1.19 -1.118 -0.266 -0.742 
VIMSS16417 16130245 argT -1.076 -1.007 -0.179 -0.504 
VIMSS17698 16131508 rpmB -1.075 -1.006 -0.48 -1.328 

VIMSS17173 16130993 yqjD -1.054 -0.985 -0.424 -1.174 
VIMSS15035 16128878 rpsA -1.046 -0.977 -0.677 -1.869 
VIMSS14817 16128663 seqA -1.04 -0.971 -0.233 -0.65 
VIMSS15038 16128881 msbA -1.036 -0.967 -0.534 -1.477 
VIMSS15835 16129672 rplT -1.021 -0.952 -0.154 -0.433 
VIMSS14200 16128048 imp -1.014 -0.946 0.009 0.013 

VIMSS16783 16130606 recA -1.003 -0.935 -0.331 -0.92 
VIMSS15124 16128966 cbpA -0.979 -0.911 0.249 0.674 
VIMSS14614 16128461 gsk -0.969 -0.901 -0.254 -0.707 
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VIMSS1937152 49176426 ubiE -0.954 -0.887 -0.195 -0.546 
VIMSS17447 16131262 trpS -0.945 -0.879 -0.371 -1.028 
VIMSS16652 16130478 glnB -0.945 -0.878 -0.077 -0.223 
VIMSS17382 16131198 rplD -0.941 -0.874 -0.593 -1.64 

VIMSS14545 16128392 yajC -0.934 -0.867 -0.097 -0.276 
VIMSS17301 16131120 rpsI -0.92 -0.854 -0.72 -1.987 
VIMSS18017 16131816 rplL -0.919 -0.853 -0.504 -1.395 
VIMSS15229 16129070 nagZ -0.909 -0.843 -0.204 -0.572 
VIMSS18279 16132076 argI -0.898 -0.832 -0.32 -0.89 
VIMSS17817 16131624 yifE -0.896 -0.83 -0.4 -1.109 

VIMSS17067 16130889 yghU -0.877 -0.811 0.015 0.03 
VIMSS18032 16131830 hupA -0.858 -0.793 -0.326 -0.905 
VIMSS14897 16128740 ybhC -0.858 -0.793 -0.149 -0.42 
VIMSS14168 16128017 rpsT -0.857 -0.792 -0.512 -1.417 
VIMSS17519 16131330 livK -0.854 -0.789 -0.452 -1.251 
VIMSS16846 16130669 cysH -0.851 -0.785 -0.013 -0.048 

VIMSS15394 16129235 topA -0.849 -0.784 0.023 0.053 
VIMSS14554 16128401 nusB -0.839 -0.775 -0.409 -1.134 
VIMSS14760 16128606 cspE -0.818 -0.753 -0.137 -0.388 
VIMSS14266 16128113 speD -0.814 -0.749 -0.458 -1.267 
VIMSS16992 16130814 serA -0.792 -0.728 -0.542 -1.498 
VIMSS16094 16129927 yeeN -0.78 -0.716 -0.313 -0.87 

VIMSS15444 16129285 tpx -0.768 -0.704 0.049 0.124 
VIMSS17349 16131166 def -0.766 -0.702 -0.445 -1.233 
VIMSS15211 16129052 rpmF -0.761 -0.698 -0.504 -1.394 
VIMSS17928 16131728 yiiD -0.758 -0.695 -0.164 -0.462 
VIMSS17365 16131181 rpmD -0.756 -0.693 -0.423 -1.171 
VIMSS17901 16131701 dsbA -0.75 -0.687 -0.239 -0.666 

VIMSS16422 16130250 folC -0.749 -0.686 -0.214 -0.599 
VIMSS16708 16130533 grpE -0.744 -0.681 0.023 0.053 
VIMSS15036 16128879 ihfB -0.735 -0.672 -0.029 -0.089 
VIMSS16524 16130350 cysP -0.725 -0.663 0.078 0.203 
VIMSS17004 16130826 fbaA -0.72 -0.658 -0.076 -0.219 
VIMSS15831 16129668 ihfA -0.713 -0.651 -0.393 -1.09 

VIMSS14774 90111157 ybeB -0.712 -0.65 -0.409 -1.133 
VIMSS18016 16131815 rplJ -0.705 -0.643 -0.589 -1.628 
VIMSS14323 16128170 yaeT -0.699 -0.637 -0.158 -0.446 
VIMSS14855 16128698 sdhA -0.699 -0.637 -0.46 -1.274 
VIMSS17661 16131471 mtlD -0.698 -0.636 0.137 0.365 
VIMSS16899 16130722 argA -0.698 -0.636 -0.634 -1.752 

VIMSS16530 16130356 yfeX -0.695 -0.633 -0.289 -0.805 
VIMSS16632 16130458 suhB -0.694 -0.633 -0.448 -1.24 
VIMSS14379 16128226 crl -0.69 -0.628 -0.725 -2.002 
VIMSS17789 16131597 glmS -0.687 -0.625 -0.458 -1.27 
VIMSS17331 16131149 fis -0.684 -0.623 -0.76 -2.097 
VIMSS15382 90111239 trpC -0.68 -0.618 -0.415 -1.15 

VIMSS17372 16131188 rplX -0.679 -0.618 -0.295 -0.822 
VIMSS18080 16131878 dnaB -0.672 -0.611 -0.147 -0.416 
VIMSS17376 16131192 rplP -0.672 -0.611 -0.452 -1.253 
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VIMSS1937120 49176404 ilvD -0.668 -0.607 -0.312 -0.869 
VIMSS17514 16131325 ugpB -0.664 -0.603 -0.099 -0.283 
VIMSS16752 16130576 gabT -0.661 -0.6 0.071 0.183 
VIMSS16780 16130603 csrA -0.657 -0.596 0.493 1.343 

VIMSS18192 16131989 yjeF -0.657 -0.595 0.248 0.67 
VIMSS18239 16132036 cysQ -0.655 -0.594 -0.287 -0.8 
VIMSS15186 16129027 grxB -0.652 -0.591 0.616 1.681 
VIMSS17998 90111669 argB -0.646 -0.585 -0.481 -1.331 
VIMSS18069 16131867 plsB -0.645 -0.584 -0.29 -0.806 
VIMSS14744 16128590 uspG -0.645 -0.584 0.185 0.497 

VIMSS15248 16129089 potA -0.644 -0.583 -0.509 -1.407 
VIMSS18015 16131814 rplA -0.641 -0.58 -0.318 -0.884 
VIMSS17219 16131038 yraL -0.639 -0.578 -0.135 -0.382 
VIMSS17318 16131136 yhdE -0.635 -0.575 -0.744 -2.054 
VIMSS14714 16128561 nfnB -0.633 -0.572 -0.123 -0.348 
VIMSS18052 16131850 lysC -0.629 -0.568 -0.288 -0.803 

VIMSS15178 16129019 yceI -0.625 -0.565 0.375 1.017 
VIMSS18228 16132025 rplI -0.623 -0.563 -0.466 -1.29 
VIMSS16416 16130244 hisJ -0.621 -0.561 -0.467 -1.294 
VIMSS14660 16128507 purE -0.618 -0.558 -0.475 -1.315 
VIMSS18200 16131997 hflC -0.611 -0.551 -0.096 -0.275 
VIMSS15208 16129049 rluC -0.61 -0.55 -0.349 -0.968 

VIMSS16086 16129919 yodA -0.607 -0.547 -0.671 -1.852 
VIMSS15352 16129193 purU -0.604 -0.544 -0.247 -0.69 
VIMSS16339 16130167 ubiG -0.598 -0.538 -0.167 -0.469 
VIMSS15217 16129058 fabF -0.597 -0.537 -0.538 -1.487 
VIMSS18077 16131875 yjbN -0.596 -0.537 -0.222 -0.621 
VIMSS15672 16129509 gnsB -0.592 -0.532 -0.117 -0.333 

VIMSS17371 16131187 rplE -0.583 -0.523 -0.412 -1.142 
VIMSS15081 16128924 ompA -0.58 -0.521 -0.261 -0.727 
VIMSS15309 16129150 fadR -0.575 -0.516 -0.261 -0.727 
VIMSS14544 16128391 tgt -0.573 -0.514 -0.247 -0.69 
VIMSS15078 16128921 fabA -0.567 -0.508 -0.869 -2.398 
VIMSS17378 16131194 rplV -0.567 -0.508 -0.4 -1.109 

VIMSS16149 16129981 rfbB -0.567 -0.507 -0.276 -0.769 
VIMSS18251 16132048 ppa -0.566 -0.507 -0.212 -0.593 
VIMSS14659 16128506 purK -0.562 -0.503 -0.233 -0.649 
VIMSS17958 16131757 tpiA -0.558 -0.498 -0.082 -0.237 
VIMSS14611 16128458 adk -0.557 -0.498 -0.351 -0.975 
VIMSS17360 16131176 rpsK -0.556 -0.497 -0.38 -1.054 

VIMSS17039 16130861 yggH -0.553 -0.494 -0.214 -0.599 
VIMSS16703 16130529 yfjA -0.553 -0.494 -0.395 -1.096 
VIMSS17377 16131193 rpsC -0.552 -0.492 -0.579 -1.601 
VIMSS18018 16131817 rpoB -0.542 -0.483 -0.269 -0.749 
VIMSS17721 16131531 nlpA -0.539 -0.48 -0.199 -0.558 
VIMSS15982 16129817 yebC -0.539 -0.48 -0.117 -0.333 

VIMSS18270 16132067 pyrB -0.536 -0.477 -0.303 -0.842 
VIMSS14218 16128066 leuC -0.536 -0.477 -0.623 -1.722 
VIMSS17826 16131632 ilvC -0.532 -0.474 -0.386 -1.072 
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VIMSS14220 16128068 leuA -0.532 -0.474 -0.479 -1.325 
VIMSS17677 16131487 tdh -0.529 -0.471 -0.17 -0.477 
VIMSS16689 16130515 rluD -0.529 -0.47 -0.231 -0.646 
VIMSS15383 16129224 trpD -0.529 -0.47 -0.126 -0.357 

VIMSS15729 16129566 rstA -0.527 -0.469 -0.144 -0.405 
VIMSS18413 16132209 slt -0.525 -0.467 -0.36 -1 
VIMSS16983 16130805 gcvP -0.524 -0.466 -0.204 -0.571 
VIMSS18416 16132212 ytjC -0.522 -0.464 -0.216 -0.603 
VIMSS17410 16131226 fkpA -0.521 -0.462 0.097 0.254 
VIMSS18043 16131841 aceA -0.516 -0.458 -0.271 -0.754 

VIMSS14272 16128119 can -0.514 -0.456 -0.247 -0.688 
VIMSS14315 16128162 rpsB -0.512 -0.453 -0.328 -0.91 
VIMSS14271 90111088 hpt -0.51 -0.452 -0.158 -0.444 
VIMSS16294 16130123 rplY -0.51 -0.452 -0.338 -0.938 
VIMSS15013 16128856 lrp -0.51 -0.452 -0.301 -0.838 
VIMSS16971 16130793 prfB -0.507 -0.449 -0.14 -0.396 

VIMSS16701 16130527 rplS -0.505 -0.447 -0.423 -1.172 
VIMSS17995 16131794 ppc -0.502 -0.444 -0.255 -0.711 
VIMSS16650 16130476 glyA -0.5 -0.442 -0.406 -1.125 
VIMSS14503 16128350 tauA -0.5 -0.442 0.082 0.214 
VIMSS17470 16131283 yhgF -0.499 -0.441 -0.215 -0.6 
VIMSS14312 16128159 dapD -0.497 -0.44 -0.171 -0.48 

VIMSS1936386 94541104 gnsA -0.495 -0.437 -0.501 -1.386 
VIMSS18267 16132064 mgtA -0.492 -0.434 -0.197 -0.551 
VIMSS15389 16129230 rluB -0.49 -0.433 -0.431 -1.194 
VIMSS17033 16130855 yggV -0.489 -0.431 -0.242 -0.674 
VIMSS17238 16131057 rpsO -0.483 -0.426 -0.355 -0.986 
VIMSS15138 16128980 putA -0.479 -0.421 -0.106 -0.303 

VIMSS15545 16129383 ydcG -0.473 -0.416 0.123 0.328 
VIMSS17948 49176442 sodA -0.47 -0.413 -0.013 -0.047 
VIMSS14880 16128723 gpmA -0.47 -0.413 -0.034 -0.106 
VIMSS14411 16128258 argF -0.47 -0.412 -0.484 -1.34 
VIMSS14588 16128435 glnK -0.47 -0.412 0.124 0.33 
VIMSS17323 16131141 yhdH -0.467 -0.41 0.063 0.162 

VIMSS16863 16130686 eno -0.466 -0.408 -0.08 -0.23 
VIMSS17143 16130963 rpoD -0.463 -0.406 -0.173 -0.487 
VIMSS14467 16128314 yahO -0.462 -0.404 -0.191 -0.535 
VIMSS15927 16129763 - -0.457 -0.4 0.134 0.356 
VIMSS15089 16128932 yccU -0.456 -0.399 -0.101 -0.288 
VIMSS16280 90111399 yeiP -0.455 -0.398 -0.525 -1.453 

VIMSS15763 90111310 slyA -0.454 -0.397 -0.134 -0.38 
VIMSS14289 16128136 pcnB -0.451 -0.394 -0.58 -1.603 
VIMSS15837 16129674 infC -0.449 -0.392 -0.221 -0.618 
VIMSS14217 16128065 leuD -0.447 -0.39 -0.841 -2.321 
VIMSS15339 16129180 chaB -0.446 -0.389 0.64 1.747 
VIMSS1937119 49176403 ilvE -0.439 -0.383 -0.366 -1.014 

VIMSS16516 16130343 crr -0.434 -0.377 -0.271 -0.755 
VIMSS18053 16131851 pgi -0.432 -0.375 -0.045 -0.133 
VIMSS15337 16129178 kdsA -0.43 -0.374 -0.198 -0.553 
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VIMSS16576 16130402 nlpB -0.429 -0.373 -0.186 -0.522 
VIMSS15255 16129096 ycfB -0.429 -0.372 -0.25 -0.696 
VIMSS1937025 49176358 livJ -0.427 -0.371 -0.206 -0.576 
VIMSS14663 16128510 cysS -0.426 -0.37 -0.23 -0.644 

VIMSS17384 16131200 rpsJ -0.424 -0.368 -0.314 -0.872 
VIMSS17003 16130825 mscS -0.419 -0.363 -0.155 -0.436 
VIMSS17017 16130839 speA -0.419 -0.363 -0.22 -0.614 
VIMSS14629 90111142 ybbN -0.419 -0.362 0.077 0.201 
VIMSS17302 16131121 rplM -0.418 -0.362 -0.422 -1.169 
VIMSS18042 16131840 aceB -0.417 -0.361 -0.085 -0.243 

VIMSS17383 16131199 rplC -0.417 -0.36 -0.593 -1.639 
VIMSS14988 16128831 artI -0.416 -0.36 0.262 0.707 
VIMSS17701 16131511 dut -0.413 -0.357 -0.308 -0.855 
VIMSS15795 16129632 pykF -0.411 -0.355 -0.04 -0.121 
VIMSS14662 16128509 ppiB -0.411 -0.355 -0.176 -0.493 
VIMSS14985 16128828 artJ -0.41 -0.354 -0.188 -0.528 

VIMSS16990 16130812 zapA -0.408 -0.352 0.073 0.189 
VIMSS18227 16132024 rpsR -0.406 -0.35 -0.355 -0.987 
VIMSS16696 16130522 aroF -0.395 -0.339 -0.669 -1.847 
VIMSS17080 16130901 yghA -0.395 -0.339 0.335 0.909 
VIMSS14907 16128750 moaB -0.393 -0.337 0.15 0.4 
VIMSS16037 16129870 fliC -0.393 -0.337 -0.268 -0.747 

VIMSS18189 16131986 yjeQ -0.391 -0.336 0.027 0.063 
VIMSS15758 16129595 tyrS -0.39 -0.334 -0.25 -0.696 
VIMSS17284 16131103 gltD -0.389 -0.333 -0.182 -0.51 
VIMSS16678 16130504 yfiD -0.386 -0.33 -0.202 -0.564 
VIMSS16563 16130389 talA -0.385 -0.33 0.027 0.064 
VIMSS17241 16131060 infB -0.382 -0.327 -0.169 -0.474 

VIMSS15858 16129694 nadE -0.382 -0.326 -0.157 -0.443 
VIMSS15395 16129236 cysB -0.38 -0.324 -0.043 -0.128 
VIMSS16847 16130670 cysI -0.377 -0.321 -0.13 -0.367 
VIMSS17404 16131220 rpsG -0.377 -0.321 -0.33 -0.916 
VIMSS14861 16128704 sucD -0.373 -0.317 -0.216 -0.604 
VIMSS14574 16128421 tig -0.372 -0.317 -0.195 -0.547 

VIMSS16098 16129931 erfK -0.371 -0.315 -0.007 -0.031 
VIMSS17669 16131479 gpsA -0.369 -0.314 -0.026 -0.084 
VIMSS16187 16130019 baeR -0.369 -0.314 0.351 0.951 
VIMSS15173 16129014 msyB -0.369 -0.314 0.127 0.339 
VIMSS16675 16130501 srmB -0.368 -0.313 -0.301 -0.836 
VIMSS15391 16129232 yciK -0.367 -0.312 0.686 1.872 

VIMSS15071 16128914 ycbX -0.366 -0.31 -0.4 -1.108 
VIMSS17326 16131144 accC -0.363 -0.308 -0.08 -0.231 
VIMSS16606 16130432 guaA -0.363 -0.308 -0.388 -1.077 
VIMSS14519 16128366 ddlA -0.36 -0.305 -0.325 -0.904 
VIMSS16015 16129849 otsB -0.358 -0.303 0.222 0.598 
VIMSS14471 16128318 prpC -0.356 -0.301 -0.279 -0.777 

VIMSS14153 16128002 talB -0.356 -0.301 -0.198 -0.555 
VIMSS14376 16128223 pepD -0.355 -0.3 -0.021 -0.068 
VIMSS17795 16131603 atpH -0.355 -0.3 -0.023 -0.073 



$()"

VIMSS15847 16129683 ydjN -0.353 -0.298 -0.235 -0.655 
VIMSS16630 16130456 iscR -0.351 -0.296 -0.09 -0.258 
VIMSS14199 16128047 surA -0.35 -0.295 0.19 0.51 
VIMSS16068 16129901 yedP -0.35 -0.295 -0.117 -0.333 

VIMSS17379 16131195 rpsS -0.35 -0.295 -0.38 -1.055 
VIMSS17672 16131482 yibN -0.348 -0.293 -0.158 -0.446 
VIMSS17380 16131196 rplB -0.341 -0.287 -0.414 -1.147 
VIMSS16973 16130795 dsbC -0.341 -0.286 0.605 1.649 
VIMSS14879 16128722 aroG -0.341 -0.286 -0.35 -0.971 
VIMSS14578 16128425 hupB -0.34 -0.285 -0.646 -1.785 

VIMSS16919 16130742 lysA -0.337 -0.282 -0.16 -0.449 
VIMSS15300 16129141 ycgK -0.337 -0.282 -0.627 -1.731 
VIMSS18277 90111713 yjgK -0.336 -0.281 0.018 0.037 
VIMSS17247 16131066 glmM -0.334 -0.28 -0.13 -0.368 
VIMSS17560 16131371 yhiR -0.334 -0.279 0.137 0.366 
VIMSS15833 16129670 pheS -0.33 -0.276 -0.062 -0.181 

VIMSS17359 16131175 rpsD -0.329 -0.275 -0.357 -0.991 
VIMSS14579 16128426 ppiD -0.329 -0.274 -0.198 -0.555 
VIMSS18397 16132194 osmY -0.328 -0.274 -0.244 -0.682 
VIMSS18225 16132022 rpsF -0.325 -0.271 -0.719 -1.985 
VIMSS16419 16130247 purF -0.323 -0.268 -0.303 -0.842 
VIMSS17449 16131264 rpe -0.322 -0.267 -0.196 -0.549 

VIMSS16781 16130604 alaS -0.32 -0.266 -0.193 -0.54 
VIMSS14608 16128455 ybaB -0.32 -0.265 -0.319 -0.888 
VIMSS17515 16131326 livF -0.317 -0.263 0.078 0.203 
VIMSS17307 16131126 mdh -0.317 -0.262 -0.131 -0.37 
VIMSS14859 16128702 sucB -0.316 -0.262 -0.577 -1.596 
VIMSS14858 16128701 sucA -0.316 -0.261 -0.262 -0.731 

VIMSS15127 16128969 yccJ -0.314 -0.259 -0.025 -0.079 
VIMSS18157 16131955 lysU -0.313 -0.259 -0.062 -0.182 
VIMSS15381 16129222 trpB -0.313 -0.258 -0.059 -0.172 
VIMSS14808 16128654 nagB -0.311 -0.257 0.138 0.368 
VIMSS17832 67005950 trxA -0.309 -0.255 -0.043 -0.129 
VIMSS14475 16128322 codA -0.303 -0.249 -0.278 -0.775 

