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ABSTRACT OF THE THESIS 

 

Identification of RpoH Regulon in Geobacter sulfurreducens Under Heat Shock 

Conditions 

 

by 

 

Larisa Kagan 

 

Master of Science in Biology 

University of California, San Diego, 2009 

Professor Bernard Palsson, Chair 

   Professor Tracy Johnson, Co-Chair 
 

Anaerobic bacteria such as Geobacter sulfurreducens have developed a set of 

responses that allow them to survive in environments with elevated temperatures. From 

previous research RpoH was identified as a heat shock sigma factor. To obtain further 

knowledge of the protective mechanisms employed by G. sulfurreducens and identify the 

RpoH regulon in response to heat shock, we performed a Chromatin Immunoprecipitation 

analysis followed by genome-wide gene expression profiling.  

We successfully identified the RpoH regulon and confirmed it with gene 

expression experiment. The resulting genes, which had RpoH binding sites, were up-

regulated with a fold change of at least two. A total of 115 genes with known function, 
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and 133 genes with unknown function were identified as RpoH regulon. As we expected, 

molecular chaperons that refold damaged proteins were induced under heat shock 

condition. Proteases which promote degradation of unrecoverable proteins were induced 

as well. 

The identified RpoH regulon was compared to E .coli protein sequence through 

orthology analysis. Gene products that were not conservative with E.coli were 

functionally classified. A metabolic pathway was identified, which utilizes acetate and 

increases NADH production by activating glyoxylate synthesis. In addition, we found 

that Feo and Yfe iron transport systems were present in G. sulfurreducens and allowed 

Fe2+ import. The imported iron can be stored and /or utilized for cytochromes and Fe-S 

clusters production. The thioredoxin and thioredoxin reductase (GSU3280 and GSU3281) 

genes were up-regulated and had RpoH binding sites. Our analysis proposed that 

thioredoxin acted as a molecular chaperone for specific proteins in G. sulfurreducens. In 

addition, many other RpoH regulon characteristics were successfully recognized through 

this project. 
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1-Introduction 

1.1 Geobacter sulfurreducens 

As it is well known, electricity is one of the main sources of power used by 

human civilization. Current electricity production is costly and very time consuming, 

consequently people are in a constant search for an alternative and more optimal method 

of electricity production. Another problem facing our society today is radioactive metal 

contaminants of a groundwater.  In general groundwater is considered to be safe source 

for drinking water but it often gets contaminated from various sources. Contamination 

can come from a variety of places such as a leaking tank of gasoline, oil, fertilizers or any 

radioactive waste. As soon as any of the above reaches drinking water many people 

become endangered in their everyday life. The polluted groundwater can dangerously 

affect the health of human population. 

It has recently been demonstrated that a potential natural solution to these 

extremely important problems was found. This solution lies in the natural unique mode of 

metabolism of Geobacteraceae, which is a member of the δ-Proteobacteria. In our 

studies we focused on specific Geobacter species - Geobacter sulfurreducens, PCA 

strain. This researched strain contains one circular chromosome with genome size of 3.81 

Mb, and has approximately 3528 genes [13]. G. sulfurreducens genome can be organized 

into 63 gene clusters (ref to KEGG). The Figure 1.1 shows a phylogenetic tree of the 

Geobacteraceae family with all the related species, the tree was constructed based on the 

genome alignment.   
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Figure 1.1: Phylogenetic tree of the related species in Geobacteraceae family.  
This tree shows the G. sulfurreducens species relative to other species. The most closely 
related species to the G. sulfurreducens is G. metallireducens. The following figure was 
adapted from UCSC Human Genome Browser group [14]. 
 

G. sulfurreducens is an anaerobic bacteria discovered in the sediment of the 

Potomac River in 1987. It has the unique ability to produce an electrical current as part of 

its natural metabolism. As a part of the family Geobacteraceae these species are 

characterized by their ability to “effectively oxidize organic compounds” [5]. This means 

that G. sulfurreducens can convert the potential energy stored in organic compounds 

(including the organic waste of humans) directly into electricity. 

Geobacter as many other gram-negative bacteria is able to reduce ferric iron  

Fe (III).This metabolic ability plays a central role in gaining energy from metal reduction. 