VIMSS15008 16128851 infA -0.301 -0.247 -0.233 -0.651 
VIMSS17834 16131639 rho -0.301 -0.247 -0.193 -0.54 
VIMSS15296 16129137 minE -0.299 -0.245 -0.046 -0.136 
VIMSS14149 16127998 thrC -0.295 -0.241 -0.281 -0.782 
VIMSS14463 16128310 yahK -0.294 -0.241 -0.028 -0.088 
VIMSS16240 16130070 bglX -0.294 -0.24 0.044 0.11 

VIMSS14701 16128548 ompT -0.293 -0.239 -0.432 -1.196 
VIMSS1937128 49176410 rffD -0.293 -0.239 -0.371 -1.03 
VIMSS14805 16128651 nagD -0.293 -0.239 -0.011 -0.04 
VIMSS15750 16129587 rsxC -0.292 -0.238 -0.257 -0.718 
VIMSS17680 16131490 rfaD -0.292 -0.238 -0.147 -0.415 
VIMSS17415 16131231 yheS -0.292 -0.238 -0.184 -0.516 

VIMSS17422 16131238 argD -0.291 -0.237 -0.308 -0.858 
VIMSS14326 16128173 fabZ -0.288 -0.234 -0.067 -0.195 
VIMSS14177 16128026 carA -0.287 -0.234 -0.164 -0.461 



$(*"

VIMSS17967 16131766 yiiU -0.284 -0.23 0.104 0.275 
VIMSS1936555 49176129 slyB -0.284 -0.23 0.321 0.871 
VIMSS14792 16128638 gltI -0.283 -0.229 0.26 0.703 
VIMSS17370 16131186 rpsN -0.283 -0.229 -0.299 -0.832 

VIMSS16597 90111448 upp -0.282 -0.229 -0.343 -0.951 
VIMSS16614 16130440 ispG -0.281 -0.228 -0.175 -0.492 
VIMSS14572 16128419 yajG -0.28 -0.227 0.234 0.633 
VIMSS17260 16131079 murA -0.28 -0.226 0.091 0.238 
VIMSS15329 16129170 prsA -0.279 -0.226 0.029 0.069 
VIMSS17405 16131221 rpsL -0.278 -0.224 -0.465 -1.287 

VIMSS15055 16128898 pncB -0.277 -0.224 0.042 0.103 
VIMSS14856 16128699 sdhB -0.276 -0.222 -0.35 -0.973 
VIMSS14228 16128075 mraW -0.272 -0.219 0.014 0.027 
VIMSS18097 16131895 acs -0.262 -0.209 -0.369 -1.025 
VIMSS18260 16132057 pmbA -0.259 -0.206 0.078 0.204 
VIMSS16751 16130575 gabD -0.259 -0.206 -0.132 -0.374 

VIMSS1937098 49176395 gyrB -0.258 -0.205 0.01 0.017 
VIMSS14920 16128763 ybhG -0.252 -0.199 -0.089 -0.256 
VIMSS16704 16130530 rpsP -0.252 -0.199 -0.385 -1.068 
VIMSS18175 16131972 efp -0.25 -0.197 -0.178 -0.501 
VIMSS17731 16131541 ilvB -0.248 -0.195 -0.406 -1.126 
VIMSS17237 49176320 pnp -0.247 -0.194 -0.073 -0.211 

VIMSS18202 16131999 purA -0.246 -0.194 -0.195 -0.545 
VIMSS1936604 49176156 proQ -0.245 -0.192 -0.151 -0.427 
VIMSS17931 16131731 fdhE -0.245 -0.192 -0.121 -0.344 
VIMSS15735 16129572 ydgA -0.244 -0.191 0.109 0.289 
VIMSS17794 16131602 atpA -0.243 -0.19 -0.007 -0.031 
VIMSS17001 16130823 yggE -0.243 -0.19 0.071 0.185 

VIMSS15126 16128968 agp -0.242 -0.189 0.32 0.867 
VIMSS16598 16130424 purM -0.241 -0.189 -0.398 -1.102 
VIMSS16277 16130106 fruK -0.24 -0.188 0.393 1.068 
VIMSS17831 16131636 rhlB -0.24 -0.188 -0.088 -0.251 
VIMSS17796 16131604 atpF -0.238 -0.185 -0.086 -0.246 
VIMSS14926 16128769 ybiC -0.238 -0.185 -0.156 -0.439 

VIMSS15356 16129197 galU -0.237 -0.184 -0.08 -0.232 
VIMSS18013 16131812 nusG -0.236 -0.184 -0.207 -0.58 
VIMSS14768 16128614 ybeD -0.235 -0.182 0.209 0.563 
VIMSS15829 16129666 btuE -0.231 -0.178 -0.089 -0.255 
VIMSS1936890 49176286 tktA -0.23 -0.177 -0.204 -0.57 
VIMSS15725 16129562 ydgH -0.23 -0.177 -0.193 -0.542 

VIMSS17111 90111528 tolC -0.229 -0.176 0.328 0.889 
VIMSS16132 16129965 hisA -0.226 -0.174 -0.247 -0.689 
VIMSS15253 16129094 purB -0.225 -0.172 -0.088 -0.252 
VIMSS14324 16128171 hlpA -0.225 -0.172 -0.388 -1.077 
VIMSS15227 16129068 ycfM -0.224 -0.172 0.356 0.967 
VIMSS18402 16132198 deoC -0.224 -0.172 -0.049 -0.147 

VIMSS17451 16131266 damX -0.224 -0.171 -0.117 -0.333 
VIMSS15031 16128874 serC -0.223 -0.171 -0.109 -0.311 
VIMSS14291 16128138 dksA -0.221 -0.168 0.107 0.282 



$(+"

VIMSS17765 16131573 yidC -0.22 -0.168 -0.374 -1.037 
VIMSS16835 16130658 cysN -0.219 -0.167 -0.462 -1.28 
VIMSS14564 90111132 yajQ -0.217 -0.165 0.081 0.21 
VIMSS17128 16130948 rfaE -0.217 -0.164 -0.012 -0.043 

VIMSS18396 16132193 prfC -0.216 -0.163 -0.038 -0.116 
VIMSS17653 16131463 yibF -0.215 -0.162 -0.183 -0.514 
VIMSS15034 16128877 cmk -0.211 -0.159 -0.262 -0.73 
VIMSS15086 16128929 helD -0.21 -0.158 -0.471 -1.304 
VIMSS15258 16129099 icd -0.21 -0.158 -0.116 -0.328 
VIMSS14722 16128569 entF -0.208 -0.156 0.172 0.46 

VIMSS1936794 49176239 purL -0.208 -0.156 -0.204 -0.572 
VIMSS16474 16130301 evgA -0.207 -0.155 0.353 0.957 
VIMSS15021 16128864 ycaC -0.205 -0.153 0.201 0.541 
VIMSS17242 16131061 nusA -0.202 -0.15 -0.127 -0.361 
VIMSS17374 16131190 rpsQ -0.201 -0.149 -0.471 -1.305 
VIMSS15443 16129284 tyrR -0.198 -0.146 0.178 0.478 

VIMSS17570 90111604 hdeB -0.197 -0.145 -0.211 -0.59 
VIMSS18011 16131810 tufB -0.196 -0.144 -0.264 -0.737 
VIMSS16262 16130091 folE -0.196 -0.144 -0.435 -1.206 
VIMSS17240 16131059 rbfA -0.195 -0.143 -0.107 -0.305 
VIMSS14331 16128178 accA -0.193 -0.142 -0.108 -0.307 
VIMSS17889 16131689 ubiD -0.19 -0.139 0.145 0.386 

VIMSS16513 16130340 cysK -0.19 -0.139 0.05 0.125 
VIMSS14810 16128656 glnS -0.189 -0.138 -0.082 -0.235 
VIMSS17403 16131219 fusA -0.189 -0.138 -0.172 -0.484 
VIMSS15861 16129697 spy -0.189 -0.137 0.963 2.631 
VIMSS16695 16130521 tyrA -0.188 -0.137 -0.004 -0.022 
VIMSS15782 16129619 cfa -0.186 -0.134 0.049 0.123 

VIMSS14558 16128405 dxs -0.185 -0.133 -0.033 -0.1 
VIMSS14945 16128788 ybiT -0.18 -0.128 -0.031 -0.096 
VIMSS16594 16130420 yfgD -0.179 -0.128 -0.232 -0.649 
VIMSS14316 16128163 tsf -0.179 -0.127 -0.188 -0.528 
VIMSS15799 16129636 sufS -0.178 -0.127 0.051 0.129 
VIMSS18204 16132001 vacB -0.178 -0.126 0.621 1.693 

VIMSS16144 16129976 glf -0.177 -0.126 -0.256 -0.715 
VIMSS16241 16130071 dld -0.176 -0.124 0.222 0.598 
VIMSS18285 16132082 pepA -0.176 -0.124 0.058 0.147 
VIMSS14884 49176045 galE -0.174 -0.123 -0.146 -0.411 
VIMSS15733 16129570 fumA -0.174 -0.123 -0.193 -0.542 
VIMSS15052 16128895 aspC -0.17 -0.119 -0.02 -0.067 

VIMSS14244 16128091 secA -0.17 -0.118 0.089 0.234 
VIMSS16564 16130390 tktB -0.169 -0.118 0.181 0.487 
VIMSS15957 16129792 yebY -0.169 -0.118 0.14 0.372 
VIMSS15214 16129055 fabD -0.169 -0.117 -0.039 -0.117 
VIMSS16993 16130815 rpiA -0.167 -0.116 0.008 0.01 
VIMSS15984 16129819 aspS -0.165 -0.114 0.051 0.129 

VIMSS18340 49176488 fimC -0.164 -0.113 -0.11 -0.313 
VIMSS16868 16130691 relA -0.163 -0.112 -0.161 -0.452 
VIMSS17375 16131191 rpmC -0.161 -0.11 -0.326 -0.906 



$(,"

VIMSS14860 16128703 sucC -0.161 -0.11 -0.196 -0.55 
VIMSS14743 16128589 ahpF -0.161 -0.11 0.081 0.212 
VIMSS18019 16131818 rpoC -0.161 -0.109 -0.171 -0.481 
VIMSS17005 16130827 pgk -0.159 -0.108 0.106 0.28 

VIMSS17663 16131473 yibL -0.157 -0.106 -0.129 -0.366 
VIMSS16147 16129979 rfbA -0.156 -0.105 -0.199 -0.556 
VIMSS16666 16130492 rnc -0.156 -0.105 -0.381 -1.056 
VIMSS15600 90111281 sfcA -0.156 -0.104 0.062 0.158 
VIMSS18412 16132208 yjjK -0.155 -0.104 -0.21 -0.587 
VIMSS14769 16128615 dacA -0.155 -0.104 -0.145 -0.409 

VIMSS14381 16128228 proB -0.155 -0.103 -0.008 -0.033 
VIMSS15408 16129249 fabI -0.153 -0.102 0.003 -0.004 
VIMSS17251 16131070 yhbY -0.152 -0.101 -0.08 -0.231 
VIMSS16864 16130687 pyrG -0.152 -0.101 -0.145 -0.409 
VIMSS15534 16129373 azoR -0.15 -0.099 -0.038 -0.114 
VIMSS16759 16130583 stpA -0.147 -0.096 -0.161 -0.454 

VIMSS17352 16131169 trkA -0.146 -0.095 -0.149 -0.421 
VIMSS17283 16131102 gltB -0.145 -0.094 -0.186 -0.522 
VIMSS15948 16129784 prc -0.145 -0.094 -0.36 -1 
VIMSS17761 16131570 dnaA -0.144 -0.093 -0.282 -0.785 
VIMSS18014 16131813 rplK -0.143 -0.092 -0.444 -1.229 
VIMSS16342 16130170 nrdB -0.143 -0.092 -0.083 -0.238 

VIMSS14262 16128109 lpd -0.142 -0.091 0.1 0.263 
VIMSS15054 16128897 asnS -0.142 -0.091 -0.076 -0.22 
VIMSS16436 16130264 aroC -0.139 -0.088 -0.236 -0.658 
VIMSS16202 16130033 gatZ -0.139 -0.088 -0.215 -0.6 
VIMSS18082 16131880 tyrB -0.139 -0.088 0.068 0.175 
VIMSS16014 16129848 otsA -0.139 -0.088 0.171 0.459 

VIMSS17766 16131574 trmE -0.138 -0.087 -0.029 -0.091 
VIMSS18182 16131979 frdA -0.137 -0.086 0.078 0.204 
VIMSS15767 16129604 sodC -0.137 -0.086 0.433 1.179 
VIMSS15535 16129374 hrpA -0.134 -0.084 -0.107 -0.305 
VIMSS17864 16131666 corA -0.133 -0.083 -0.052 -0.153 
VIMSS17321 90111564 mreB -0.131 -0.08 -0.204 -0.57 

VIMSS16924 16130747 kduI -0.129 -0.078 0.187 0.501 
VIMSS17516 16131327 livG -0.128 -0.078 -0.413 -1.145 
VIMSS17399 16131215 bfr -0.127 -0.077 0.138 0.367 
VIMSS16131 16129964 hisH -0.124 -0.073 0.261 0.704 
VIMSS18047 16131845 metH -0.122 -0.072 -0.137 -0.387 
VIMSS17605 16131416 dppA -0.122 -0.071 -0.041 -0.124 

VIMSS15806 16129643 ydiJ -0.12 -0.07 0.034 0.082 
VIMSS16137 16129970 gnd -0.119 -0.069 -0.147 -0.416 
VIMSS17567 16131378 slp -0.118 -0.067 0.175 0.47 
VIMSS17877 16131678 metE -0.117 -0.067 -0.525 -1.452 
VIMSS15069 16128912 pyrD -0.114 -0.064 -0.24 -0.67 
VIMSS17804 16131612 asnA -0.112 -0.062 -0.305 -0.849 

VIMSS16631 16130457 yfhQ -0.111 -0.061 -0.352 -0.978 
VIMSS17095 16130915 parC -0.111 -0.061 -0.052 -0.154 
VIMSS16292 16130121 rsuA -0.108 -0.058 -0.125 -0.353 



$)-"

VIMSS17975 16131774 rpmE -0.107 -0.057 -0.373 -1.034 
VIMSS14767 16128613 lipB -0.106 -0.056 -0.06 -0.176 
VIMSS15128 16128970 wrbA -0.103 -0.053 -0.089 -0.256 
VIMSS17366 16131182 rpsE -0.102 -0.052 -0.363 -1.007 

VIMSS15073 16128916 uup -0.101 -0.051 -0.27 -0.752 
VIMSS1937169 49176434 bipA -0.099 -0.049 -0.262 -0.73 
VIMSS16189 16130021 yegQ -0.099 -0.049 -0.145 -0.409 
VIMSS14562 16128409 thiJ -0.097 -0.047 0.127 0.337 
VIMSS15072 16128915 ycbY -0.096 -0.046 -0.275 -0.767 
VIMSS17704 16131514 rph -0.096 -0.046 -0.234 -0.653 

VIMSS15972 16129807 pykA -0.095 -0.045 0.155 0.416 
VIMSS15048 16128891 mukB -0.095 -0.045 -0.066 -0.192 
VIMSS15012 16128855 trxB -0.094 -0.044 -0.183 -0.513 
VIMSS14666 16128513 folD -0.092 -0.043 -0.135 -0.382 
VIMSS14560 16128407 xseB -0.092 -0.042 0.178 0.477 
VIMSS18288 16132085 yjgR -0.091 -0.041 -0.07 -0.202 

VIMSS17254 16131073 obgE -0.089 -0.039 -0.32 -0.89 
VIMSS15245 16129086 potD -0.089 -0.039 0.318 0.861 
VIMSS15500 16129339 ydbK -0.089 -0.039 0.046 0.116 
VIMSS17246 16131065 secG -0.086 -0.036 0.268 0.723 
VIMSS15249 16129090 pepT -0.085 -0.036 0.166 0.445 
VIMSS14937 16128780 dps -0.085 -0.035 0.292 0.791 

VIMSS15406 16129247 rnb -0.085 -0.035 -0.164 -0.461 
VIMSS17131 16130951 htrG -0.085 -0.035 0.273 0.737 
VIMSS16680 16130506 yfiF -0.085 -0.035 -0.159 -0.448 
VIMSS15883 16129719 ydjA -0.085 -0.035 0.176 0.473 
VIMSS16834 16130657 cysC -0.084 -0.034 -0.105 -0.3 
VIMSS16423 16130251 accD -0.083 -0.033 -0.004 -0.022 

VIMSS16150 16129982 galF -0.082 -0.032 -0.21 -0.588 
VIMSS15551 16129389 tehB -0.081 -0.032 -0.06 -0.174 
VIMSS14148 16127997 thrB -0.08 -0.03 -0.115 -0.327 
VIMSS16142 16129974 wbbI -0.08 -0.03 0.095 0.25 
VIMSS17358 16131174 rpoA -0.076 -0.027 -0.137 -0.387 
VIMSS14197 16128045 ksgA -0.075 -0.025 0.271 0.732 

VIMSS16705 16130531 ffh -0.074 -0.025 -0.26 -0.725 
VIMSS17999 16131798 argH -0.074 -0.025 -0.437 -1.209 
VIMSS18283 16132080 valS -0.073 -0.023 -0.23 -0.641 
VIMSS17244 16131063 argG -0.072 -0.023 -0.285 -0.793 
VIMSS17978 16131777 metB -0.072 -0.022 0.064 0.166 
VIMSS17252 90111554 greA -0.069 -0.02 -0.149 -0.419 

VIMSS16493 16130320 glk -0.067 -0.018 0.338 0.918 
VIMSS17561 16131372 gor -0.067 -0.018 0.042 0.103 
VIMSS1937150 49176424 yigL -0.064 -0.015 -0.018 -0.06 
VIMSS16338 16130166 gyrA -0.063 -0.014 0.079 0.205 
VIMSS17793 16131601 atpG -0.063 -0.014 0.128 0.34 
VIMSS16427 16130255 pdxB -0.063 -0.014 0.002 -0.006 

VIMSS15056 16128899 pepN -0.062 -0.013 0.271 0.734 
VIMSS14346 16128193 gmhB -0.062 -0.013 -0.038 -0.115 
VIMSS17893 16131693 pepQ -0.062 -0.012 0.144 0.385 



$)$"

VIMSS15879 16129715 gdhA -0.061 -0.011 -0.344 -0.954 
VIMSS16401 16130229 yfbU -0.06 -0.011 0.252 0.682 
VIMSS17495 16131307 asd -0.059 -0.01 -0.213 -0.595 
VIMSS17368 16131184 rplF -0.059 -0.009 -0.151 -0.425 

VIMSS14317 16128164 pyrH -0.057 -0.008 0.209 0.562 
VIMSS16619 16130445 yfhM -0.057 -0.008 0.024 0.053 
VIMSS17811 16131619 rbsB -0.056 -0.007 0.485 1.319 
VIMSS14171 16128020 ileS -0.055 -0.006 0.002 -0.006 
VIMSS16390 49176206 nuoG -0.053 -0.004 0.063 0.163 
VIMSS14795 16128641 ybeX -0.052 -0.003 0.049 0.124 

VIMSS15091 16128934 yccW -0.051 -0.002 -0.131 -0.371 
VIMSS17613 16131424 yiaE -0.05 -0.001 0.08 0.21 
VIMSS14248 16128095 yacF -0.049 0 0.28 0.756 
VIMSS16607 16130433 guaB -0.048 0.001 -0.447 -1.238 
VIMSS14240 16128087 ftsA -0.047 0.002 0.117 0.31 
VIMSS17364 16131180 rplO -0.044 0.005 -0.419 -1.161 

VIMSS18373 16132170 hsdM -0.043 0.006 -0.154 -0.435 
VIMSS17980 16131779 metF -0.043 0.006 -0.355 -0.987 
VIMSS14944 16128787 ybiS -0.038 0.01 -0.206 -0.576 
VIMSS14178 16128027 carB -0.038 0.011 -0.254 -0.709 
VIMSS18062 16131860 malE -0.036 0.013 0.752 2.052 
VIMSS16341 16130169 nrdA -0.035 0.013 -0.071 -0.205 

VIMSS14264 16128111 acnB -0.034 0.015 -0.153 -0.43 
VIMSS15007 16128850 clpA -0.032 0.017 -0.085 -0.243 
VIMSS15967 16129802 purT -0.03 0.019 -0.139 -0.392 
VIMSS16515 16130342 ptsI -0.028 0.021 0.07 0.18 
VIMSS14318 16128165 frr -0.026 0.022 -0.14 -0.396 
VIMSS14925 16128768 ybiB -0.019 0.029 0.336 0.91 

VIMSS17671 16131481 grxC -0.019 0.03 -0.138 -0.389 
VIMSS17997 16131796 argC -0.019 0.03 -0.293 -0.816 
VIMSS14765 16128611 lipA -0.017 0.031 0.57 1.555 
VIMSS17616 16131427 cspA -0.017 0.031 -0.211 -0.591 
VIMSS15552 16129390 ydcL -0.017 0.032 0.257 0.696 
VIMSS17802 16131610 mioC -0.016 0.032 -0.108 -0.308 

VIMSS17412 16131228 slyD -0.015 0.034 0.005 0.003 
VIMSS15704 16129541 ynfB -0.013 0.035 0.309 0.836 
VIMSS15896 16129732 yeaA -0.009 0.039 -0.238 -0.666 
VIMSS18038 16131836 purH -0.007 0.041 -0.164 -0.462 
VIMSS16034 16129867 fliY -0.006 0.042 0.037 0.091 
VIMSS16613 16130439 hisS -0.006 0.042 0.113 0.3 

VIMSS17851 16131655 hemX -0.003 0.045 0.126 0.335 
VIMSS14621 16128468 copA -0.003 0.045 -0.281 -0.781 
VIMSS16970 16130792 lysS -0.002 0.046 -0.101 -0.289 
VIMSS17369 16131185 rpsH 0 0.048 -0.4 -1.11 
VIMSS14359 16128206 ivy 0.001 0.049 0.283 0.765 
VIMSS17223 16131042 yraP 0.002 0.05 0.389 1.057 

VIMSS15783 16129620 ribC 0.007 0.055 0.117 0.311 
VIMSS15897 16129733 gapA 0.012 0.06 0.057 0.146 
VIMSS14939 16128782 ompX 0.013 0.061 0.027 0.062 



$)%"

VIMSS16503 16130330 gltX 0.02 0.067 -0.106 -0.302 
VIMSS15905 16129741 yeaK 0.02 0.068 0.706 1.927 
VIMSS17602 16131413 dppD 0.024 0.072 -0.001 -0.015 
VIMSS15779 16129616 purR 0.025 0.072 -0.282 -0.786 

VIMSS17249 16131068 ftsH 0.025 0.072 0.102 0.269 
VIMSS14557 16128404 yajO 0.025 0.072 0.287 0.778 
VIMSS17257 16131076 rplU 0.026 0.073 -0.313 -0.871 
VIMSS17357 16131173 rplQ 0.026 0.073 -0.321 -0.893 
VIMSS16393 16130221 nuoC 0.026 0.074 0.25 0.675 
VIMSS16610 16130436 der 0.029 0.076 -0.13 -0.367 

VIMSS14314 16128161 map 0.029 0.076 -0.311 -0.864 
VIMSS15225 16129066 ycfF 0.03 0.077 -0.22 -0.614 
VIMSS16985 16130807 gcvT 0.032 0.08 -0.263 -0.734 
VIMSS14507 16128354 hemB 0.035 0.082 0.358 0.972 
VIMSS17508 16131319 ggt 0.035 0.082 -0.315 -0.875 
VIMSS17144 16130964 ygjF 0.036 0.084 0.146 0.389 

VIMSS14151 16128000 yaaA 0.037 0.084 -0.199 -0.558 
VIMSS15333 16129174 prfA 0.041 0.088 -0.186 -0.522 
VIMSS17488 16131300 glpD 0.042 0.089 -0.011 -0.042 
VIMSS14886 16128729 modE 0.044 0.091 0.048 0.12 
VIMSS15661 16129498 ydfG 0.044 0.091 -0.179 -0.502 
VIMSS14147 16127996 thrA 0.044 0.091 -0.202 -0.565 

VIMSS16923 16130746 kduD 0.044 0.091 0.259 0.7 
VIMSS17861 16131664 yigB 0.045 0.092 -0.21 -0.587 
VIMSS17756 16131565 yidA 0.05 0.096 -0.091 -0.262 
VIMSS17620 16131430 glyS 0.05 0.097 0.035 0.085 
VIMSS15361 16129202 adhE 0.053 0.1 0.234 0.632 
VIMSS17824 16131630 ilvA 0.055 0.102 -0.083 -0.239 

VIMSS14551 16128398 ybaD 0.057 0.104 0.147 0.392 
VIMSS14600 16128447 acrA 0.06 0.106 0.263 0.711 
VIMSS17235 90111550 deaD 0.061 0.108 -0.351 -0.974 
VIMSS17141 16130961 rpsU 0.062 0.109 -0.212 -0.594 
VIMSS16668 16130494 lepA 0.063 0.11 0.03 0.071 
VIMSS15603 16129441 osmC 0.064 0.111 0.555 1.512 

VIMSS14576 16128423 clpX 0.065 0.112 0.126 0.336 
VIMSS16694 16130520 pheA 0.066 0.112 0.057 0.145 
VIMSS18000 16131799 oxyR 0.067 0.114 0.043 0.106 
VIMSS18041 16131839 metA 0.068 0.115 -0.218 -0.611 
VIMSS15343 16129184 narL 0.069 0.116 0.168 0.449 
VIMSS14731 16128578 entB 0.07 0.116 -0.325 -0.904 

VIMSS14280 16128127 panB 0.071 0.118 0.109 0.289 
VIMSS17172 90111538 yqjC 0.073 0.119 0.169 0.452 
VIMSS16514 16130341 ptsH 0.073 0.119 0.035 0.086 
VIMSS15252 16129093 phoP 0.074 0.121 0.216 0.582 
VIMSS18422 16132218 arcA 0.077 0.123 -0.049 -0.147 
VIMSS17481 16131294 malT 0.078 0.124 0.221 0.597 

VIMSS16135 16129968 wzzB 0.08 0.127 -0.392 -1.087 
VIMSS17085 16130906 metC 0.087 0.133 0.035 0.084 
VIMSS18258 16132055 mpl 0.087 0.133 0.404 1.099 



$)&"

VIMSS16127 16129960 hisG 0.088 0.134 0.004 0 
VIMSS15223 16129064 ptsG 0.091 0.137 0.036 0.088 
VIMSS15424 16129265 pspA 0.093 0.139 0.146 0.391 
VIMSS17491 16131303 glgA 0.093 0.139 0.232 0.627 

VIMSS16755 16130579 ygaU 0.094 0.14 0.895 2.447 
VIMSS14345 16128192 metN 0.094 0.14 -0.032 -0.099 
VIMSS15387 16129228 yciO 0.098 0.144 0.26 0.703 
VIMSS15141 16128982 ycdO 0.098 0.144 0.021 0.047 
VIMSS17760 16131569 dnaN 0.1 0.145 -0.148 -0.419 
VIMSS16325 16130154 rcsB 0.101 0.147 0.293 0.792 

VIMSS15857 16129693 osmE 0.101 0.147 0.324 0.879 
VIMSS15756 16129593 gst 0.102 0.148 0.31 0.839 
VIMSS17792 16131600 atpD 0.105 0.151 -0.089 -0.256 
VIMSS14779 16128625 leuS 0.106 0.152 -0.053 -0.158 
VIMSS16890 16130713 ygdE 0.108 0.154 0.024 0.054 
VIMSS14270 16128117 gcd 0.11 0.156 -0.393 -1.089 

VIMSS16220 16130051 mrp 0.111 0.156 0.83 2.267 
VIMSS14340 16128187 proS 0.111 0.156 -0.068 -0.196 
VIMSS17262 16131081 yrbB 0.114 0.159 0.291 0.789 
VIMSS17280 16131099 yhbL 0.114 0.16 0.195 0.523 
VIMSS18417 16132213 rob 0.116 0.161 0.076 0.196 
VIMSS17981 16131780 katG 0.12 0.165 0.3 0.812 

VIMSS15573 16129411 yncE 0.121 0.166 -0.039 -0.117 
VIMSS18410 16132206 radA 0.125 0.17 -0.048 -0.144 
VIMSS15384 16129225 trpE 0.125 0.17 0.127 0.338 
VIMSS1937151 49176425 ysgA 0.125 0.171 0.213 0.574 
VIMSS15901 16129737 yeaG 0.126 0.172 0.335 0.909 
VIMSS18086 16131884 uvrA 0.128 0.173 0.034 0.083 

VIMSS14309 16128156 yaeH 0.129 0.174 0.168 0.451 
VIMSS15775 16129612 ydhD 0.131 0.176 0.114 0.303 
VIMSS1936785 49176235 iscS 0.131 0.176 0.117 0.311 
VIMSS16430 16130258 fabB 0.133 0.178 0.045 0.112 
VIMSS15047 16128890 mukE 0.133 0.178 0.185 0.496 
VIMSS14327 16128174 lpxA 0.134 0.179 0.002 -0.006 

VIMSS15032 16128875 aroA 0.134 0.18 -0.209 -0.585 
VIMSS17468 16131282 ompR 0.135 0.18 0.526 1.433 
VIMSS16221 16130052 metG 0.135 0.181 0.11 0.291 
VIMSS16386 16130214 nuoK 0.137 0.182 0.859 2.346 
VIMSS17021 16130843 metK 0.138 0.183 0.14 0.372 
VIMSS15378 16129219 yciF 0.139 0.185 0.214 0.576 

VIMSS17790 16131598 glmU 0.144 0.189 -0.228 -0.637 
VIMSS15367 16129208 oppF 0.145 0.19 0.634 1.728 
VIMSS15823 16129660 aroH 0.145 0.19 0.102 0.268 
VIMSS15325 16129166 ychF 0.147 0.192 -0.099 -0.282 
VIMSS16988 16130810 pepP 0.15 0.195 -0.088 -0.253 
VIMSS16022 16129855 ftn 0.153 0.198 0.142 0.38 

VIMSS14325 16128172 lpxD 0.155 0.2 -0.315 -0.875 
VIMSS17910 16131710 glnA 0.155 0.2 -0.215 -0.601 
VIMSS15660 16129497 dcp 0.155 0.2 0.111 0.295 



$)'"

VIMSS15326 16129167 pth 0.157 0.202 -0.054 -0.16 
VIMSS1937014 49176351 malP 0.157 0.202 0.413 1.123 
VIMSS17177 16130997 yqjG 0.158 0.203 0.243 0.656 
VIMSS14546 16128393 secD 0.159 0.203 -0.184 -0.517 

VIMSS17904 16131704 polA 0.16 0.205 0.148 0.395 
VIMSS16915 16130738 tas 0.161 0.205 -0.168 -0.471 
VIMSS17533 16131344 dcrB 0.162 0.206 0.265 0.715 
VIMSS14279 16128126 panC 0.162 0.207 0.092 0.24 
VIMSS15157 16128998 ycdY 0.163 0.208 -0.035 -0.107 
VIMSS17571 16131382 hdeA 0.165 0.21 -0.286 -0.797 

VIMSS16324 16130153 rcsD 0.167 0.212 -0.096 -0.274 
VIMSS18188 16131985 psd 0.168 0.213 -0.032 -0.099 
VIMSS16129 16129962 hisC 0.172 0.216 0.083 0.217 
VIMSS16612 16130438 yfgM 0.179 0.223 0.075 0.195 
VIMSS14300 16128147 hemL 0.181 0.226 0.131 0.349 
VIMSS15832 16129669 pheT 0.182 0.226 -0.072 -0.208 

VIMSS16978 16130800 ygfZ 0.185 0.229 0.358 0.971 
VIMSS16579 16130405 bcp 0.185 0.229 -0.067 -0.195 
VIMSS16403 16130231 ackA 0.185 0.23 0.278 0.753 
VIMSS17970 16131769 hslU 0.188 0.232 0.15 0.402 
VIMSS16080 16129913 hchA 0.189 0.233 0.653 1.78 
VIMSS14622 16128469 ybaS 0.19 0.235 -0.054 -0.158 

VIMSS16130 90111373 hisB 0.192 0.236 0.024 0.056 
VIMSS18247 16132044 ytfP 0.193 0.237 0.177 0.475 
VIMSS16562 16130388 maeB 0.193 0.237 -0.04 -0.12 
VIMSS15537 16129376 aldA 0.194 0.238 0.058 0.149 
VIMSS17452 16131267 aroB 0.196 0.24 0.387 1.051 
VIMSS17862 16131665 uvrD 0.196 0.24 0.062 0.158 

VIMSS17890 16131690 fre 0.197 0.241 0.275 0.745 
VIMSS17345 16131163 yrdC 0.198 0.242 -0.456 -1.264 
VIMSS15882 16129718 selD 0.199 0.242 0.111 0.295 
VIMSS15206 16129047 rne 0.199 0.243 0.217 0.583 
VIMSS17420 16131236 crp 0.202 0.246 0.39 1.06 
VIMSS16214 33347621 yohN 0.202 0.246 0.815 2.227 

VIMSS18280 16132077 yjgD 0.202 0.246 -0.13 -0.368 
VIMSS14798 16128644 miaB 0.203 0.247 -0.108 -0.307 
VIMSS16391 16130219 nuoF 0.204 0.247 0.117 0.311 
VIMSS16848 16130671 cysJ 0.204 0.248 -0.085 -0.243 
VIMSS16404 16130232 pta 0.204 0.248 0.206 0.555 
VIMSS14570 16128417 cyoA 0.206 0.25 -0.483 -1.336 

VIMSS17525 16131336 ftsY 0.208 0.252 0.07 0.181 
VIMSS16874 16130697 yqcA 0.21 0.253 0.449 1.22 
VIMSS14842 16128685 ybgI 0.21 0.254 0.045 0.114 
VIMSS16323 16130152 ompC 0.211 0.255 -0.116 -0.329 
VIMSS17276 16131095 yhbJ 0.211 0.255 0.047 0.118 
VIMSS15042 16128885 kdsB 0.214 0.258 0.098 0.257 

VIMSS17361 16131177 rpsM 0.215 0.259 -0.226 -0.633 
VIMSS14176 16128025 dapB 0.216 0.259 -0.307 -0.855 
VIMSS14577 16128424 lon 0.217 0.26 0.204 0.549 



$)("

VIMSS16521 16130348 cysA 0.218 0.261 0.032 0.077 
VIMSS17621 16131431 glyQ 0.219 0.262 -0.135 -0.382 
VIMSS17996 16131795 argE 0.219 0.263 0.015 0.03 
VIMSS14472 16128319 prpD 0.22 0.263 0.096 0.253 

VIMSS18073 16131871 yjbJ 0.221 0.264 1.011 2.765 
VIMSS14552 16128399 ribD 0.221 0.265 0.27 0.729 
VIMSS15812 16129649 aroD 0.222 0.265 0.072 0.186 
VIMSS16625 16130451 hscA 0.225 0.268 -0.197 -0.553 
VIMSS17588 16131399 yhjJ 0.226 0.27 0.08 0.208 
VIMSS16392 16130220 nuoE 0.227 0.27 0.055 0.139 

VIMSS18205 16132002 rlmB 0.227 0.271 -0.358 -0.993 
VIMSS15759 16129596 pdxH 0.231 0.274 0.144 0.385 
VIMSS14804 16128650 asnB 0.233 0.276 0.022 0.048 
VIMSS14260 16128107 aceE 0.236 0.279 0.571 1.556 
VIMSS17266 16131085 yrbF 0.236 0.279 0.286 0.775 
VIMSS14241 16128088 ftsZ 0.237 0.28 0.129 0.344 

VIMSS18338 16132135 fimA 0.238 0.281 -0.143 -0.403 
VIMSS14531 16128378 rdgC 0.239 0.282 0.149 0.399 
VIMSS17906 16131706 yihI 0.239 0.282 -0.217 -0.605 
VIMSS17464 16131278 yrfl 0.239 0.282 -0.21 -0.587 
VIMSS16204 16130035 fbaB 0.241 0.284 0.382 1.038 
VIMSS18294 16132091 yjgB 0.242 0.285 0.16 0.429 

VIMSS14996 16128839 poxB 0.242 0.285 0.361 0.98 
VIMSS15377 16129218 yciE 0.245 0.288 0.497 1.354 
VIMSS17705 16131515 yicC 0.245 0.288 -0.123 -0.349 
VIMSS17809 16131617 rbsA 0.248 0.291 0.158 0.422 
VIMSS16411 16130239 yfcH 0.248 0.291 -0.225 -0.627 
VIMSS18232 90111705 fklB 0.25 0.293 0.125 0.331 

VIMSS15777 16129614 sodB 0.251 0.294 0.087 0.226 
VIMSS18063 16131861 malK 0.252 0.295 0.056 0.144 
VIMSS15156 16128997 ycdX 0.254 0.296 -0.267 -0.745 
VIMSS16128 16129961 hisD 0.255 0.298 0.08 0.209 
VIMSS18199 16131996 hflK 0.255 0.298 -0.009 -0.035 
VIMSS15599 16129437 adhP 0.256 0.299 0.715 1.952 

VIMSS15017 16128860 serS 0.256 0.299 0.031 0.074 
VIMSS17304 90111560 yhcB 0.257 0.299 -0.056 -0.164 
VIMSS15319 16129160 treA 0.258 0.3 0.138 0.367 
VIMSS15297 16129138 minD 0.258 0.3 0.216 0.582 
VIMSS18079 16131877 qor 0.259 0.302 0.244 0.659 
VIMSS16239 16130069 yehZ 0.259 0.302 0.285 0.77 

VIMSS16575 16130401 purC 0.26 0.302 0.223 0.602 
VIMSS16995 16130817 argP 0.263 0.306 0.131 0.347 
VIMSS15801 16129638 sufC 0.264 0.307 -0.061 -0.178 
VIMSS14742 16128588 ahpC 0.264 0.307 -0.117 -0.332 
VIMSS14964 16128807 dacC 0.265 0.307 0.115 0.304 
VIMSS16615 16130441 yfgA 0.265 0.308 0.015 0.03 

VIMSS14954 16128797 yliA 0.265 0.308 0.209 0.563 
VIMSS17268 16131087 kdsD 0.269 0.312 0.072 0.187 
VIMSS17264 16131083 yrbD 0.27 0.313 0.261 0.704 



$))"

VIMSS16684 16130510 pssA 0.271 0.313 -0.112 -0.318 
VIMSS15392 16129233 sohB 0.271 0.313 0.026 0.062 
VIMSS15320 16129161 ycgC 0.274 0.316 0.318 0.861 
VIMSS14231 16128078 murE 0.274 0.316 0.064 0.165 

VIMSS14952 16128795 moeA 0.278 0.32 0.186 0.5 
VIMSS16437 16130265 yfcB 0.278 0.321 -0.06 -0.177 
VIMSS15396 16129237 acnA 0.279 0.321 0.297 0.805 
VIMSS15380 16129221 trpA 0.281 0.323 0.19 0.511 
VIMSS16263 16130092 yeiG 0.284 0.326 0.128 0.342 
VIMSS17350 16131167 fmt 0.286 0.328 0.324 0.879 

VIMSS17979 16131778 metL 0.289 0.331 0.018 0.039 
VIMSS15363 16129204 oppA 0.291 0.333 0.818 2.235 
VIMSS14160 16128009 dnaJ 0.291 0.333 0.233 0.63 
VIMSS17054 16130876 glcB 0.295 0.337 0.03 0.072 
VIMSS15988 16129823 yecO 0.295 0.337 0.346 0.939 
VIMSS18257 16132054 fbp 0.296 0.338 0.083 0.216 

VIMSS16237 16130067 yehX 0.296 0.338 -0.252 -0.704 
VIMSS18404 16132200 deoB 0.302 0.344 0.16 0.428 
VIMSS15502 16129341 ldhA 0.303 0.345 0.564 1.536 
VIMSS14852 16128695 gltA 0.304 0.346 0.032 0.078 
VIMSS15015 16128858 lolA 0.304 0.346 0.608 1.657 
VIMSS16369 16130197 menB 0.305 0.346 0.172 0.462 

VIMSS14494 16128341 frmA 0.305 0.347 0.229 0.617 
VIMSS15236 16129077 mfd 0.307 0.348 0.143 0.381 
VIMSS14885 16128728 modF 0.31 0.351 -0.085 -0.245 
VIMSS17272 16131091 yhbG 0.31 0.352 0.177 0.476 
VIMSS17548 16131359 yhiI 0.31 0.352 0.008 0.01 
VIMSS14797 16128643 ybeZ 0.311 0.353 0.123 0.327 

VIMSS14425 16128272 yagU 0.312 0.353 -0.449 -1.242 
VIMSS16777 16130600 gshA 0.312 0.353 0.05 0.127 
VIMSS17509 16131320 yhhA 0.313 0.354 0.138 0.367 
VIMSS14900 16128743 bioB 0.314 0.355 -0.319 -0.888 
VIMSS16388 16130216 nuoI 0.314 0.356 -0.02 -0.065 
VIMSS15142 16128983 ycdB 0.315 0.356 -0.38 -1.053 