  G. sulfurreducens is under continuous research for a variety of its applications. As 

was briefly mentioned earlier, it has the ability to consume radioactive material, and 

release carbon dioxide as its byproduct which in turn can neutralize the radioactive 

material. Geobacter could also act as a natural battery by using biomass and converting it 

to electricity. Yet another potential application of these species lies in ability to utilize 
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their “pili” in a field of nanotechnology and potentially to create nanowires which then 

can be involved in future development in nanotechnological field [6].  

 

1.2 Transcriptional Regulatory Network (TRN)  

The overall success of genome sequencing projects has made it possible to 

perform comparison analysis of the whole genome sequences from different organisms. 

Multiple studies attempted to identify different regulatory elements by comparing genetic 

information with organism of the same species or from different species. These studies 

provided many interesting discoveries to the world of science, related to the homology of 

many genes from one studied organism to another.  

For the purpose of our research, the segment of information which we 

investigated from this genome-wide analysis was related to the G. sulfurreducens 

regulatory elements. In order to obtain this information, genome-wide search was 

performed on two members of Proteobacteria: G. sulfurreducens and E. coli. E. coli is a 

highly researched bacterium; consequently there was a lot of information available 

regarding regulatory network of E. coli. Many regulatory elements were identified in 

Geobacter genome using similar research techniques as in E. coli [9]. 

Many researchers with different backgrounds were working in the direction of 

exploiting the applications mentioned above. Our research contributes to establishing 

Transcriptional Regulatory Network (TRN) for Geobacter sulfurreducens. Before getting 

into how TRN was constructed basic TRN elements should be identified. 
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  Table 1.1: Transcriptional Regulatory Elements.  
In this table basic transcriptional regulatory elements are listed including their regulatory 
interactions.  

Nodes Regulatory Interactions 

Sigma/Transcription factors Activation of Transcription 

Target genes/operons Repression of Transcription 

   
 

The Construction of TRN became achievable only after Geobacter’s genome was 

sequenced. As the result, genome-based models metabolic and regulatory were produced 

and scientists were able to predict physiological responses of Geobacter bacteria to 

different environmental, extracellular and intracellular changes in the cell environment 

[7]. This novel genomic information has made it possible to move the microbiological 

research to a different level. The cellular processes could be explored on the much wider 

scale. Innovative techniques, such as Chromatin Immunoprecipitation followed by tilling 

array method, which will be described later in this chapter, allowed scientists to 

investigate protein-DNA interactions and as a result identify regulatory DNA sequences 

.This methodology permitted further research of essential cellular processes such as 

transcription, and could be complemented by gene expression datasets under various 

conditions. These datasets together with proteomics predicted which gene was “turned 

on” under what conditions. The growing number of gene expression datasets accelerated 

the need for construction of some main system which would combine all the datasets 

together. This main system was transcriptional regulatory network [8].  

To summarize, the reconstruction of the transcription regulatory network at 

genome scale based on the experimental data is one of the major goals in modern 
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biology. Each newly acquired gene expression dataset will be added to the information in 

Transcriptional Regulatory Network. Eventually the complete understanding of how cells 

(in our case G. sulfurreducens cells) modify their transcriptional state in response to the 

outside or inside signals will be achieved. 

 
1.3 Geobacter sulfurreducens’ sigma factors 
 
 Our project mainly focused on sigma factors global regulatory elements. 

Transcription initiation is controlled by DNA sequence element (promoter region) and 

recognized by RNAP (RNA polymerase). The activity of RNAP is regulated through 

interactions with sigma factors [8].  The transcription process in bacteria is catalyzed by 

the promoter- specific binding of the RNA polymerase complex. RNA polymerase 

complex is composed of five subunits (two α subunits, oneβ, one β’ and one ω subunit) 

and one selectivity factor -σ (sigma factor). Sigma factors are condition-specific factors 

and recognize specific set of promoters. In order to initiate this particular transcription the 

σ-subunit has to bind the promoter region, which is specific to this particular sigma 

factor. The interaction between the enzyme and sigma factor creates the active form of 

enzyme, called RNA polymerase holoenzyme. The active enzyme has a sigma factor 

subunit which in turn has an increased affinity for promoter region of the gene. When 

sigma factor binds to the RNA polymerase, it recognizes specific sequence on the 

promoter region with initiation site. RNA polymerase can then initiate the transcription 

and release the sigma factor [16].  
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A                                                          B

                 

Figure 1.2: Sigma Factor binds to RNA polymerase 
(A) The figure shows the binding of sigma factor to RNA polymerase and formation of 
holoenzyme which can initiate transcription. (B) More detailed view of the RNA 
polymerase interaction with the promoter through the sigma factor. The figure shows 
various promoter regions [16]. 
 