VIMSS16825 16130648 rpoS 0.315 0.357 0.023 0.051 
VIMSS14881 16128724 galM 0.316 0.358 0.201 0.542 
VIMSS17812 16131620 rbsK 0.32 0.361 0.094 0.247 
VIMSS17559 16131370 prlC 0.321 0.363 0.22 0.592 
VIMSS15215 16129056 fabG 0.322 0.363 -0.1 -0.285 
VIMSS17078 16130899 yghZ 0.325 0.366 0.538 1.466 

VIMSS16520 16130347 cysM 0.325 0.366 -0.246 -0.686 
VIMSS14818 16128664 pgm 0.328 0.369 0.191 0.514 
VIMSS15231 16129072 ndh 0.328 0.37 0.542 1.478 
VIMSS17300 16131119 sspA 0.33 0.372 0.071 0.185 
VIMSS14269 16128116 cueO 0.337 0.379 -0.191 -0.536 
VIMSS17673 16131483 gpmI 0.34 0.381 0.126 0.334 

VIMSS14865 90111166 cydA 0.342 0.383 0.921 2.518 
VIMSS15734 16129571 manA 0.342 0.383 0.394 1.071 
VIMSS15357 16129198 hns 0.343 0.384 -0.16 -0.45 



$)*"

VIMSS1936580 49176140 katE 0.345 0.386 0.086 0.224 
VIMSS14553 16128400 ribE 0.345 0.386 0.14 0.372 
VIMSS14219 90111082 leuB 0.346 0.387 -0.134 -0.378 
VIMSS16296 16130125 yejL 0.347 0.388 0.107 0.283 

VIMSS14963 16128806 yliJ 0.348 0.389 -0.207 -0.578 
VIMSS16577 16130403 dapA 0.35 0.391 -0.149 -0.421 
VIMSS18198 16131995 hflX 0.352 0.393 0.241 0.65 
VIMSS15838 16129675 thrS 0.353 0.394 0.113 0.3 
VIMSS14261 16128108 aceF 0.353 0.394 0.542 1.478 
VIMSS14205 16128053 hepA 0.353 0.394 -0.072 -0.208 

VIMSS15740 16129577 hdhA 0.355 0.396 0.185 0.497 
VIMSS18259 16132056 yjgA 0.356 0.397 0.294 0.795 
VIMSS15027 16128870 pflB 0.362 0.402 0.385 1.046 
VIMSS17026 16130848 gshB 0.363 0.404 0.237 0.639 
VIMSS17424 16131240 fic 0.368 0.409 0.234 0.631 
VIMSS15950 171701682 yebR 0.369 0.41 0.035 0.084 

VIMSS15821 16129658 pps 0.372 0.413 -0.083 -0.239 
VIMSS15311 16129152 dadA 0.373 0.413 0.641 1.75 
VIMSS15797 16129634 ynhG 0.373 0.413 0.459 1.25 
VIMSS1937060 49176374 avtA 0.374 0.414 0.143 0.381 
VIMSS16042 16129875 yedD 0.374 0.415 0.442 1.203 
VIMSS17523 16131334 ftsX 0.375 0.415 0.107 0.282 

VIMSS16173 16130005 dcd 0.375 0.415 0.072 0.186 
VIMSS17479 16131292 malQ 0.375 0.415 0.068 0.176 
VIMSS16029 16129862 yecF 0.377 0.417 -0.287 -0.8 
VIMSS16622 90111453 pepB 0.379 0.419 -0.026 -0.083 
VIMSS17066 16130888 gss 0.379 0.42 0.221 0.594 
VIMSS16133 16129966 hisF 0.385 0.425 -0.022 -0.071 

VIMSS16628 16130454 iscU 0.386 0.426 0.241 0.652 
VIMSS15453 16129294 uspE 0.391 0.431 0.347 0.941 
VIMSS15170 16129011 mdoG 0.396 0.436 0.332 0.901 
VIMSS15155 16128996 ycdW 0.396 0.436 0.044 0.109 
VIMSS17037 16130859 yggN 0.4 0.44 0.547 1.492 
VIMSS17587 90111606 kdgK 0.402 0.442 0.09 0.237 

VIMSS17317 16131135 cafA 0.403 0.443 0.217 0.586 
VIMSS15994 16129828 argS 0.407 0.447 -0.085 -0.244 
VIMSS15970 16129805 zwf 0.408 0.448 0.366 0.993 
VIMSS16611 16130437 yfgL 0.414 0.454 -0.102 -0.291 
VIMSS16201 16130032 gatA 0.416 0.456 0.428 1.164 
VIMSS1936449 49176090 oppD 0.416 0.456 0.454 1.235 

VIMSS17575 16131386 mdtF 0.424 0.463 -0.171 -0.48 
VIMSS15184 16129025 pyrC 0.424 0.463 -0.596 -1.647 
VIMSS15181 16129022 solA 0.426 0.465 0.1 0.264 
VIMSS14524 16128371 proC 0.427 0.466 -0.055 -0.163 
VIMSS17968 16131767 rraA 0.432 0.471 0.031 0.074 
VIMSS16817 16130640 mutS 0.432 0.472 -0.022 -0.071 

VIMSS14170 16128019 ribF 0.432 0.472 -0.04 -0.12 
VIMSS17492 16131304 glgC 0.433 0.472 0.489 1.331 
VIMSS16033 16129866 yedO 0.435 0.474 -0.194 -0.544 
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VIMSS15796 16129633 lpp 0.438 0.477 0.012 0.022 
VIMSS16599 16130425 purN 0.439 0.478 -0.161 -0.454 
VIMSS15968 16129803 eda 0.442 0.481 0.082 0.214 
VIMSS14882 16128725 galK 0.444 0.483 0.34 0.921 

VIMSS16356 16130184 yfaY 0.444 0.483 0.022 0.05 
VIMSS16124 16129957 yeeZ 0.444 0.483 0.352 0.955 
VIMSS14872 16128715 tolB 0.445 0.484 -0.02 -0.066 
VIMSS16989 16130811 ygfB 0.447 0.486 0.24 0.647 
VIMSS16690 16130516 yfiO 0.449 0.488 0.052 0.132 
VIMSS16031 16129864 yecC 0.449 0.488 -0.103 -0.294 

VIMSS16617 16130443 ndk 0.454 0.493 -0.102 -0.292 
VIMSS16373 16130201 elaB 0.455 0.494 0.045 0.113 
VIMSS17305 16131124 degQ 0.459 0.498 0.246 0.665 
VIMSS14305 16128152 pfs 0.463 0.502 0.075 0.196 
VIMSS15049 16128892 ycbB 0.466 0.505 0.588 1.602 
VIMSS16203 90111384 gatY 0.467 0.506 0.442 1.202 

VIMSS15771 16129608 nemA 0.47 0.508 -0.018 -0.061 
VIMSS17784 16131592 phoU 0.471 0.51 0.728 1.987 
VIMSS14732 16128579 entA 0.472 0.51 0.178 0.477 
VIMSS15724 16129561 pntA 0.476 0.514 -0.176 -0.495 
VIMSS14343 16128190 metQ 0.476 0.514 -0.098 -0.279 
VIMSS16426 16130254 usg 0.477 0.516 0.048 0.12 

VIMSS15087 16128930 msgA 0.479 0.518 0.864 2.361 
VIMSS16672 16130498 rpoE 0.48 0.518 -0.116 -0.329 
VIMSS18170 16131967 groS 0.483 0.521 0.216 0.581 
VIMSS17950 16131750 yiiM 0.486 0.524 0.526 1.434 
VIMSS14224 16128071 ilvH 0.486 0.525 0.163 0.437 
VIMSS17700 16131510 dfp 0.487 0.525 0.082 0.215 

VIMSS15825 16129662 ydiU 0.489 0.527 0.106 0.28 
VIMSS18037 16131835 purD 0.49 0.528 -0.252 -0.702 
VIMSS17965 16131764 glpK 0.492 0.53 0.425 1.156 
VIMSS17556 16131367 uspA 0.497 0.535 0.535 1.456 
VIMSS14591 16128438 ybaY 0.499 0.537 0.341 0.925 
VIMSS16769 16130593 proX 0.499 0.537 0.573 1.561 

VIMSS1936210 90111084 ilvI 0.502 0.54 0.124 0.33 
VIMSS17490 16131302 glgP 0.506 0.544 0.113 0.3 
VIMSS17773 16131581 yieF 0.509 0.547 0.542 1.477 
VIMSS14599 16128446 acrB 0.509 0.547 0.194 0.521 
VIMSS14302 16128149 yadR 0.509 0.547 -0.058 -0.171 
VIMSS17089 16130910 yqhE 0.514 0.552 0.619 1.689 

VIMSS1936656 49176177 flu 0.517 0.555 0.216 0.581 
VIMSS1936225 90111334 yeaP 0.527 0.564 0.407 1.106 
VIMSS15723 16129560 pntB 0.529 0.566 0.304 0.823 
VIMSS1937139 49176416 hemC 0.529 0.566 0.07 0.182 
VIMSS16767 16130591 proV 0.532 0.57 0.235 0.633 
VIMSS16346 16130174 glpQ 0.533 0.57 0.362 0.983 

VIMSS17649 90111619 aldB 0.535 0.573 0.813 2.221 
VIMSS17315 16131134 tldD 0.538 0.576 -0.208 -0.582 
VIMSS15322 16129163 dhaK 0.54 0.577 0.708 1.932 
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VIMSS17660 16131470 mtlA 0.543 0.58 0.041 0.102 
VIMSS17574 16131385 mdtE 0.548 0.585 -0.012 -0.044 
VIMSS14631 16128478 tesA 0.553 0.59 0.079 0.206 
VIMSS18081 16131879 alr 0.559 0.596 -0.04 -0.12 

VIMSS16826 16130649 nlpD 0.56 0.596 1.098 3.004 
VIMSS14361 16128208 lpcA 0.56 0.597 0.338 0.915 
VIMSS15898 90111330 yeaD 0.563 0.6 0.221 0.595 
VIMSS14267 16128114 speE 0.571 0.607 -0.225 -0.627 
VIMSS15449 16129290 mppA 0.571 0.608 0.531 1.448 
VIMSS18403 16132199 deoA 0.577 0.613 0.288 0.778 

VIMSS17955 16131754 pfkA 0.577 0.614 0.097 0.255 
VIMSS18171 16131968 groL 0.578 0.614 0.2 0.538 
VIMSS16687 16130513 clpB 0.579 0.615 0.44 1.198 
VIMSS14174 16128023 ispH 0.58 0.616 -0.016 -0.056 
VIMSS16600 16130426 ppk 0.584 0.62 0.279 0.756 
VIMSS15498 16129337 ynaF 0.586 0.622 0.651 1.775 

VIMSS14995 16128838 ltaE 0.596 0.632 0.051 0.128 
VIMSS16981 16130803 bglA 0.596 0.632 0.191 0.514 
VIMSS18405 16132201 deoD 0.6 0.636 -0.291 -0.81 
VIMSS17652 16131462 selA 0.602 0.637 -0.052 -0.154 
VIMSS18001 16131800 udhA 0.604 0.64 -0.092 -0.263 
VIMSS18071 16131869 lexA 0.607 0.642 -0.076 -0.219 

VIMSS18268 90111711 yjgF 0.619 0.655 0.373 1.014 
VIMSS17275 16131094 ptsN 0.625 0.66 0.219 0.59 
VIMSS14815 16128661 ybfE 0.626 0.661 -0.426 -1.179 
VIMSS16406 16130234 yfcD 0.626 0.661 -0.203 -0.568 
VIMSS15744 16129581 add 0.629 0.664 0.414 1.126 
VIMSS16093 16129926 amn 0.63 0.665 0.62 1.691 

VIMSS15029 16128872 ycaO 0.63 0.665 -0.064 -0.186 
VIMSS15935 16129771 manX 0.633 0.668 0.864 2.36 
VIMSS16408 16130236 yfcF 0.655 0.689 -0.094 -0.269 
VIMSS17899 16131699 yihD 0.655 0.69 0.44 1.197 
VIMSS14610 16128457 htpG 0.657 0.692 0.525 1.43 
VIMSS17879 16131680 udp 0.659 0.693 0.387 1.053 

VIMSS17027 16130849 yqgE 0.67 0.704 0.293 0.794 
VIMSS15189 16129030 yceH 0.67 0.705 0.426 1.159 
VIMSS16115 49176178 yeeX 0.678 0.712 0.285 0.772 
VIMSS17670 16131480 secB 0.685 0.719 -0.317 -0.881 
VIMSS15321 16129162 dhaL 0.688 0.722 0.152 0.406 
VIMSS18244 16132041 msrA 0.69 0.724 -0.145 -0.409 

VIMSS16410 16130238 folX 0.69 0.724 0.608 1.657 
VIMSS16663 16130489 pdxJ 0.695 0.729 0.292 0.79 
VIMSS17494 16131306 glgB 0.706 0.74 0.725 1.98 
VIMSS17325 16131143 accB 0.707 0.741 -0.017 -0.057 
VIMSS16762 49176257 ygaM 0.71 0.744 0.24 0.648 
VIMSS17100 16130920 ygiW 0.717 0.751 0.147 0.392 

VIMSS14892 16128735 ybhE 0.724 0.758 0.166 0.445 
VIMSS14606 16128453 apt 0.727 0.76 0.234 0.632 
VIMSS17088 16130909 yqhD 0.729 0.763 0.807 2.203 
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VIMSS17730 16131540 ilvN 0.744 0.777 0.301 0.816 
VIMSS14382 16128229 proA 0.744 0.777 0.345 0.936 
VIMSS14307 16128154 degP 0.748 0.781 0.361 0.979 
VIMSS14813 16128659 fur 0.749 0.782 0.19 0.512 

VIMSS17583 16131394 yhjD 0.75 0.783 0.177 0.475 
VIMSS17466 16131280 pck 0.752 0.785 0.472 1.285 
VIMSS1937004 90111581 aroK 0.754 0.786 0.096 0.253 
VIMSS14159 16128008 dnaK 0.758 0.79 0.32 0.868 
VIMSS14814 16128660 fldA 0.762 0.795 0.475 1.292 
VIMSS18376 90111738 yjiA 0.763 0.795 -0.585 -1.618 

VIMSS15230 16129071 ycfP 0.766 0.799 0.421 1.146 
VIMSS17710 16131520 rpoZ 0.772 0.805 -0.006 -0.028 
VIMSS16295 16130124 yejK 0.778 0.81 0.1 0.263 
VIMSS15640 16129478 tam 0.779 0.811 0.186 0.498 
VIMSS14154 16128003 mog 0.784 0.817 0.633 1.726 
VIMSS17745 90111637 ibpB 0.788 0.82 -0.029 -0.09 

VIMSS14874 16128717 ybgF 0.79 0.822 0.668 1.823 
VIMSS17668 16131478 cysE 0.798 0.83 0.164 0.44 
VIMSS16827 16130650 pcm 0.802 0.833 0.09 0.236 
VIMSS14955 16128798 yliB 0.803 0.835 0.516 1.405 
VIMSS14904 16128747 uvrB 0.806 0.838 0.499 1.36 
VIMSS18392 16132189 rsmC 0.808 0.84 -0.403 -1.118 

VIMSS15528 16129367 ydbC 0.812 0.843 0.264 0.714 
VIMSS14575 16128422 clpP 0.822 0.853 0.292 0.79 
VIMSS15404 16129245 yciT 0.832 0.863 0.221 0.595 
VIMSS17952 16131752 cpxR 0.834 0.865 0.544 1.483 
VIMSS16252 16130081 cdd 0.835 0.866 0.127 0.336 
VIMSS16620 16130446 sseA 0.842 0.873 0.325 0.881 

VIMSS14529 16128376 yaiE 0.843 0.874 1.118 3.059 
VIMSS14807 16128653 nagA 0.848 0.879 0.117 0.309 
VIMSS15841 49176138 pfkB 0.85 0.881 -0.045 -0.135 
VIMSS17977 16131776 metJ 0.858 0.888 -0.092 -0.263 
VIMSS18414 16132210 trpR 0.859 0.889 0.37 1.006 
VIMSS17984 33347809 gldA 0.866 0.896 0.894 2.443 

VIMSS17373 16131189 rplN 0.866 0.897 -0.439 -1.215 
VIMSS18378 16132175 yjiY 0.885 0.915 -0.151 -0.425 
VIMSS15805 16129642 ydiI 0.906 0.936 0.135 0.358 
VIMSS14976 16128819 nfsA 0.909 0.939 0.908 2.48 
VIMSS17477 16131290 gntY 0.929 0.958 0.35 0.95 
VIMSS14273 16128120 yadG 0.931 0.96 0.575 1.566 

VIMSS15570 16129408 yncB 0.947 0.976 0.21 0.566 
VIMSS16025 16129858 yecA 0.949 0.978 0.949 2.593 
VIMSS16616 16130442 yfgB 0.96 0.989 -0.369 -1.025 
VIMSS16278 16130107 fruB 0.964 0.993 0.152 0.406 
VIMSS1937184 49176443 cpxP 0.965 0.994 0.675 1.843 
VIMSS17038 16130860 yggL 0.973 1.002 0.293 0.794 

VIMSS18065 16131863 malM 0.976 1.004 0.398 1.082 
VIMSS15341 16129182 ychN 0.99 1.019 0.285 0.771 
VIMSS16394 16130222 nuoB 1.008 1.035 0.07 0.182 
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VIMSS15216 16129057 acpP 1.012 1.039 0.331 0.899 
VIMSS17748 16131557 yidR 1.019 1.046 0.017 0.036 
VIMSS1937204 49176450 nudC 1.029 1.056 0.509 1.386 
VIMSS17609 16131420 tag 1.049 1.076 1.075 2.94 

VIMSS17808 90111647 rbsD 1.062 1.089 0.573 1.561 
VIMSS15561 16129399 ydcS 1.092 1.118 0.158 0.422 
VIMSS15238 16129079 lolC 1.097 1.122 0.098 0.257 
VIMSS17426 16131242 ppiA 1.101 1.126 0.826 2.257 
VIMSS18269 16132066 pyrI 1.129 1.155 0.298 0.807 
VIMSS17964 16131763 glpX 1.139 1.164 -0.065 -0.191 

VIMSS1937140 94541130 yifL 1.148 1.173 0.732 1.998 
VIMSS18193 16131990 yjeE 1.156 1.181 0.366 0.994 
VIMSS15401 16129242 pyrF 1.157 1.182 -0.059 -0.173 
VIMSS14532 16128379 yajF 1.176 1.2 0.016 0.034 
VIMSS14780 16128626 ybeL 1.192 1.216 0.553 1.507 
VIMSS17233 16131052 yhbW 1.22 1.243 0.591 1.612 

VIMSS16525 33347654 ucpA 1.236 1.259 0.984 2.69 
VIMSS1937066 94541127 yibT 1.318 1.34 0.783 2.138 
VIMSS17041 16130863 yggX 1.432 1.451 0.418 1.137 
VIMSS18029 16131827 hemE 1.462 1.481 -0.183 -0.515 
VIMSS14878 16128721 ybgS 1.552 1.569 0.705 1.925 
VIMSS16692 16130518 yfiA 1.555 1.571 1.176 3.216 

VIMSS17381 16131197 rplW 1.558 1.574 -0.585 -1.616 
VIMSS14569 16128416 cyoB 1.675 1.689 0.257 0.694 
VIMSS17274 16131093 yhbH 1.824 1.836 0.89 2.433 
VIMSS16266 16130095 yeiE 1.842 1.853 0.198 0.532 
VIMSS15936 16129772 manY 2.611 2.606 0.88 2.404 
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A3.  Over-Expression of CsrB Spectral Count Data 
E.coli MG1644 harboring a plasmid containing CsrB was harvested after 24 
hours of induction (0 and 500 uM IPTG).  Samples were prepared using a 
chloroform-methanol extraction and were normalized to total protein before 
analysis on an AB Sciex TripleTOF 5600 ESI-Q-TOF.  Data shown are 
normalized spectral counts for three technical replicates of each sample. 
VIMSS GI: Nam

e 
Log(StressT
1) 

T1 s  (Z) Log(StressT
2) 

T2 s (Z) 

VIMSS15786 16129623 ydhR -6.765 -6.581 1.036 2.833 
VIMSS16980 16130802 yqfB -6.082 -5.912 -0.697 -1.925 
VIMSS17884 16131685 tatA -4.619 -4.478 0.378 1.026 
VIMSS16449 90111421 yfcZ -4.441 -4.304 0.93 2.541 
VIMSS15053 16128896 ompF -3.908 -3.781 -1.792 -4.931 
VIMSS17263 16131082 yrbC -2.694 -2.592 -0.308 -0.856 
VIMSS17788 16131596 pstS -2.028 -1.939 0.602 1.642 
VIMSS17578 16131389 gadA -1.924 -1.837 -1.284 -3.535 
VIMSS15965 16129800 yebF -1.737 -1.654 -0.665 -1.835 
VIMSS14936 16128779 glnH -1.678 -1.597 0.245 0.66 
VIMSS16895 16130718 ygdK -1.675 -1.594 0.017 0.035 
VIMSS17614 16131425 yiaF -1.654 -1.573 -0.96 -2.645 
VIMSS14947 16128790 ybiV -1.622 -1.542 -0.365 -1.013 
VIMSS14979 16128822 potF -1.583 -1.503 -0.117 -0.333 
VIMSS17016 16130838 speB -1.416 -1.34 -0.592 -1.637 
VIMSS15601 16129439 sra -1.414 -1.338 -0.008 -0.034 
VIMSS17367 16131183 rplR -1.364 -1.289 -0.698 -1.926 
VIMSS17697 16131507 rpmG -1.363 -1.287 -0.43 -1.192 
VIMSS17256 16131075 rpmA -1.337 -1.263 -0.715 -1.975 
VIMSS15407 16129248 yciW -1.337 -1.262 -0.96 -2.647 
VIMSS17956 16131755 sbp -1.308 -1.233 -0.116 -0.329 
VIMSS15975 16129810 yebL -1.271 -1.198 -1.413 -3.891 
VIMSS17118 16130938 yqiC -1.237 -1.164 -0.337 -0.936 
VIMSS14737 16128583 ybdL -1.227 -1.154 -0.371 -1.03 
VIMSS17117 16130937 ribB -1.218 -1.145 -0.831 -2.292 
VIMSS16836 16130659 cysD -1.216 -1.144 -0.734 -2.027 
VIMSS15941 16129777 cspC -1.194 -1.122 0.032 0.076 
VIMSS15213 16129054 fabH -1.19 -1.118 -0.266 -0.742 
VIMSS16417 16130245 argT -1.076 -1.007 -0.179 -0.504 
VIMSS17698 16131508 rpmB -1.075 -1.006 -0.48 -1.328 
VIMSS17173 16130993 yqjD -1.054 -0.985 -0.424 -1.174 
VIMSS15035 16128878 rpsA -1.046 -0.977 -0.677 -1.869 
VIMSS14817 16128663 seqA -1.04 -0.971 -0.233 -0.65 
VIMSS15038 16128881 msbA -1.036 -0.967 -0.534 -1.477 
VIMSS15835 16129672 rplT -1.021 -0.952 -0.154 -0.433 
VIMSS14200 16128048 imp -1.014 -0.946 0.009 0.013 
VIMSS16783 16130606 recA -1.003 -0.935 -0.331 -0.92 
VIMSS15124 16128966 cbpA -0.979 -0.911 0.249 0.674 
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VIMSS14614 16128461 gsk -0.969 -0.901 -0.254 -0.707 
VIMSS19371
52 

49176426 ubiE -0.954 -0.887 -0.195 -0.546 

VIMSS17447 16131262 trpS -0.945 -0.879 -0.371 -1.028 
VIMSS16652 16130478 glnB -0.945 -0.878 -0.077 -0.223 
VIMSS17382 16131198 rplD -0.941 -0.874 -0.593 -1.64 
VIMSS14545 16128392 yajC -0.934 -0.867 -0.097 -0.276 
VIMSS17301 16131120 rpsI -0.92 -0.854 -0.72 -1.987 
VIMSS18017 16131816 rplL -0.919 -0.853 -0.504 -1.395 
VIMSS15229 16129070 nagZ -0.909 -0.843 -0.204 -0.572 
VIMSS18279 16132076 argI -0.898 -0.832 -0.32 -0.89 
VIMSS17817 16131624 yifE -0.896 -0.83 -0.4 -1.109 
VIMSS17067 16130889 yghU -0.877 -0.811 0.015 0.03 
VIMSS18032 16131830 hupA -0.858 -0.793 -0.326 -0.905 
VIMSS14897 16128740 ybhC -0.858 -0.793 -0.149 -0.42 
VIMSS14168 16128017 rpsT -0.857 -0.792 -0.512 -1.417 
VIMSS17519 16131330 livK -0.854 -0.789 -0.452 -1.251 
VIMSS16846 16130669 cysH -0.851 -0.785 -0.013 -0.048 
VIMSS15394 16129235 topA -0.849 -0.784 0.023 0.053 
VIMSS14554 16128401 nusB -0.839 -0.775 -0.409 -1.134 
VIMSS14760 16128606 cspE -0.818 -0.753 -0.137 -0.388 
VIMSS14266 16128113 speD -0.814 -0.749 -0.458 -1.267 
VIMSS16992 16130814 serA -0.792 -0.728 -0.542 -1.498 
VIMSS16094 16129927 yeeN -0.78 -0.716 -0.313 -0.87 
VIMSS15444 16129285 tpx -0.768 -0.704 0.049 0.124 
VIMSS17349 16131166 def -0.766 -0.702 -0.445 -1.233 
VIMSS15211 16129052 rpmF -0.761 -0.698 -0.504 -1.394 
VIMSS17928 16131728 yiiD -0.758 -0.695 -0.164 -0.462 
VIMSS17365 16131181 rpmD -0.756 -0.693 -0.423 -1.171 
VIMSS17901 16131701 dsbA -0.75 -0.687 -0.239 -0.666 
VIMSS16422 16130250 folC -0.749 -0.686 -0.214 -0.599 
VIMSS16708 16130533 grpE -0.744 -0.681 0.023 0.053 
VIMSS15036 16128879 ihfB -0.735 -0.672 -0.029 -0.089 
VIMSS16524 16130350 cysP -0.725 -0.663 0.078 0.203 
VIMSS17004 16130826 fbaA -0.72 -0.658 -0.076 -0.219 
VIMSS15831 16129668 ihfA -0.713 -0.651 -0.393 -1.09 
VIMSS14774 90111157 ybeB -0.712 -0.65 -0.409 -1.133 
VIMSS18016 16131815 rplJ -0.705 -0.643 -0.589 -1.628 
VIMSS14323 16128170 yaeT -0.699 -0.637 -0.158 -0.446 
VIMSS14855 16128698 sdhA -0.699 -0.637 -0.46 -1.274 
VIMSS17661 16131471 mtlD -0.698 -0.636 0.137 0.365 
VIMSS16899 16130722 argA -0.698 -0.636 -0.634 -1.752 
VIMSS16530 16130356 yfeX -0.695 -0.633 -0.289 -0.805 
VIMSS16632 16130458 suhB -0.694 -0.633 -0.448 -1.24 
VIMSS14379 16128226 crl -0.69 -0.628 -0.725 -2.002 
VIMSS17789 16131597 glmS -0.687 -0.625 -0.458 -1.27 
VIMSS17331 16131149 fis -0.684 -0.623 -0.76 -2.097 
VIMSS15382 90111239 trpC -0.68 -0.618 -0.415 -1.15 
VIMSS17372 16131188 rplX -0.679 -0.618 -0.295 -0.822 
VIMSS18080 16131878 dnaB -0.672 -0.611 -0.147 -0.416 



$*'"

VIMSS17376 16131192 rplP -0.672 -0.611 -0.452 -1.253 
VIMSS19371
20 

49176404 ilvD -0.668 -0.607 -0.312 -0.869 

VIMSS17514 16131325 ugpB -0.664 -0.603 -0.099 -0.283 
VIMSS16752 16130576 gabT -0.661 -0.6 0.071 0.183 
VIMSS16780 16130603 csrA -0.657 -0.596 0.493 1.343 
VIMSS18192 16131989 yjeF -0.657 -0.595 0.248 0.67 
VIMSS18239 16132036 cysQ -0.655 -0.594 -0.287 -0.8 
VIMSS15186 16129027 grxB -0.652 -0.591 0.616 1.681 
VIMSS17998 90111669 argB -0.646 -0.585 -0.481 -1.331 
VIMSS18069 16131867 plsB -0.645 -0.584 -0.29 -0.806 
VIMSS14744 16128590 uspG -0.645 -0.584 0.185 0.497 
VIMSS15248 16129089 potA -0.644 -0.583 -0.509 -1.407 
VIMSS18015 16131814 rplA -0.641 -0.58 -0.318 -0.884 
VIMSS17219 16131038 yraL -0.639 -0.578 -0.135 -0.382 
VIMSS17318 16131136 yhdE -0.635 -0.575 -0.744 -2.054 
VIMSS14714 16128561 nfnB -0.633 -0.572 -0.123 -0.348 
VIMSS18052 16131850 lysC -0.629 -0.568 -0.288 -0.803 
VIMSS15178 16129019 yceI -0.625 -0.565 0.375 1.017 
VIMSS18228 16132025 rplI -0.623 -0.563 -0.466 -1.29 
VIMSS16416 16130244 hisJ -0.621 -0.561 -0.467 -1.294 
VIMSS14660 16128507 purE -0.618 -0.558 -0.475 -1.315 
VIMSS18200 16131997 hflC -0.611 -0.551 -0.096 -0.275 
VIMSS15208 16129049 rluC -0.61 -0.55 -0.349 -0.968 
VIMSS16086 16129919 yodA -0.607 -0.547 -0.671 -1.852 
VIMSS15352 16129193 purU -0.604 -0.544 -0.247 -0.69 
VIMSS16339 16130167 ubiG -0.598 -0.538 -0.167 -0.469 
VIMSS15217 16129058 fabF -0.597 -0.537 -0.538 -1.487 
VIMSS18077 16131875 yjbN -0.596 -0.537 -0.222 -0.621 
VIMSS15672 16129509 gnsB -0.592 -0.532 -0.117 -0.333 
VIMSS17371 16131187 rplE -0.583 -0.523 -0.412 -1.142 
VIMSS15081 16128924 ompA -0.58 -0.521 -0.261 -0.727 
VIMSS15309 16129150 fadR -0.575 -0.516 -0.261 -0.727 
VIMSS14544 16128391 tgt -0.573 -0.514 -0.247 -0.69 
VIMSS15078 16128921 fabA -0.567 -0.508 -0.869 -2.398 
VIMSS17378 16131194 rplV -0.567 -0.508 -0.4 -1.109 
VIMSS16149 16129981 rfbB -0.567 -0.507 -0.276 -0.769 
VIMSS18251 16132048 ppa -0.566 -0.507 -0.212 -0.593 
VIMSS14659 16128506 purK -0.562 -0.503 -0.233 -0.649 
VIMSS17958 16131757 tpiA -0.558 -0.498 -0.082 -0.237 
VIMSS14611 16128458 adk -0.557 -0.498 -0.351 -0.975 
VIMSS17360 16131176 rpsK -0.556 -0.497 -0.38 -1.054 
VIMSS17039 16130861 yggH -0.553 -0.494 -0.214 -0.599 
VIMSS16703 16130529 yfjA -0.553 -0.494 -0.395 -1.096 
VIMSS17377 16131193 rpsC -0.552 -0.492 -0.579 -1.601 
VIMSS18018 16131817 rpoB -0.542 -0.483 -0.269 -0.749 
VIMSS17721 16131531 nlpA -0.539 -0.48 -0.199 -0.558 
VIMSS15982 16129817 yebC -0.539 -0.48 -0.117 -0.333 
VIMSS18270 16132067 pyrB -0.536 -0.477 -0.303 -0.842 
VIMSS14218 16128066 leuC -0.536 -0.477 -0.623 -1.722 



$*("

VIMSS17826 16131632 ilvC -0.532 -0.474 -0.386 -1.072 
VIMSS14220 16128068 leuA -0.532 -0.474 -0.479 -1.325 
VIMSS17677 16131487 tdh -0.529 -0.471 -0.17 -0.477 
VIMSS16689 16130515 rluD -0.529 -0.47 -0.231 -0.646 
VIMSS15383 16129224 trpD -0.529 -0.47 -0.126 -0.357 
VIMSS15729 16129566 rstA -0.527 -0.469 -0.144 -0.405 
VIMSS18413 16132209 slt -0.525 -0.467 -0.36 -1 
VIMSS16983 16130805 gcvP -0.524 -0.466 -0.204 -0.571 
VIMSS18416 16132212 ytjC -0.522 -0.464 -0.216 -0.603 
VIMSS17410 16131226 fkpA -0.521 -0.462 0.097 0.254 
VIMSS18043 16131841 aceA -0.516 -0.458 -0.271 -0.754 
VIMSS14272 16128119 can -0.514 -0.456 -0.247 -0.688 
VIMSS14315 16128162 rpsB -0.512 -0.453 -0.328 -0.91 
VIMSS14271 90111088 hpt -0.51 -0.452 -0.158 -0.444 
VIMSS16294 16130123 rplY -0.51 -0.452 -0.338 -0.938 
VIMSS15013 16128856 lrp -0.51 -0.452 -0.301 -0.838 
VIMSS16971 16130793 prfB -0.507 -0.449 -0.14 -0.396 
VIMSS16701 16130527 rplS -0.505 -0.447 -0.423 -1.172 
VIMSS17995 16131794 ppc -0.502 -0.444 -0.255 -0.711 
VIMSS16650 16130476 glyA -0.5 -0.442 -0.406 -1.125 
VIMSS14503 16128350 tauA -0.5 -0.442 0.082 0.214 
VIMSS17470 16131283 yhgF -0.499 -0.441 -0.215 -0.6 
VIMSS14312 16128159 dapD -0.497 -0.44 -0.171 -0.48 
VIMSS19363
86 

94541104 gnsA -0.495 -0.437 -0.501 -1.386 

VIMSS18267 16132064 mgtA -0.492 -0.434 -0.197 -0.551 
VIMSS15389 16129230 rluB -0.49 -0.433 -0.431 -1.194 
VIMSS17033 16130855 yggV -0.489 -0.431 -0.242 -0.674 
VIMSS17238 16131057 rpsO -0.483 -0.426 -0.355 -0.986 
VIMSS15138 16128980 putA -0.479 -0.421 -0.106 -0.303 
VIMSS15545 16129383 ydcG -0.473 -0.416 0.123 0.328 
VIMSS17948 49176442 sodA -0.47 -0.413 -0.013 -0.047 
VIMSS14880 16128723 gpmA -0.47 -0.413 -0.034 -0.106 
VIMSS14411 16128258 argF -0.47 -0.412 -0.484 -1.34 
VIMSS14588 16128435 glnK -0.47 -0.412 0.124 0.33 
VIMSS17323 16131141 yhdH -0.467 -0.41 0.063 0.162 
VIMSS16863 16130686 eno -0.466 -0.408 -0.08 -0.23 
VIMSS17143 16130963 rpoD -0.463 -0.406 -0.173 -0.487 
VIMSS14467 16128314 yahO -0.462 -0.404 -0.191 -0.535 
VIMSS15927 16129763 - -0.457 -0.4 0.134 0.356 
VIMSS15089 16128932 yccU -0.456 -0.399 -0.101 -0.288 
VIMSS16280 90111399 yeiP -0.455 -0.398 -0.525 -1.453 
VIMSS15763 90111310 slyA -0.454 -0.397 -0.134 -0.38 
VIMSS14289 16128136 pcnB -0.451 -0.394 -0.58 -1.603 
VIMSS15837 16129674 infC -0.449 -0.392 -0.221 -0.618 
VIMSS14217 16128065 leuD -0.447 -0.39 -0.841 -2.321 
VIMSS15339 16129180 chaB -0.446 -0.389 0.64 1.747 
VIMSS19371
19 

49176403 ilvE -0.439 -0.383 -0.366 -1.014 

VIMSS16516 16130343 crr -0.434 -0.377 -0.271 -0.755 
VIMSS18053 16131851 pgi -0.432 -0.375 -0.045 -0.133 



$*)"

VIMSS15337 16129178 kdsA -0.43 -0.374 -0.198 -0.553 
VIMSS16576 16130402 nlpB -0.429 -0.373 -0.186 -0.522 
VIMSS15255 16129096 ycfB -0.429 -0.372 -0.25 -0.696 
VIMSS19370
25 

49176358 livJ -0.427 -0.371 -0.206 -0.576 

VIMSS14663 16128510 cysS -0.426 -0.37 -0.23 -0.644 
VIMSS17384 16131200 rpsJ -0.424 -0.368 -0.314 -0.872 
VIMSS17003 16130825 mscS -0.419 -0.363 -0.155 -0.436 
VIMSS17017 16130839 speA -0.419 -0.363 -0.22 -0.614 
VIMSS14629 90111142 ybbN -0.419 -0.362 0.077 0.201 
VIMSS17302 16131121 rplM -0.418 -0.362 -0.422 -1.169 
VIMSS18042 16131840 aceB -0.417 -0.361 -0.085 -0.243 
VIMSS17383 16131199 rplC -0.417 -0.36 -0.593 -1.639 
VIMSS14988 16128831 artI -0.416 -0.36 0.262 0.707 
VIMSS17701 16131511 dut -0.413 -0.357 -0.308 -0.855 
VIMSS15795 16129632 pykF -0.411 -0.355 -0.04 -0.121 
VIMSS14662 16128509 ppiB -0.411 -0.355 -0.176 -0.493 
VIMSS14985 16128828 artJ -0.41 -0.354 -0.188 -0.528 
VIMSS16990 16130812 zapA -0.408 -0.352 0.073 0.189 
VIMSS18227 16132024 rpsR -0.406 -0.35 -0.355 -0.987 
VIMSS16696 16130522 aroF -0.395 -0.339 -0.669 -1.847 
VIMSS17080 16130901 yghA -0.395 -0.339 0.335 0.909 
VIMSS14907 16128750 moaB -0.393 -0.337 0.15 0.4 
VIMSS16037 16129870 fliC -0.393 -0.337 -0.268 -0.747 
VIMSS18189 16131986 yjeQ -0.391 -0.336 0.027 0.063 
VIMSS15758 16129595 tyrS -0.39 -0.334 -0.25 -0.696 
VIMSS17284 16131103 gltD -0.389 -0.333 -0.182 -0.51 
VIMSS16678 16130504 yfiD -0.386 -0.33 -0.202 -0.564 
VIMSS16563 16130389 talA -0.385 -0.33 0.027 0.064 
VIMSS17241 16131060 infB -0.382 -0.327 -0.169 -0.474 
VIMSS15858 16129694 nadE -0.382 -0.326 -0.157 -0.443 
VIMSS15395 16129236 cysB -0.38 -0.324 -0.043 -0.128 
VIMSS16847 16130670 cysI -0.377 -0.321 -0.13 -0.367 
VIMSS17404 16131220 rpsG -0.377 -0.321 -0.33 -0.916 
VIMSS14861 16128704 sucD -0.373 -0.317 -0.216 -0.604 
VIMSS14574 16128421 tig -0.372 -0.317 -0.195 -0.547 
VIMSS16098 16129931 erfK -0.371 -0.315 -0.007 -0.031 
VIMSS17669 16131479 gpsA -0.369 -0.314 -0.026 -0.084 
VIMSS16187 16130019 baeR -0.369 -0.314 0.351 0.951 
VIMSS15173 16129014 msyB -0.369 -0.314 0.127 0.339 
VIMSS16675 16130501 srmB -0.368 -0.313 -0.301 -0.836 
VIMSS15391 16129232 yciK -0.367 -0.312 0.686 1.872 
VIMSS15071 16128914 ycbX -0.366 -0.31 -0.4 -1.108 
VIMSS17326 16131144 accC -0.363 -0.308 -0.08 -0.231 
VIMSS16606 16130432 guaA -0.363 -0.308 -0.388 -1.077 
VIMSS14519 16128366 ddlA -0.36 -0.305 -0.325 -0.904 
VIMSS16015 16129849 otsB -0.358 -0.303 0.222 0.598 
VIMSS14471 16128318 prpC -0.356 -0.301 -0.279 -0.777 
VIMSS14153 16128002 talB -0.356 -0.301 -0.198 -0.555 
VIMSS14376 16128223 pepD -0.355 -0.3 -0.021 -0.068 



$**"