In G. sulfurreducens, transcription of genes is regulated by several sigma factors. 

There are six sigma factors which have been identified so far: σ70, σ54, σ38, σ32, σ24, and 

σFliA. The Table 1.2 provides a brief overview of the sigma factors including gene, 

protein names and their sizes, as well as proposed function for each sigma factor. 
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Table 1.2: Properties of sigma factors in G. sulfurreducens. 
This table provides an overview of the main sigma factors in G. sulfurreducens, including 
name, common annotation, gene size, protein size and the proposed function of the sigma 
factor. The information regarding sigma factors gene sizes were taken from KEGG 
database [19] 

 σ70 σ54 σ38 σ32 σ24 σ28 

Protein 
Name 

RpoD RpoN RpoS RpoH RpoE FliA 

Protein 
size(kD) 

70 54 38 32 24 28 

Gene  
Name 

rpoD rpoN rpoS rpoH rpoE fliA 

Gene size 
(bp) 

1754 1446 993 855 576 753 

Proposed 
Function 

Regulated 
transcription of 

majority of genes 

Nitrogen 
metabolism 

Stationary 
phase gene 
expression 

Heat shock 
gene expression 

Extracytopla-
mic protein 
expression 

Expression 
 of 

flagellar 
genes 

 
 
 

 As mentioned above different sigma factors initiate transcription under various 

conditions. Subsequently at different conditions each sigma factor will bind to a unique 

set of promoters. σ70 or RpoD is the main sigma factor because it becomes active under 

exponential growth conditions [10]. This sigma factor is necessary for transcription of 

most of the genes in Geobacter. Sigma 54, σ54 or RpoN - is required for regulation of 

nitrogen metabolism [10]. Sigma 38, σ38 or RpoS regulates gene expression at the 

stationary phase of the culture growth. It is also involved in Geobacter survival under 

nutrient limiting and oxygen stress conditions [12]. FliA sigma factor regulates 

transcription of flagella genes, and RpoE regulates expression of genes which are 

transcribed as a response to misfolded proteins in periplasmic space [16]. Most of 
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information regarding sigma factors was obtained from the extensive research on the 

most studied organism E. coli. 

 

1.4 Heat shock sigma factor- RpoH  

One of the main goals of this project was identifying binding sites of a sigma 

factor in G. sulfurreducens- RpoH or σ32. Previous studies showed that RpoH is essential 

for the cell response to heat shock conditions [5]. Heat shock is a common environmental 

stress factor to which all organisms including G. sulfurreducens adapt to by inducing 

heat-shock proteins. Although the heat shock response in Geobacter species is poorly 

understood, previous studies have demonstrated that the Geobacter genome contains 

RpoH homologues. This fact led scientists to predict that rpoH encodes for functional 

heat shock sigma factor in G. sulfurreducens. To confirm this prediction, investigation of 

heat shock sigma factor activity was performed by constructing RpoH mutant. The 

mutant was constructed by knocking out rpoH gene.  The effect was observed after 

cultures were heat shocked. Results showed that the σ32 mutant was unable to survive 

under elevated temperature conditions, confirming that RpoH plays an important role in 

adaptation to temperature shift [5]. The process of this adjustment accompanied by the 

synthesis of heat shock proteins (hsps) which is necessary for a continuing cell response 

cascade [5].  

 To further investigate heat shock sigma factor regulon characteristics, it is 

important to understand how cell reacts to the heat shock and what biological processes 

are involved. As was noted above, heat shock is a common stress condition which 
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bacteria experiences in natural habitat. As a response to the temperature shift a synthesis 

of heat shock proteins is rapidly induced. Many studies were done to investigate the core 

heat shock response in bacteria and almost any other organism. The bacterial heat shock 

response can be elucidated with the most investigated bacteria –Escherichia coli [20].  