VIMSS17795 16131603 atpH -0.355 -0.3 -0.023 -0.073 
VIMSS15847 16129683 ydjN -0.353 -0.298 -0.235 -0.655 
VIMSS16630 16130456 iscR -0.351 -0.296 -0.09 -0.258 
VIMSS14199 16128047 surA -0.35 -0.295 0.19 0.51 
VIMSS16068 16129901 yedP -0.35 -0.295 -0.117 -0.333 
VIMSS17379 16131195 rpsS -0.35 -0.295 -0.38 -1.055 
VIMSS17672 16131482 yibN -0.348 -0.293 -0.158 -0.446 
VIMSS17380 16131196 rplB -0.341 -0.287 -0.414 -1.147 
VIMSS16973 16130795 dsbC -0.341 -0.286 0.605 1.649 
VIMSS14879 16128722 aroG -0.341 -0.286 -0.35 -0.971 
VIMSS14578 16128425 hupB -0.34 -0.285 -0.646 -1.785 
VIMSS16919 16130742 lysA -0.337 -0.282 -0.16 -0.449 
VIMSS15300 16129141 ycgK -0.337 -0.282 -0.627 -1.731 
VIMSS18277 90111713 yjgK -0.336 -0.281 0.018 0.037 
VIMSS17247 16131066 glmM -0.334 -0.28 -0.13 -0.368 
VIMSS17560 16131371 yhiR -0.334 -0.279 0.137 0.366 
VIMSS15833 16129670 pheS -0.33 -0.276 -0.062 -0.181 
VIMSS17359 16131175 rpsD -0.329 -0.275 -0.357 -0.991 
VIMSS14579 16128426 ppiD -0.329 -0.274 -0.198 -0.555 
VIMSS18397 16132194 osmY -0.328 -0.274 -0.244 -0.682 
VIMSS18225 16132022 rpsF -0.325 -0.271 -0.719 -1.985 
VIMSS16419 16130247 purF -0.323 -0.268 -0.303 -0.842 
VIMSS17449 16131264 rpe -0.322 -0.267 -0.196 -0.549 
VIMSS16781 16130604 alaS -0.32 -0.266 -0.193 -0.54 
VIMSS14608 16128455 ybaB -0.32 -0.265 -0.319 -0.888 
VIMSS17515 16131326 livF -0.317 -0.263 0.078 0.203 
VIMSS17307 16131126 mdh -0.317 -0.262 -0.131 -0.37 
VIMSS14859 16128702 sucB -0.316 -0.262 -0.577 -1.596 
VIMSS14858 16128701 sucA -0.316 -0.261 -0.262 -0.731 
VIMSS15127 16128969 yccJ -0.314 -0.259 -0.025 -0.079 
VIMSS18157 16131955 lysU -0.313 -0.259 -0.062 -0.182 
VIMSS15381 16129222 trpB -0.313 -0.258 -0.059 -0.172 
VIMSS14808 16128654 nagB -0.311 -0.257 0.138 0.368 
VIMSS17832 67005950 trxA -0.309 -0.255 -0.043 -0.129 
VIMSS14475 16128322 codA -0.303 -0.249 -0.278 -0.775 
VIMSS15008 16128851 infA -0.301 -0.247 -0.233 -0.651 
VIMSS17834 16131639 rho -0.301 -0.247 -0.193 -0.54 
VIMSS15296 16129137 minE -0.299 -0.245 -0.046 -0.136 
VIMSS14149 16127998 thrC -0.295 -0.241 -0.281 -0.782 
VIMSS14463 16128310 yahK -0.294 -0.241 -0.028 -0.088 
VIMSS16240 16130070 bglX -0.294 -0.24 0.044 0.11 
VIMSS14701 16128548 ompT -0.293 -0.239 -0.432 -1.196 
VIMSS19371
28 

49176410 rffD -0.293 -0.239 -0.371 -1.03 

VIMSS14805 16128651 nagD -0.293 -0.239 -0.011 -0.04 
VIMSS15750 16129587 rsxC -0.292 -0.238 -0.257 -0.718 
VIMSS17680 16131490 rfaD -0.292 -0.238 -0.147 -0.415 
VIMSS17415 16131231 yheS -0.292 -0.238 -0.184 -0.516 
VIMSS17422 16131238 argD -0.291 -0.237 -0.308 -0.858 
VIMSS14326 16128173 fabZ -0.288 -0.234 -0.067 -0.195 



$*+"

VIMSS14177 16128026 carA -0.287 -0.234 -0.164 -0.461 
VIMSS17967 16131766 yiiU -0.284 -0.23 0.104 0.275 
VIMSS19365
55 

49176129 slyB -0.284 -0.23 0.321 0.871 

VIMSS14792 16128638 gltI -0.283 -0.229 0.26 0.703 
VIMSS17370 16131186 rpsN -0.283 -0.229 -0.299 -0.832 
VIMSS16597 90111448 upp -0.282 -0.229 -0.343 -0.951 
VIMSS16614 16130440 ispG -0.281 -0.228 -0.175 -0.492 
VIMSS14572 16128419 yajG -0.28 -0.227 0.234 0.633 
VIMSS17260 16131079 murA -0.28 -0.226 0.091 0.238 
VIMSS15329 16129170 prsA -0.279 -0.226 0.029 0.069 
VIMSS17405 16131221 rpsL -0.278 -0.224 -0.465 -1.287 
VIMSS15055 16128898 pncB -0.277 -0.224 0.042 0.103 
VIMSS14856 16128699 sdhB -0.276 -0.222 -0.35 -0.973 
VIMSS14228 16128075 mraW -0.272 -0.219 0.014 0.027 
VIMSS18097 16131895 acs -0.262 -0.209 -0.369 -1.025 
VIMSS18260 16132057 pmbA -0.259 -0.206 0.078 0.204 
VIMSS16751 16130575 gabD -0.259 -0.206 -0.132 -0.374 
VIMSS19370
98 

49176395 gyrB -0.258 -0.205 0.01 0.017 

VIMSS14920 16128763 ybhG -0.252 -0.199 -0.089 -0.256 
VIMSS16704 16130530 rpsP -0.252 -0.199 -0.385 -1.068 
VIMSS18175 16131972 efp -0.25 -0.197 -0.178 -0.501 
VIMSS17731 16131541 ilvB -0.248 -0.195 -0.406 -1.126 
VIMSS17237 49176320 pnp -0.247 -0.194 -0.073 -0.211 
VIMSS18202 16131999 purA -0.246 -0.194 -0.195 -0.545 
VIMSS19366
04 

49176156 proQ -0.245 -0.192 -0.151 -0.427 

VIMSS17931 16131731 fdhE -0.245 -0.192 -0.121 -0.344 
VIMSS15735 16129572 ydgA -0.244 -0.191 0.109 0.289 
VIMSS17794 16131602 atpA -0.243 -0.19 -0.007 -0.031 
VIMSS17001 16130823 yggE -0.243 -0.19 0.071 0.185 
VIMSS15126 16128968 agp -0.242 -0.189 0.32 0.867 
VIMSS16598 16130424 purM -0.241 -0.189 -0.398 -1.102 
VIMSS16277 16130106 fruK -0.24 -0.188 0.393 1.068 
VIMSS17831 16131636 rhlB -0.24 -0.188 -0.088 -0.251 
VIMSS17796 16131604 atpF -0.238 -0.185 -0.086 -0.246 
VIMSS14926 16128769 ybiC -0.238 -0.185 -0.156 -0.439 
VIMSS15356 16129197 galU -0.237 -0.184 -0.08 -0.232 
VIMSS18013 16131812 nusG -0.236 -0.184 -0.207 -0.58 
VIMSS14768 16128614 ybeD -0.235 -0.182 0.209 0.563 
VIMSS15829 16129666 btuE -0.231 -0.178 -0.089 -0.255 
VIMSS19368
90 

49176286 tktA -0.23 -0.177 -0.204 -0.57 

VIMSS15725 16129562 ydgH -0.23 -0.177 -0.193 -0.542 
VIMSS17111 90111528 tolC -0.229 -0.176 0.328 0.889 
VIMSS16132 16129965 hisA -0.226 -0.174 -0.247 -0.689 
VIMSS15253 16129094 purB -0.225 -0.172 -0.088 -0.252 
VIMSS14324 16128171 hlpA -0.225 -0.172 -0.388 -1.077 
VIMSS15227 16129068 ycfM -0.224 -0.172 0.356 0.967 
VIMSS18402 16132198 deoC -0.224 -0.172 -0.049 -0.147 
VIMSS17451 16131266 damX -0.224 -0.171 -0.117 -0.333 



$*,"

VIMSS15031 16128874 serC -0.223 -0.171 -0.109 -0.311 
VIMSS14291 16128138 dksA -0.221 -0.168 0.107 0.282 
VIMSS17765 16131573 yidC -0.22 -0.168 -0.374 -1.037 
VIMSS16835 16130658 cysN -0.219 -0.167 -0.462 -1.28 
VIMSS14564 90111132 yajQ -0.217 -0.165 0.081 0.21 
VIMSS17128 16130948 rfaE -0.217 -0.164 -0.012 -0.043 
VIMSS18396 16132193 prfC -0.216 -0.163 -0.038 -0.116 
VIMSS17653 16131463 yibF -0.215 -0.162 -0.183 -0.514 
VIMSS15034 16128877 cmk -0.211 -0.159 -0.262 -0.73 
VIMSS15086 16128929 helD -0.21 -0.158 -0.471 -1.304 
VIMSS15258 16129099 icd -0.21 -0.158 -0.116 -0.328 
VIMSS14722 16128569 entF -0.208 -0.156 0.172 0.46 
VIMSS19367
94 

49176239 purL -0.208 -0.156 -0.204 -0.572 

VIMSS16474 16130301 evgA -0.207 -0.155 0.353 0.957 
VIMSS15021 16128864 ycaC -0.205 -0.153 0.201 0.541 
VIMSS17242 16131061 nusA -0.202 -0.15 -0.127 -0.361 
VIMSS17374 16131190 rpsQ -0.201 -0.149 -0.471 -1.305 
VIMSS15443 16129284 tyrR -0.198 -0.146 0.178 0.478 
VIMSS17570 90111604 hdeB -0.197 -0.145 -0.211 -0.59 
VIMSS18011 16131810 tufB -0.196 -0.144 -0.264 -0.737 
VIMSS16262 16130091 folE -0.196 -0.144 -0.435 -1.206 
VIMSS17240 16131059 rbfA -0.195 -0.143 -0.107 -0.305 
VIMSS14331 16128178 accA -0.193 -0.142 -0.108 -0.307 
VIMSS17889 16131689 ubiD -0.19 -0.139 0.145 0.386 
VIMSS16513 16130340 cysK -0.19 -0.139 0.05 0.125 
VIMSS14810 16128656 glnS -0.189 -0.138 -0.082 -0.235 
VIMSS17403 16131219 fusA -0.189 -0.138 -0.172 -0.484 
VIMSS15861 16129697 spy -0.189 -0.137 0.963 2.631 
VIMSS16695 16130521 tyrA -0.188 -0.137 -0.004 -0.022 
VIMSS15782 16129619 cfa -0.186 -0.134 0.049 0.123 
VIMSS14558 16128405 dxs -0.185 -0.133 -0.033 -0.1 
VIMSS14945 16128788 ybiT -0.18 -0.128 -0.031 -0.096 
VIMSS16594 16130420 yfgD -0.179 -0.128 -0.232 -0.649 
VIMSS14316 16128163 tsf -0.179 -0.127 -0.188 -0.528 
VIMSS15799 16129636 sufS -0.178 -0.127 0.051 0.129 
VIMSS18204 16132001 vacB -0.178 -0.126 0.621 1.693 
VIMSS16144 16129976 glf -0.177 -0.126 -0.256 -0.715 
VIMSS16241 16130071 dld -0.176 -0.124 0.222 0.598 
VIMSS18285 16132082 pepA -0.176 -0.124 0.058 0.147 
VIMSS14884 49176045 galE -0.174 -0.123 -0.146 -0.411 
VIMSS15733 16129570 fumA -0.174 -0.123 -0.193 -0.542 
VIMSS15052 16128895 aspC -0.17 -0.119 -0.02 -0.067 
VIMSS14244 16128091 secA -0.17 -0.118 0.089 0.234 
VIMSS16564 16130390 tktB -0.169 -0.118 0.181 0.487 
VIMSS15957 16129792 yebY -0.169 -0.118 0.14 0.372 
VIMSS15214 16129055 fabD -0.169 -0.117 -0.039 -0.117 
VIMSS16993 16130815 rpiA -0.167 -0.116 0.008 0.01 
VIMSS15984 16129819 aspS -0.165 -0.114 0.051 0.129 
VIMSS18340 49176488 fimC -0.164 -0.113 -0.11 -0.313 
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VIMSS16868 16130691 relA -0.163 -0.112 -0.161 -0.452 
VIMSS17375 16131191 rpmC -0.161 -0.11 -0.326 -0.906 
VIMSS14860 16128703 sucC -0.161 -0.11 -0.196 -0.55 
VIMSS14743 16128589 ahpF -0.161 -0.11 0.081 0.212 
VIMSS18019 16131818 rpoC -0.161 -0.109 -0.171 -0.481 
VIMSS17005 16130827 pgk -0.159 -0.108 0.106 0.28 
VIMSS17663 16131473 yibL -0.157 -0.106 -0.129 -0.366 
VIMSS16147 16129979 rfbA -0.156 -0.105 -0.199 -0.556 
VIMSS16666 16130492 rnc -0.156 -0.105 -0.381 -1.056 
VIMSS15600 90111281 sfcA -0.156 -0.104 0.062 0.158 
VIMSS18412 16132208 yjjK -0.155 -0.104 -0.21 -0.587 
VIMSS14769 16128615 dacA -0.155 -0.104 -0.145 -0.409 
VIMSS14381 16128228 proB -0.155 -0.103 -0.008 -0.033 
VIMSS15408 16129249 fabI -0.153 -0.102 0.003 -0.004 
VIMSS17251 16131070 yhbY -0.152 -0.101 -0.08 -0.231 
VIMSS16864 16130687 pyrG -0.152 -0.101 -0.145 -0.409 
VIMSS15534 16129373 azoR -0.15 -0.099 -0.038 -0.114 
VIMSS16759 16130583 stpA -0.147 -0.096 -0.161 -0.454 
VIMSS17352 16131169 trkA -0.146 -0.095 -0.149 -0.421 
VIMSS17283 16131102 gltB -0.145 -0.094 -0.186 -0.522 
VIMSS15948 16129784 prc -0.145 -0.094 -0.36 -1 
VIMSS17761 16131570 dnaA -0.144 -0.093 -0.282 -0.785 
VIMSS18014 16131813 rplK -0.143 -0.092 -0.444 -1.229 
VIMSS16342 16130170 nrdB -0.143 -0.092 -0.083 -0.238 
VIMSS14262 16128109 lpd -0.142 -0.091 0.1 0.263 
VIMSS15054 16128897 asnS -0.142 -0.091 -0.076 -0.22 
VIMSS16436 16130264 aroC -0.139 -0.088 -0.236 -0.658 
VIMSS16202 16130033 gatZ -0.139 -0.088 -0.215 -0.6 
VIMSS18082 16131880 tyrB -0.139 -0.088 0.068 0.175 
VIMSS16014 16129848 otsA -0.139 -0.088 0.171 0.459 
VIMSS17766 16131574 trmE -0.138 -0.087 -0.029 -0.091 
VIMSS18182 16131979 frdA -0.137 -0.086 0.078 0.204 
VIMSS15767 16129604 sodC -0.137 -0.086 0.433 1.179 
VIMSS15535 16129374 hrpA -0.134 -0.084 -0.107 -0.305 
VIMSS17864 16131666 corA -0.133 -0.083 -0.052 -0.153 
VIMSS17321 90111564 mreB -0.131 -0.08 -0.204 -0.57 
VIMSS16924 16130747 kduI -0.129 -0.078 0.187 0.501 
VIMSS17516 16131327 livG -0.128 -0.078 -0.413 -1.145 
VIMSS17399 16131215 bfr -0.127 -0.077 0.138 0.367 
VIMSS16131 16129964 hisH -0.124 -0.073 0.261 0.704 
VIMSS18047 16131845 metH -0.122 -0.072 -0.137 -0.387 
VIMSS17605 16131416 dppA -0.122 -0.071 -0.041 -0.124 
VIMSS15806 16129643 ydiJ -0.12 -0.07 0.034 0.082 
VIMSS16137 16129970 gnd -0.119 -0.069 -0.147 -0.416 
VIMSS17567 16131378 slp -0.118 -0.067 0.175 0.47 
VIMSS17877 16131678 metE -0.117 -0.067 -0.525 -1.452 
VIMSS15069 16128912 pyrD -0.114 -0.064 -0.24 -0.67 
VIMSS17804 16131612 asnA -0.112 -0.062 -0.305 -0.849 
VIMSS16631 16130457 yfhQ -0.111 -0.061 -0.352 -0.978 
VIMSS17095 16130915 parC -0.111 -0.061 -0.052 -0.154 
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VIMSS16292 16130121 rsuA -0.108 -0.058 -0.125 -0.353 
VIMSS17975 16131774 rpmE -0.107 -0.057 -0.373 -1.034 
VIMSS14767 16128613 lipB -0.106 -0.056 -0.06 -0.176 
VIMSS15128 16128970 wrbA -0.103 -0.053 -0.089 -0.256 
VIMSS17366 16131182 rpsE -0.102 -0.052 -0.363 -1.007 
VIMSS15073 16128916 uup -0.101 -0.051 -0.27 -0.752 
VIMSS19371
69 

49176434 bipA -0.099 -0.049 -0.262 -0.73 

VIMSS16189 16130021 yegQ -0.099 -0.049 -0.145 -0.409 
VIMSS14562 16128409 thiJ -0.097 -0.047 0.127 0.337 
VIMSS15072 16128915 ycbY -0.096 -0.046 -0.275 -0.767 
VIMSS17704 16131514 rph -0.096 -0.046 -0.234 -0.653 
VIMSS15972 16129807 pykA -0.095 -0.045 0.155 0.416 
VIMSS15048 16128891 mukB -0.095 -0.045 -0.066 -0.192 
VIMSS15012 16128855 trxB -0.094 -0.044 -0.183 -0.513 
VIMSS14666 16128513 folD -0.092 -0.043 -0.135 -0.382 
VIMSS14560 16128407 xseB -0.092 -0.042 0.178 0.477 
VIMSS18288 16132085 yjgR -0.091 -0.041 -0.07 -0.202 
VIMSS17254 16131073 obgE -0.089 -0.039 -0.32 -0.89 
VIMSS15245 16129086 potD -0.089 -0.039 0.318 0.861 
VIMSS15500 16129339 ydbK -0.089 -0.039 0.046 0.116 
VIMSS17246 16131065 secG -0.086 -0.036 0.268 0.723 
VIMSS15249 16129090 pepT -0.085 -0.036 0.166 0.445 
VIMSS14937 16128780 dps -0.085 -0.035 0.292 0.791 
VIMSS15406 16129247 rnb -0.085 -0.035 -0.164 -0.461 
VIMSS17131 16130951 htrG -0.085 -0.035 0.273 0.737 
VIMSS16680 16130506 yfiF -0.085 -0.035 -0.159 -0.448 
VIMSS15883 16129719 ydjA -0.085 -0.035 0.176 0.473 
VIMSS16834 16130657 cysC -0.084 -0.034 -0.105 -0.3 
VIMSS16423 16130251 accD -0.083 -0.033 -0.004 -0.022 
VIMSS16150 16129982 galF -0.082 -0.032 -0.21 -0.588 
VIMSS15551 16129389 tehB -0.081 -0.032 -0.06 -0.174 
VIMSS14148 16127997 thrB -0.08 -0.03 -0.115 -0.327 
VIMSS16142 16129974 wbbI -0.08 -0.03 0.095 0.25 
VIMSS17358 16131174 rpoA -0.076 -0.027 -0.137 -0.387 
VIMSS14197 16128045 ksgA -0.075 -0.025 0.271 0.732 
VIMSS16705 16130531 ffh -0.074 -0.025 -0.26 -0.725 
VIMSS17999 16131798 argH -0.074 -0.025 -0.437 -1.209 
VIMSS18283 16132080 valS -0.073 -0.023 -0.23 -0.641 
VIMSS17244 16131063 argG -0.072 -0.023 -0.285 -0.793 
VIMSS17978 16131777 metB -0.072 -0.022 0.064 0.166 
VIMSS17252 90111554 greA -0.069 -0.02 -0.149 -0.419 
VIMSS16493 16130320 glk -0.067 -0.018 0.338 0.918 
VIMSS17561 16131372 gor -0.067 -0.018 0.042 0.103 
VIMSS19371
50 

49176424 yigL -0.064 -0.015 -0.018 -0.06 

VIMSS16338 16130166 gyrA -0.063 -0.014 0.079 0.205 
VIMSS17793 16131601 atpG -0.063 -0.014 0.128 0.34 
VIMSS16427 16130255 pdxB -0.063 -0.014 0.002 -0.006 
VIMSS15056 16128899 pepN -0.062 -0.013 0.271 0.734 
VIMSS14346 16128193 gmhB -0.062 -0.013 -0.038 -0.115 
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VIMSS17893 16131693 pepQ -0.062 -0.012 0.144 0.385 
VIMSS15879 16129715 gdhA -0.061 -0.011 -0.344 -0.954 
VIMSS16401 16130229 yfbU -0.06 -0.011 0.252 0.682 
VIMSS17495 16131307 asd -0.059 -0.01 -0.213 -0.595 
VIMSS17368 16131184 rplF -0.059 -0.009 -0.151 -0.425 
VIMSS14317 16128164 pyrH -0.057 -0.008 0.209 0.562 
VIMSS16619 16130445 yfhM -0.057 -0.008 0.024 0.053 
VIMSS17811 16131619 rbsB -0.056 -0.007 0.485 1.319 
VIMSS14171 16128020 ileS -0.055 -0.006 0.002 -0.006 
VIMSS16390 49176206 nuoG -0.053 -0.004 0.063 0.163 
VIMSS14795 16128641 ybeX -0.052 -0.003 0.049 0.124 
VIMSS15091 16128934 yccW -0.051 -0.002 -0.131 -0.371 
VIMSS17613 16131424 yiaE -0.05 -0.001 0.08 0.21 
VIMSS14248 16128095 yacF -0.049 0 0.28 0.756 
VIMSS16607 16130433 guaB -0.048 0.001 -0.447 -1.238 
VIMSS14240 16128087 ftsA -0.047 0.002 0.117 0.31 
VIMSS17364 16131180 rplO -0.044 0.005 -0.419 -1.161 
VIMSS18373 16132170 hsdM -0.043 0.006 -0.154 -0.435 
VIMSS17980 16131779 metF -0.043 0.006 -0.355 -0.987 
VIMSS14944 16128787 ybiS -0.038 0.01 -0.206 -0.576 
VIMSS14178 16128027 carB -0.038 0.011 -0.254 -0.709 
VIMSS18062 16131860 malE -0.036 0.013 0.752 2.052 
VIMSS16341 16130169 nrdA -0.035 0.013 -0.071 -0.205 
VIMSS14264 16128111 acnB -0.034 0.015 -0.153 -0.43 
VIMSS15007 16128850 clpA -0.032 0.017 -0.085 -0.243 
VIMSS15967 16129802 purT -0.03 0.019 -0.139 -0.392 
VIMSS16515 16130342 ptsI -0.028 0.021 0.07 0.18 
VIMSS14318 16128165 frr -0.026 0.022 -0.14 -0.396 
VIMSS14925 16128768 ybiB -0.019 0.029 0.336 0.91 
VIMSS17671 16131481 grxC -0.019 0.03 -0.138 -0.389 
VIMSS17997 16131796 argC -0.019 0.03 -0.293 -0.816 
VIMSS14765 16128611 lipA -0.017 0.031 0.57 1.555 
VIMSS17616 16131427 cspA -0.017 0.031 -0.211 -0.591 
VIMSS15552 16129390 ydcL -0.017 0.032 0.257 0.696 
VIMSS17802 16131610 mioC -0.016 0.032 -0.108 -0.308 
VIMSS17412 16131228 slyD -0.015 0.034 0.005 0.003 
VIMSS15704 16129541 ynfB -0.013 0.035 0.309 0.836 
VIMSS15896 16129732 yeaA -0.009 0.039 -0.238 -0.666 
VIMSS18038 16131836 purH -0.007 0.041 -0.164 -0.462 
VIMSS16034 16129867 fliY -0.006 0.042 0.037 0.091 
VIMSS16613 16130439 hisS -0.006 0.042 0.113 0.3 
VIMSS17851 16131655 hemX -0.003 0.045 0.126 0.335 
VIMSS14621 16128468 copA -0.003 0.045 -0.281 -0.781 
VIMSS16970 16130792 lysS -0.002 0.046 -0.101 -0.289 
VIMSS17369 16131185 rpsH 0 0.048 -0.4 -1.11 
VIMSS14359 16128206 ivy 0.001 0.049 0.283 0.765 
VIMSS17223 16131042 yraP 0.002 0.05 0.389 1.057 
VIMSS15783 16129620 ribC 0.007 0.055 0.117 0.311 
VIMSS15897 16129733 gapA 0.012 0.06 0.057 0.146 
VIMSS14939 16128782 ompX 0.013 0.061 0.027 0.062 
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VIMSS16503 16130330 gltX 0.02 0.067 -0.106 -0.302 
VIMSS15905 16129741 yeaK 0.02 0.068 0.706 1.927 
VIMSS17602 16131413 dppD 0.024 0.072 -0.001 -0.015 
VIMSS15779 16129616 purR 0.025 0.072 -0.282 -0.786 
VIMSS17249 16131068 ftsH 0.025 0.072 0.102 0.269 
VIMSS14557 16128404 yajO 0.025 0.072 0.287 0.778 
VIMSS17257 16131076 rplU 0.026 0.073 -0.313 -0.871 
VIMSS17357 16131173 rplQ 0.026 0.073 -0.321 -0.893 
VIMSS16393 16130221 nuoC 0.026 0.074 0.25 0.675 
VIMSS16610 16130436 der 0.029 0.076 -0.13 -0.367 
VIMSS14314 16128161 map 0.029 0.076 -0.311 -0.864 
VIMSS15225 16129066 ycfF 0.03 0.077 -0.22 -0.614 
VIMSS16985 16130807 gcvT 0.032 0.08 -0.263 -0.734 
VIMSS14507 16128354 hemB 0.035 0.082 0.358 0.972 
VIMSS17508 16131319 ggt 0.035 0.082 -0.315 -0.875 
VIMSS17144 16130964 ygjF 0.036 0.084 0.146 0.389 
VIMSS14151 16128000 yaaA 0.037 0.084 -0.199 -0.558 
VIMSS15333 16129174 prfA 0.041 0.088 -0.186 -0.522 
VIMSS17488 16131300 glpD 0.042 0.089 -0.011 -0.042 
VIMSS14886 16128729 modE 0.044 0.091 0.048 0.12 
VIMSS15661 16129498 ydfG 0.044 0.091 -0.179 -0.502 
VIMSS14147 16127996 thrA 0.044 0.091 -0.202 -0.565 
VIMSS16923 16130746 kduD 0.044 0.091 0.259 0.7 
VIMSS17861 16131664 yigB 0.045 0.092 -0.21 -0.587 
VIMSS17756 16131565 yidA 0.05 0.096 -0.091 -0.262 
VIMSS17620 16131430 glyS 0.05 0.097 0.035 0.085 
VIMSS15361 16129202 adhE 0.053 0.1 0.234 0.632 
VIMSS17824 16131630 ilvA 0.055 0.102 -0.083 -0.239 
VIMSS14551 16128398 ybaD 0.057 0.104 0.147 0.392 
VIMSS14600 16128447 acrA 0.06 0.106 0.263 0.711 
VIMSS17235 90111550 deaD 0.061 0.108 -0.351 -0.974 
VIMSS17141 16130961 rpsU 0.062 0.109 -0.212 -0.594 
VIMSS16668 16130494 lepA 0.063 0.11 0.03 0.071 
VIMSS15603 16129441 osmC 0.064 0.111 0.555 1.512 
VIMSS14576 16128423 clpX 0.065 0.112 0.126 0.336 
VIMSS16694 16130520 pheA 0.066 0.112 0.057 0.145 
VIMSS18000 16131799 oxyR 0.067 0.114 0.043 0.106 
VIMSS18041 16131839 metA 0.068 0.115 -0.218 -0.611 
VIMSS15343 16129184 narL 0.069 0.116 0.168 0.449 
VIMSS14731 16128578 entB 0.07 0.116 -0.325 -0.904 
VIMSS14280 16128127 panB 0.071 0.118 0.109 0.289 
VIMSS17172 90111538 yqjC 0.073 0.119 0.169 0.452 
VIMSS16514 16130341 ptsH 0.073 0.119 0.035 0.086 
VIMSS15252 16129093 phoP 0.074 0.121 0.216 0.582 
VIMSS18422 16132218 arcA 0.077 0.123 -0.049 -0.147 
VIMSS17481 16131294 malT 0.078 0.124 0.221 0.597 
VIMSS16135 16129968 wzzB 0.08 0.127 -0.392 -1.087 
VIMSS17085 16130906 metC 0.087 0.133 0.035 0.084 
VIMSS18258 16132055 mpl 0.087 0.133 0.404 1.099 
VIMSS16127 16129960 hisG 0.088 0.134 0.004 0 
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VIMSS15223 16129064 ptsG 0.091 0.137 0.036 0.088 
VIMSS15424 16129265 pspA 0.093 0.139 0.146 0.391 
VIMSS17491 16131303 glgA 0.093 0.139 0.232 0.627 
VIMSS16755 16130579 ygaU 0.094 0.14 0.895 2.447 
VIMSS14345 16128192 metN 0.094 0.14 -0.032 -0.099 
VIMSS15387 16129228 yciO 0.098 0.144 0.26 0.703 
VIMSS15141 16128982 ycdO 0.098 0.144 0.021 0.047 
VIMSS17760 16131569 dnaN 0.1 0.145 -0.148 -0.419 
VIMSS16325 16130154 rcsB 0.101 0.147 0.293 0.792 
VIMSS15857 16129693 osmE 0.101 0.147 0.324 0.879 
VIMSS15756 16129593 gst 0.102 0.148 0.31 0.839 
VIMSS17792 16131600 atpD 0.105 0.151 -0.089 -0.256 
VIMSS14779 16128625 leuS 0.106 0.152 -0.053 -0.158 
VIMSS16890 16130713 ygdE 0.108 0.154 0.024 0.054 
VIMSS14270 16128117 gcd 0.11 0.156 -0.393 -1.089 
VIMSS16220 16130051 mrp 0.111 0.156 0.83 2.267 
VIMSS14340 16128187 proS 0.111 0.156 -0.068 -0.196 
VIMSS17262 16131081 yrbB 0.114 0.159 0.291 0.789 
VIMSS17280 16131099 yhbL 0.114 0.16 0.195 0.523 
VIMSS18417 16132213 rob 0.116 0.161 0.076 0.196 
VIMSS17981 16131780 katG 0.12 0.165 0.3 0.812 
VIMSS15573 16129411 yncE 0.121 0.166 -0.039 -0.117 
VIMSS18410 16132206 radA 0.125 0.17 -0.048 -0.144 
VIMSS15384 16129225 trpE 0.125 0.17 0.127 0.338 
VIMSS19371
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49176425 ysgA 0.125 0.171 0.213 0.574 

VIMSS15901 16129737 yeaG 0.126 0.172 0.335 0.909 
VIMSS18086 16131884 uvrA 0.128 0.173 0.034 0.083 
VIMSS14309 16128156 yaeH 0.129 0.174 0.168 0.451 
VIMSS15775 16129612 ydhD 0.131 0.176 0.114 0.303 
VIMSS19367
85 

49176235 iscS 0.131 0.176 0.117 0.311 

VIMSS16430 16130258 fabB 0.133 0.178 0.045 0.112 
VIMSS15047 16128890 mukE 0.133 0.178 0.185 0.496 
VIMSS14327 16128174 lpxA 0.134 0.179 0.002 -0.006 
VIMSS15032 16128875 aroA 0.134 0.18 -0.209 -0.585 
VIMSS17468 16131282 ompR 0.135 0.18 0.526 1.433 
VIMSS16221 16130052 metG 0.135 0.181 0.11 0.291 
VIMSS16386 16130214 nuoK 0.137 0.182 0.859 2.346 
VIMSS17021 16130843 metK 0.138 0.183 0.14 0.372 
VIMSS15378 16129219 yciF 0.139 0.185 0.214 0.576 
VIMSS17790 16131598 glmU 0.144 0.189 -0.228 -0.637 
VIMSS15367 16129208 oppF 0.145 0.19 0.634 1.728 
VIMSS15823 16129660 aroH 0.145 0.19 0.102 0.268 
VIMSS15325 16129166 ychF 0.147 0.192 -0.099 -0.282 
VIMSS16988 16130810 pepP 0.15 0.195 -0.088 -0.253 
VIMSS16022 16129855 ftn 0.153 0.198 0.142 0.38 
VIMSS14325 16128172 lpxD 0.155 0.2 -0.315 -0.875 
VIMSS17910 16131710 glnA 0.155 0.2 -0.215 -0.601 
VIMSS15660 16129497 dcp 0.155 0.2 0.111 0.295 
VIMSS15326 16129167 pth 0.157 0.202 -0.054 -0.16 
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VIMSS19370
14 

49176351 malP 0.157 0.202 0.413 1.123 

VIMSS17177 16130997 yqjG 0.158 0.203 0.243 0.656 
VIMSS14546 16128393 secD 0.159 0.203 -0.184 -0.517 
VIMSS17904 16131704 polA 0.16 0.205 0.148 0.395 
VIMSS16915 16130738 tas 0.161 0.205 -0.168 -0.471 
VIMSS17533 16131344 dcrB 0.162 0.206 0.265 0.715 
VIMSS14279 16128126 panC 0.162 0.207 0.092 0.24 
VIMSS15157 16128998 ycdY 0.163 0.208 -0.035 -0.107 
VIMSS17571 16131382 hdeA 0.165 0.21 -0.286 -0.797 
VIMSS16324 16130153 rcsD 0.167 0.212 -0.096 -0.274 
VIMSS18188 16131985 psd 0.168 0.213 -0.032 -0.099 
VIMSS16129 16129962 hisC 0.172 0.216 0.083 0.217 
VIMSS16612 16130438 yfgM 0.179 0.223 0.075 0.195 
VIMSS14300 16128147 hemL 0.181 0.226 0.131 0.349 
VIMSS15832 16129669 pheT 0.182 0.226 -0.072 -0.208 
VIMSS16978 16130800 ygfZ 0.185 0.229 0.358 0.971 
VIMSS16579 16130405 bcp 0.185 0.229 -0.067 -0.195 
VIMSS16403 16130231 ackA 0.185 0.23 0.278 0.753 
VIMSS17970 16131769 hslU 0.188 0.232 0.15 0.402 
VIMSS16080 16129913 hchA 0.189 0.233 0.653 1.78 
VIMSS14622 16128469 ybaS 0.19 0.235 -0.054 -0.158 
VIMSS16130 90111373 hisB 0.192 0.236 0.024 0.056 
VIMSS18247 16132044 ytfP 0.193 0.237 0.177 0.475 
VIMSS16562 16130388 maeB 0.193 0.237 -0.04 -0.12 
VIMSS15537 16129376 aldA 0.194 0.238 0.058 0.149 
VIMSS17452 16131267 aroB 0.196 0.24 0.387 1.051 
VIMSS17862 16131665 uvrD 0.196 0.24 0.062 0.158 
VIMSS17890 16131690 fre 0.197 0.241 0.275 0.745 
VIMSS17345 16131163 yrdC 0.198 0.242 -0.456 -1.264 
VIMSS15882 16129718 selD 0.199 0.242 0.111 0.295 
VIMSS15206 16129047 rne 0.199 0.243 0.217 0.583 
VIMSS17420 16131236 crp 0.202 0.246 0.39 1.06 
VIMSS16214 33347621 yohN 0.202 0.246 0.815 2.227 
VIMSS18280 16132077 yjgD 0.202 0.246 -0.13 -0.368 
VIMSS14798 16128644 miaB 0.203 0.247 -0.108 -0.307 
VIMSS16391 16130219 nuoF 0.204 0.247 0.117 0.311 
VIMSS16848 16130671 cysJ 0.204 0.248 -0.085 -0.243 
VIMSS16404 16130232 pta 0.204 0.248 0.206 0.555 
VIMSS14570 16128417 cyoA 0.206 0.25 -0.483 -1.336 
VIMSS17525 16131336 ftsY 0.208 0.252 0.07 0.181 
VIMSS16874 16130697 yqcA 0.21 0.253 0.449 1.22 
VIMSS14842 16128685 ybgI 0.21 0.254 0.045 0.114 
VIMSS16323 16130152 ompC 0.211 0.255 -0.116 -0.329 
VIMSS17276 16131095 yhbJ 0.211 0.255 0.047 0.118 
VIMSS15042 16128885 kdsB 0.214 0.258 0.098 0.257 
VIMSS17361 16131177 rpsM 0.215 0.259 -0.226 -0.633 
VIMSS14176 16128025 dapB 0.216 0.259 -0.307 -0.855 
VIMSS14577 16128424 lon 0.217 0.26 0.204 0.549 
VIMSS16521 16130348 cysA 0.218 0.261 0.032 0.077 



$+)"

VIMSS17621 16131431 glyQ 0.219 0.262 -0.135 -0.382 
VIMSS17996 16131795 argE 0.219 0.263 0.015 0.03 
VIMSS14472 16128319 prpD 0.22 0.263 0.096 0.253 
VIMSS18073 16131871 yjbJ 0.221 0.264 1.011 2.765 
VIMSS14552 16128399 ribD 0.221 0.265 0.27 0.729 
VIMSS15812 16129649 aroD 0.222 0.265 0.072 0.186 
VIMSS16625 16130451 hscA 0.225 0.268 -0.197 -0.553 
VIMSS17588 16131399 yhjJ 0.226 0.27 0.08 0.208 
VIMSS16392 16130220 nuoE 0.227 0.27 0.055 0.139 
VIMSS18205 16132002 rlmB 0.227 0.271 -0.358 -0.993 
VIMSS15759 16129596 pdxH 0.231 0.274 0.144 0.385 
VIMSS14804 16128650 asnB 0.233 0.276 0.022 0.048 
VIMSS14260 16128107 aceE 0.236 0.279 0.571 1.556 
VIMSS17266 16131085 yrbF 0.236 0.279 0.286 0.775 
VIMSS14241 16128088 ftsZ 0.237 0.28 0.129 0.344 
VIMSS18338 16132135 fimA 0.238 0.281 -0.143 -0.403 
VIMSS14531 16128378 rdgC 0.239 0.282 0.149 0.399 
VIMSS17906 16131706 yihI 0.239 0.282 -0.217 -0.605 
VIMSS17464 16131278 yrfl 0.239 0.282 -0.21 -0.587 
VIMSS16204 16130035 fbaB 0.241 0.284 0.382 1.038 
VIMSS18294 16132091 yjgB 0.242 0.285 0.16 0.429 
VIMSS14996 16128839 poxB 0.242 0.285 0.361 0.98 
VIMSS15377 16129218 yciE 0.245 0.288 0.497 1.354 
VIMSS17705 16131515 yicC 0.245 0.288 -0.123 -0.349 
VIMSS17809 16131617 rbsA 0.248 0.291 0.158 0.422 
VIMSS16411 16130239 yfcH 0.248 0.291 -0.225 -0.627 
VIMSS18232 90111705 fklB 0.25 0.293 0.125 0.331 
VIMSS15777 16129614 sodB 0.251 0.294 0.087 0.226 
VIMSS18063 16131861 malK 0.252 0.295 0.056 0.144 
VIMSS15156 16128997 ycdX 0.254 0.296 -0.267 -0.745 
VIMSS16128 16129961 hisD 0.255 0.298 0.08 0.209 
VIMSS18199 16131996 hflK 0.255 0.298 -0.009 -0.035 
VIMSS15599 16129437 adhP 0.256 0.299 0.715 1.952 
VIMSS15017 16128860 serS 0.256 0.299 0.031 0.074 
VIMSS17304 90111560 yhcB 0.257 0.299 -0.056 -0.164 
VIMSS15319 16129160 treA 0.258 0.3 0.138 0.367 
VIMSS15297 16129138 minD 0.258 0.3 0.216 0.582 
VIMSS18079 16131877 qor 0.259 0.302 0.244 0.659 
VIMSS16239 16130069 yehZ 0.259 0.302 0.285 0.77 
VIMSS16575 16130401 purC 0.26 0.302 0.223 0.602 
VIMSS16995 16130817 argP 0.263 0.306 0.131 0.347 
VIMSS15801 16129638 sufC 0.264 0.307 -0.061 -0.178 
VIMSS14742 16128588 ahpC 0.264 0.307 -0.117 -0.332 
VIMSS14964 16128807 dacC 0.265 0.307 0.115 0.304 
VIMSS16615 16130441 yfgA 0.265 0.308 0.015 0.03 
VIMSS14954 16128797 yliA 0.265 0.308 0.209 0.563 
VIMSS17268 16131087 kdsD 0.269 0.312 0.072 0.187 
VIMSS17264 16131083 yrbD 0.27 0.313 0.261 0.704 
VIMSS16684 16130510 pssA 0.271 0.313 -0.112 -0.318 
VIMSS15392 16129233 sohB 0.271 0.313 0.026 0.062 



$+*"