The induction of the heat shock proteins occurs as a result of RpoH sigma factor 

binding to the promoter region of a heat shock gene, and transcription is initiated. As a 

primary response RpoH sigma factor initiates transcription for approximately 20 heat 

shock proteins. Most of these proteins are molecular chaperons. DnaK, DnaJ, GrpJ, 

GroEL, GroES, Lon, ClpP, ClpB and HtpG [20]. Their main role is to be able to protect 

other proteins from heat inactivation by refolding. Hsps are also repairing damaged 

proteins back to their physiological structure and degrading unrepairable proteins. In 

addition to that, heat shock proteins regulate their own synthesis and activity by feedback 

control, which will be described later in the chapter.  

Besides their role in cell’s heat shock stress, they maintain homeostasis, mediate 

correct protein folding, involve in DNA replication, assist in protein transport and   

engage in proteolysis [20].  Figure 1.3 summarizes the flow of events in heat shock 

reaction. As a result of temperature up-shift, the rpoH gene transcription is activated. 

Previous studies demonstrated that G. sulfurreducens rpoH contains promoter region, 

which could be recognized by HrcA protein, which in turn would activate the σ32 

transcription [5]. The synthesized σ32 together with RNA polymerase binds to the heat 

shock genes at the promoter regions and transcription of hsps is initiated. Figure presents 

three hsps, DnaK, DnaJ nad GrpE. These proteins appeared to be negative modulators for 

σ32 syntheses [20]. The synthesized heat shock proteins are ready to repair partially 
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unfolded proteins, as figure illustrates. After transcription of the genes is completed, σ32 

and RNA polymerase dissociate from each other and could be either recycled or 

degraded. The cell experienced heat shock adjusts to the new temperature and new steady 

state levels were achieved by reducing the levels of hsps and RpoH in the cell. When 

levels of both σ32 and hsps are high, σ32 will be inactivated and then degraded in order to 

readjust to growth at new temperature. The increased levels of negative modulators 

(DnaK, DnaJ and GrpE) will also inhibit the translation of the RpoH, and again will 

cause reduction of hsps and RpoH levels in the cell after the heat shock induction [20]. 

Figure 1.3: Heat shock response process in bacterial cell. 
In addition to induction of heat shock protein genes, genes involved in energy 
metabolism got induced as well. The damaged cell envelope needs repair after heat 
shock, genes encoding cell envelope components induced as well. Other regulatory genes 
which control all these processes transcribed as well under heat shock. 
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1.5 ChIP-chip method 

In order to identify G. sulfurreducens RpoH sigma factor’s binding sites at the 

promoter regions chromatin immunoprecipitation (ChIP) experiment was performed. 

This is a common method for isolating specific protein-DNA complexes in vivo, which 

was coupled with high-density tiling DNA microarray technology (chip) method [2]. The 

DNA microarray probes can tile the whole genome; the obtained data would allow 

making global assay on the binding sites over the whole genome [3].  

This combination enabled genome-wide identification of DNA-binding sites for a 

wide range of proteins in different organisms [3]. ChIP-chip technique used directly in 

living cells, therefore the examined protein-DNA interactions has a very important 

physiological significance. This method becomes more and more commonly used within 

various research groups and protein-DNA interactions are being researched more and 

more in depth in various bacteria [3]. In our research group this method was commonly 

practiced in researching transcription regulatory network of E. coli. This technique has 

been modified and adapted to fit G. sulfurreducens. The Chromatin immunoprecipitation 

coupled with microarray method (ChIP-chip) can be divided in two major parts. 

 

1.5.1 The Experimental part of the project: ChIP  

The immunoprecipitation of DNA occurs with specific antibody that recognizes 

our protein of interest (RpoH). After shifting the growth temperature of the cells from 30° 

C to 42° C, the heat shock response was initiated. As a result transcription of most heat 

shock genes was activated. 
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 The main goal of this experimental part was to capture the events of the heat 

shock response and to investigate which genes were activated, and what proteins were 

involved in this process. In order to achieve this goal the heat shocked cultures were 

cross-linked, in other words, the DNA and the proteins bound to the DNA were 

covalently linked. Then, the specific antibody which recognized the RpoH sigma factor 

was introduced and the DNA-RpoH complexes were immunopercipitated. To figure out 

which genes were activated by studied sigma factor, it was necessary to isolate these 

complexes out of other DNA and proteins. To achieve that objective a second antibody 

was used. The remaining steps were taken to clean up the recovered DNA fragments 

from the antibodies and proteins. Finally the purified DNA fragment was labeled and 

hybridized to probes on the array. Data was analyzed, and binding sites were identified. 