VIMSS15320 16129161 ycgC 0.274 0.316 0.318 0.861 
VIMSS14231 16128078 murE 0.274 0.316 0.064 0.165 
VIMSS14952 16128795 moeA 0.278 0.32 0.186 0.5 
VIMSS16437 16130265 yfcB 0.278 0.321 -0.06 -0.177 
VIMSS15396 16129237 acnA 0.279 0.321 0.297 0.805 
VIMSS15380 16129221 trpA 0.281 0.323 0.19 0.511 
VIMSS16263 16130092 yeiG 0.284 0.326 0.128 0.342 
VIMSS17350 16131167 fmt 0.286 0.328 0.324 0.879 
VIMSS17979 16131778 metL 0.289 0.331 0.018 0.039 
VIMSS15363 16129204 oppA 0.291 0.333 0.818 2.235 
VIMSS14160 16128009 dnaJ 0.291 0.333 0.233 0.63 
VIMSS17054 16130876 glcB 0.295 0.337 0.03 0.072 
VIMSS15988 16129823 yecO 0.295 0.337 0.346 0.939 
VIMSS18257 16132054 fbp 0.296 0.338 0.083 0.216 
VIMSS16237 16130067 yehX 0.296 0.338 -0.252 -0.704 
VIMSS18404 16132200 deoB 0.302 0.344 0.16 0.428 
VIMSS15502 16129341 ldhA 0.303 0.345 0.564 1.536 
VIMSS14852 16128695 gltA 0.304 0.346 0.032 0.078 
VIMSS15015 16128858 lolA 0.304 0.346 0.608 1.657 
VIMSS16369 16130197 menB 0.305 0.346 0.172 0.462 
VIMSS14494 16128341 frmA 0.305 0.347 0.229 0.617 
VIMSS15236 16129077 mfd 0.307 0.348 0.143 0.381 
VIMSS14885 16128728 modF 0.31 0.351 -0.085 -0.245 
VIMSS17272 16131091 yhbG 0.31 0.352 0.177 0.476 
VIMSS17548 16131359 yhiI 0.31 0.352 0.008 0.01 
VIMSS14797 16128643 ybeZ 0.311 0.353 0.123 0.327 
VIMSS14425 16128272 yagU 0.312 0.353 -0.449 -1.242 
VIMSS16777 16130600 gshA 0.312 0.353 0.05 0.127 
VIMSS17509 16131320 yhhA 0.313 0.354 0.138 0.367 
VIMSS14900 16128743 bioB 0.314 0.355 -0.319 -0.888 
VIMSS16388 16130216 nuoI 0.314 0.356 -0.02 -0.065 
VIMSS15142 16128983 ycdB 0.315 0.356 -0.38 -1.053 
VIMSS16825 16130648 rpoS 0.315 0.357 0.023 0.051 
VIMSS14881 16128724 galM 0.316 0.358 0.201 0.542 
VIMSS17812 16131620 rbsK 0.32 0.361 0.094 0.247 
VIMSS17559 16131370 prlC 0.321 0.363 0.22 0.592 
VIMSS15215 16129056 fabG 0.322 0.363 -0.1 -0.285 
VIMSS17078 16130899 yghZ 0.325 0.366 0.538 1.466 
VIMSS16520 16130347 cysM 0.325 0.366 -0.246 -0.686 
VIMSS14818 16128664 pgm 0.328 0.369 0.191 0.514 
VIMSS15231 16129072 ndh 0.328 0.37 0.542 1.478 
VIMSS17300 16131119 sspA 0.33 0.372 0.071 0.185 
VIMSS14269 16128116 cueO 0.337 0.379 -0.191 -0.536 
VIMSS17673 16131483 gpmI 0.34 0.381 0.126 0.334 
VIMSS14865 90111166 cydA 0.342 0.383 0.921 2.518 
VIMSS15734 16129571 manA 0.342 0.383 0.394 1.071 
VIMSS15357 16129198 hns 0.343 0.384 -0.16 -0.45 
VIMSS19365
80 

49176140 katE 0.345 0.386 0.086 0.224 

VIMSS14553 16128400 ribE 0.345 0.386 0.14 0.372 



$++"

VIMSS14219 90111082 leuB 0.346 0.387 -0.134 -0.378 
VIMSS16296 16130125 yejL 0.347 0.388 0.107 0.283 
VIMSS14963 16128806 yliJ 0.348 0.389 -0.207 -0.578 
VIMSS16577 16130403 dapA 0.35 0.391 -0.149 -0.421 
VIMSS18198 16131995 hflX 0.352 0.393 0.241 0.65 
VIMSS15838 16129675 thrS 0.353 0.394 0.113 0.3 
VIMSS14261 16128108 aceF 0.353 0.394 0.542 1.478 
VIMSS14205 16128053 hepA 0.353 0.394 -0.072 -0.208 
VIMSS15740 16129577 hdhA 0.355 0.396 0.185 0.497 
VIMSS18259 16132056 yjgA 0.356 0.397 0.294 0.795 
VIMSS15027 16128870 pflB 0.362 0.402 0.385 1.046 
VIMSS17026 16130848 gshB 0.363 0.404 0.237 0.639 
VIMSS17424 16131240 fic 0.368 0.409 0.234 0.631 
VIMSS15950 171701682 yebR 0.369 0.41 0.035 0.084 
VIMSS15821 16129658 pps 0.372 0.413 -0.083 -0.239 
VIMSS15311 16129152 dadA 0.373 0.413 0.641 1.75 
VIMSS15797 16129634 ynhG 0.373 0.413 0.459 1.25 
VIMSS19370
60 

49176374 avtA 0.374 0.414 0.143 0.381 

VIMSS16042 16129875 yedD 0.374 0.415 0.442 1.203 
VIMSS17523 16131334 ftsX 0.375 0.415 0.107 0.282 
VIMSS16173 16130005 dcd 0.375 0.415 0.072 0.186 
VIMSS17479 16131292 malQ 0.375 0.415 0.068 0.176 
VIMSS16029 16129862 yecF 0.377 0.417 -0.287 -0.8 
VIMSS16622 90111453 pepB 0.379 0.419 -0.026 -0.083 
VIMSS17066 16130888 gss 0.379 0.42 0.221 0.594 
VIMSS16133 16129966 hisF 0.385 0.425 -0.022 -0.071 
VIMSS16628 16130454 iscU 0.386 0.426 0.241 0.652 
VIMSS15453 16129294 uspE 0.391 0.431 0.347 0.941 
VIMSS15170 16129011 mdoG 0.396 0.436 0.332 0.901 
VIMSS15155 16128996 ycdW 0.396 0.436 0.044 0.109 
VIMSS17037 16130859 yggN 0.4 0.44 0.547 1.492 
VIMSS17587 90111606 kdgK 0.402 0.442 0.09 0.237 
VIMSS17317 16131135 cafA 0.403 0.443 0.217 0.586 
VIMSS15994 16129828 argS 0.407 0.447 -0.085 -0.244 
VIMSS15970 16129805 zwf 0.408 0.448 0.366 0.993 
VIMSS16611 16130437 yfgL 0.414 0.454 -0.102 -0.291 
VIMSS16201 16130032 gatA 0.416 0.456 0.428 1.164 
VIMSS19364
49 

49176090 oppD 0.416 0.456 0.454 1.235 

VIMSS17575 16131386 mdtF 0.424 0.463 -0.171 -0.48 
VIMSS15184 16129025 pyrC 0.424 0.463 -0.596 -1.647 
VIMSS15181 16129022 solA 0.426 0.465 0.1 0.264 
VIMSS14524 16128371 proC 0.427 0.466 -0.055 -0.163 
VIMSS17968 16131767 rraA 0.432 0.471 0.031 0.074 
VIMSS16817 16130640 mutS 0.432 0.472 -0.022 -0.071 
VIMSS14170 16128019 ribF 0.432 0.472 -0.04 -0.12 
VIMSS17492 16131304 glgC 0.433 0.472 0.489 1.331 
VIMSS16033 16129866 yedO 0.435 0.474 -0.194 -0.544 
VIMSS15796 16129633 lpp 0.438 0.477 0.012 0.022 
VIMSS16599 16130425 purN 0.439 0.478 -0.161 -0.454 



$+,"

VIMSS15968 16129803 eda 0.442 0.481 0.082 0.214 
VIMSS14882 16128725 galK 0.444 0.483 0.34 0.921 
VIMSS16356 16130184 yfaY 0.444 0.483 0.022 0.05 
VIMSS16124 16129957 yeeZ 0.444 0.483 0.352 0.955 
VIMSS14872 16128715 tolB 0.445 0.484 -0.02 -0.066 
VIMSS16989 16130811 ygfB 0.447 0.486 0.24 0.647 
VIMSS16690 16130516 yfiO 0.449 0.488 0.052 0.132 
VIMSS16031 16129864 yecC 0.449 0.488 -0.103 -0.294 
VIMSS16617 16130443 ndk 0.454 0.493 -0.102 -0.292 
VIMSS16373 16130201 elaB 0.455 0.494 0.045 0.113 
VIMSS17305 16131124 degQ 0.459 0.498 0.246 0.665 
VIMSS14305 16128152 pfs 0.463 0.502 0.075 0.196 
VIMSS15049 16128892 ycbB 0.466 0.505 0.588 1.602 
VIMSS16203 90111384 gatY 0.467 0.506 0.442 1.202 
VIMSS15771 16129608 nemA 0.47 0.508 -0.018 -0.061 
VIMSS17784 16131592 phoU 0.471 0.51 0.728 1.987 
VIMSS14732 16128579 entA 0.472 0.51 0.178 0.477 
VIMSS15724 16129561 pntA 0.476 0.514 -0.176 -0.495 
VIMSS14343 16128190 metQ 0.476 0.514 -0.098 -0.279 
VIMSS16426 16130254 usg 0.477 0.516 0.048 0.12 
VIMSS15087 16128930 msgA 0.479 0.518 0.864 2.361 
VIMSS16672 16130498 rpoE 0.48 0.518 -0.116 -0.329 
VIMSS18170 16131967 groS 0.483 0.521 0.216 0.581 
VIMSS17950 16131750 yiiM 0.486 0.524 0.526 1.434 
VIMSS14224 16128071 ilvH 0.486 0.525 0.163 0.437 
VIMSS17700 16131510 dfp 0.487 0.525 0.082 0.215 
VIMSS15825 16129662 ydiU 0.489 0.527 0.106 0.28 
VIMSS18037 16131835 purD 0.49 0.528 -0.252 -0.702 
VIMSS17965 16131764 glpK 0.492 0.53 0.425 1.156 
VIMSS17556 16131367 uspA 0.497 0.535 0.535 1.456 
VIMSS14591 16128438 ybaY 0.499 0.537 0.341 0.925 
VIMSS16769 16130593 proX 0.499 0.537 0.573 1.561 
VIMSS19362
10 

90111084 ilvI 0.502 0.54 0.124 0.33 

VIMSS17490 16131302 glgP 0.506 0.544 0.113 0.3 
VIMSS17773 16131581 yieF 0.509 0.547 0.542 1.477 
VIMSS14599 16128446 acrB 0.509 0.547 0.194 0.521 
VIMSS14302 16128149 yadR 0.509 0.547 -0.058 -0.171 
VIMSS17089 16130910 yqhE 0.514 0.552 0.619 1.689 
VIMSS19366
56 

49176177 flu 0.517 0.555 0.216 0.581 

VIMSS19362
25 

90111334 yeaP 0.527 0.564 0.407 1.106 

VIMSS15723 16129560 pntB 0.529 0.566 0.304 0.823 
VIMSS19371
39 

49176416 hemC 0.529 0.566 0.07 0.182 

VIMSS16767 16130591 proV 0.532 0.57 0.235 0.633 
VIMSS16346 16130174 glpQ 0.533 0.57 0.362 0.983 
VIMSS17649 90111619 aldB 0.535 0.573 0.813 2.221 
VIMSS17315 16131134 tldD 0.538 0.576 -0.208 -0.582 
VIMSS15322 16129163 dhaK 0.54 0.577 0.708 1.932 
VIMSS17660 16131470 mtlA 0.543 0.58 0.041 0.102 



$,-"

VIMSS17574 16131385 mdtE 0.548 0.585 -0.012 -0.044 
VIMSS14631 16128478 tesA 0.553 0.59 0.079 0.206 
VIMSS18081 16131879 alr 0.559 0.596 -0.04 -0.12 
VIMSS16826 16130649 nlpD 0.56 0.596 1.098 3.004 
VIMSS14361 16128208 lpcA 0.56 0.597 0.338 0.915 
VIMSS15898 90111330 yeaD 0.563 0.6 0.221 0.595 
VIMSS14267 16128114 speE 0.571 0.607 -0.225 -0.627 
VIMSS15449 16129290 mppA 0.571 0.608 0.531 1.448 
VIMSS18403 16132199 deoA 0.577 0.613 0.288 0.778 
VIMSS17955 16131754 pfkA 0.577 0.614 0.097 0.255 
VIMSS18171 16131968 groL 0.578 0.614 0.2 0.538 
VIMSS16687 16130513 clpB 0.579 0.615 0.44 1.198 
VIMSS14174 16128023 ispH 0.58 0.616 -0.016 -0.056 
VIMSS16600 16130426 ppk 0.584 0.62 0.279 0.756 
VIMSS15498 16129337 ynaF 0.586 0.622 0.651 1.775 
VIMSS14995 16128838 ltaE 0.596 0.632 0.051 0.128 
VIMSS16981 16130803 bglA 0.596 0.632 0.191 0.514 
VIMSS18405 16132201 deoD 0.6 0.636 -0.291 -0.81 
VIMSS17652 16131462 selA 0.602 0.637 -0.052 -0.154 
VIMSS18001 16131800 udhA 0.604 0.64 -0.092 -0.263 
VIMSS18071 16131869 lexA 0.607 0.642 -0.076 -0.219 
VIMSS18268 90111711 yjgF 0.619 0.655 0.373 1.014 
VIMSS17275 16131094 ptsN 0.625 0.66 0.219 0.59 
VIMSS14815 16128661 ybfE 0.626 0.661 -0.426 -1.179 
VIMSS16406 16130234 yfcD 0.626 0.661 -0.203 -0.568 
VIMSS15744 16129581 add 0.629 0.664 0.414 1.126 
VIMSS16093 16129926 amn 0.63 0.665 0.62 1.691 
VIMSS15029 16128872 ycaO 0.63 0.665 -0.064 -0.186 
VIMSS15935 16129771 manX 0.633 0.668 0.864 2.36 
VIMSS16408 16130236 yfcF 0.655 0.689 -0.094 -0.269 
VIMSS17899 16131699 yihD 0.655 0.69 0.44 1.197 
VIMSS14610 16128457 htpG 0.657 0.692 0.525 1.43 
VIMSS17879 16131680 udp 0.659 0.693 0.387 1.053 
VIMSS17027 16130849 yqgE 0.67 0.704 0.293 0.794 
VIMSS15189 16129030 yceH 0.67 0.705 0.426 1.159 
VIMSS16115 49176178 yeeX 0.678 0.712 0.285 0.772 
VIMSS17670 16131480 secB 0.685 0.719 -0.317 -0.881 
VIMSS15321 16129162 dhaL 0.688 0.722 0.152 0.406 
VIMSS18244 16132041 msrA 0.69 0.724 -0.145 -0.409 
VIMSS16410 16130238 folX 0.69 0.724 0.608 1.657 
VIMSS16663 16130489 pdxJ 0.695 0.729 0.292 0.79 
VIMSS17494 16131306 glgB 0.706 0.74 0.725 1.98 
VIMSS17325 16131143 accB 0.707 0.741 -0.017 -0.057 
VIMSS16762 49176257 ygaM 0.71 0.744 0.24 0.648 
VIMSS17100 16130920 ygiW 0.717 0.751 0.147 0.392 
VIMSS14892 16128735 ybhE 0.724 0.758 0.166 0.445 
VIMSS14606 16128453 apt 0.727 0.76 0.234 0.632 
VIMSS17088 16130909 yqhD 0.729 0.763 0.807 2.203 
VIMSS17730 16131540 ilvN 0.744 0.777 0.301 0.816 
VIMSS14382 16128229 proA 0.744 0.777 0.345 0.936 



$,$"

VIMSS14307 16128154 degP 0.748 0.781 0.361 0.979 
VIMSS14813 16128659 fur 0.749 0.782 0.19 0.512 
VIMSS17583 16131394 yhjD 0.75 0.783 0.177 0.475 
VIMSS17466 16131280 pck 0.752 0.785 0.472 1.285 
VIMSS19370
04 

90111581 aroK 0.754 0.786 0.096 0.253 

VIMSS14159 16128008 dnaK 0.758 0.79 0.32 0.868 
VIMSS14814 16128660 fldA 0.762 0.795 0.475 1.292 
VIMSS18376 90111738 yjiA 0.763 0.795 -0.585 -1.618 
VIMSS15230 16129071 ycfP 0.766 0.799 0.421 1.146 
VIMSS17710 16131520 rpoZ 0.772 0.805 -0.006 -0.028 
VIMSS16295 16130124 yejK 0.778 0.81 0.1 0.263 
VIMSS15640 16129478 tam 0.779 0.811 0.186 0.498 
VIMSS14154 16128003 mog 0.784 0.817 0.633 1.726 
VIMSS17745 90111637 ibpB 0.788 0.82 -0.029 -0.09 
VIMSS14874 16128717 ybgF 0.79 0.822 0.668 1.823 
VIMSS17668 16131478 cysE 0.798 0.83 0.164 0.44 
VIMSS16827 16130650 pcm 0.802 0.833 0.09 0.236 
VIMSS14955 16128798 yliB 0.803 0.835 0.516 1.405 
VIMSS14904 16128747 uvrB 0.806 0.838 0.499 1.36 
VIMSS18392 16132189 rsmC 0.808 0.84 -0.403 -1.118 
VIMSS15528 16129367 ydbC 0.812 0.843 0.264 0.714 
VIMSS14575 16128422 clpP 0.822 0.853 0.292 0.79 
VIMSS15404 16129245 yciT 0.832 0.863 0.221 0.595 
VIMSS17952 16131752 cpxR 0.834 0.865 0.544 1.483 
VIMSS16252 16130081 cdd 0.835 0.866 0.127 0.336 
VIMSS16620 16130446 sseA 0.842 0.873 0.325 0.881 
VIMSS14529 16128376 yaiE 0.843 0.874 1.118 3.059 
VIMSS14807 16128653 nagA 0.848 0.879 0.117 0.309 
VIMSS15841 49176138 pfkB 0.85 0.881 -0.045 -0.135 
VIMSS17977 16131776 metJ 0.858 0.888 -0.092 -0.263 
VIMSS18414 16132210 trpR 0.859 0.889 0.37 1.006 
VIMSS17984 33347809 gldA 0.866 0.896 0.894 2.443 
VIMSS17373 16131189 rplN 0.866 0.897 -0.439 -1.215 
VIMSS18378 16132175 yjiY 0.885 0.915 -0.151 -0.425 
VIMSS15805 16129642 ydiI 0.906 0.936 0.135 0.358 
VIMSS14976 16128819 nfsA 0.909 0.939 0.908 2.48 
VIMSS17477 16131290 gntY 0.929 0.958 0.35 0.95 
VIMSS14273 16128120 yadG 0.931 0.96 0.575 1.566 
VIMSS15570 16129408 yncB 0.947 0.976 0.21 0.566 
VIMSS16025 16129858 yecA 0.949 0.978 0.949 2.593 
VIMSS16616 16130442 yfgB 0.96 0.989 -0.369 -1.025 
VIMSS16278 16130107 fruB 0.964 0.993 0.152 0.406 
VIMSS19371
84 

49176443 cpxP 0.965 0.994 0.675 1.843 

VIMSS17038 16130860 yggL 0.973 1.002 0.293 0.794 
VIMSS18065 16131863 malM 0.976 1.004 0.398 1.082 
VIMSS15341 16129182 ychN 0.99 1.019 0.285 0.771 
VIMSS16394 16130222 nuoB 1.008 1.035 0.07 0.182 
VIMSS15216 16129057 acpP 1.012 1.039 0.331 0.899 
VIMSS17748 16131557 yidR 1.019 1.046 0.017 0.036 



$,%"

VIMSS19372
04 

49176450 nudC 1.029 1.056 0.509 1.386 

VIMSS17609 16131420 tag 1.049 1.076 1.075 2.94 
VIMSS17808 90111647 rbsD 1.062 1.089 0.573 1.561 
VIMSS15561 16129399 ydcS 1.092 1.118 0.158 0.422 
VIMSS15238 16129079 lolC 1.097 1.122 0.098 0.257 
VIMSS17426 16131242 ppiA 1.101 1.126 0.826 2.257 
VIMSS18269 16132066 pyrI 1.129 1.155 0.298 0.807 
VIMSS17964 16131763 glpX 1.139 1.164 -0.065 -0.191 
VIMSS19371
40 

94541130 yifL 1.148 1.173 0.732 1.998 

VIMSS18193 16131990 yjeE 1.156 1.181 0.366 0.994 
VIMSS15401 16129242 pyrF 1.157 1.182 -0.059 -0.173 
VIMSS14532 16128379 yajF 1.176 1.2 0.016 0.034 
VIMSS14780 16128626 ybeL 1.192 1.216 0.553 1.507 
VIMSS17233 16131052 yhbW 1.22 1.243 0.591 1.612 
VIMSS16525 33347654 ucpA 1.236 1.259 0.984 2.69 
VIMSS19370
66 

94541127 yibT 1.318 1.34 0.783 2.138 

VIMSS17041 16130863 yggX 1.432 1.451 0.418 1.137 
VIMSS18029 16131827 hemE 1.462 1.481 -0.183 -0.515 
VIMSS14878 16128721 ybgS 1.552 1.569 0.705 1.925 
VIMSS16692 16130518 yfiA 1.555 1.571 1.176 3.216 
VIMSS17381 16131197 rplW 1.558 1.574 -0.585 -1.616 
VIMSS14569 16128416 cyoB 1.675 1.689 0.257 0.694 
VIMSS17274 16131093 yhbH 1.824 1.836 0.89 2.433 
VIMSS16266 16130095 yeiE 1.842 1.853 0.198 0.532 
VIMSS15936 16129772 manY 2.611 2.606 0.88 2.404 
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