In the figure below some of the major steps are listed, the detailed procedure description 

can be found in the materials and methods section.  

  

Figure 1.4: Illustration of ChIP-chip method, modified from Ming Zheng [3] 
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Figure 1.4: Continued  
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Figure 1.4: Continued  

 

1.5.2 Data analysis portion of the project 

 The resulting data can be analyzed with SignalMap software in order to 

determine which genes were regulated by the researched regulatory element - RpoH.  

Figure 1.5 gives a brief introduction of how the data was analyzed. 

 

 

 

 

 

 
 
 



15 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.5: Fragment of RpoH ChIP-chip data from SignalMap, NimbleGen  
The upper track has the entire G. sulfurreducens Genome, the middle track with red bars 
represents how many times out of 6 data sets peak was detected. The highest bar indicates 
that all 6 datasets showed peak at this particular gene. The lowest track represents the 
actual dataset (one of the 6) 
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2-Materials and Methods 

2.1 The experimental methods 

Before approaching to the experimental part of the project, the researched protein 

was identified and information was gathered regarding the protein and its gene. In this 

project the main method of choice was ChIP-chip. The background information can be 

found in introduction section. Antibodies used for ChIP-chip can be an important limiting 

factor. ChIP-chip requires highly specific antibodies that must recognize its epitope in 

free solution. For the ChIp-chip results to be specific, it is very important to use pure, 

specific and high affinity antibody.  

The first aim of the experimental part was to produce G. sulfurreducens RpoH 

high affinity antibody. In order to achieve this goal, antigen (RpoH protein) needed to be 

purified.  

 

2.1.1 RpoH expression vector construction 

The rpoH gene was amplified by using PCR technique with PfuUltra High-

Fidelity DNA polymerase (Stratagene). The PCR primers introduce a restriction enzyme 

digestion site, BgIII and NotI on each end of the PCR product. The primers have the 

following sequence: RpoH N-term primer Bglll: 

GGAAGATCTATGTCGATGAGCTTACCTG , RpoH C-term primer Notl: 

AGTTTAGCGGCCGCTCATCAGACCGGTCGCGTCTCTGCAATA. 

The amplified product was confirmed to be rpoH by sequencing. 
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The amplified PCR product was digested by restriction enzymes in order to create 

overhangs at the ends of the PCR fragment. The resulting overhangs were then 

dephosphorylated with Calf intestinal phosphatase (CIP). Cloning vector pGEX-6P-1 

(GE Lifescience) was digested with the same restriction enzymes as well.  The 

dephosphorylated PCR fragment was ligated to the digested vector using Quick ligase kit 

(NEB) and transformed into the E. Coli DH5α chemically competent cells (One Shot 

MAX Efficiency DH5α™-T1R Competent Cells, Invitrogen).  The resulting vector 

pGEX-GS-RpoH is then verified by sequencing and transformed into BL21-AI one shot 

competent cells (Invitrogen) for protein over expression. 

 

2.1.2 Protein purification using GST fusion system 

In order to purify the protein of interest in this case sigma factor RpoH, GST 

(Glutathione S-transferase) fusion system was used. This system allowed constructing a 

fusion protein with GST tag on N-terminal end and RpoH on C-terminal end. GST fusion 

proteins were created by inserting a gene of interest into pGEX-6P-1 vector. It is 

important to mention that expression of the gene in E .coli cell machinery is under control 

of the tac promoter, which is induced by the lactose analog IPTG (isopropyl β-D-

thiogalactoside).The expression of the insert is tightly controlled with lacIq gene product 

as well, which is a repressor protein that binds to the operator region of the tac promoter, 

preventing expression until induction by IPTG [1]. 

Cells with pGEX-GS-RpoH vector were inoculated into 2 ml of LB medium and 

incubated overnight at 37° C with vigorous shaking. The cultures were then diluted 1:100 

with a fresh LB medium and grew at 37 °C until the OD600 reaches 0.5 - 0.6. 1 M IPTG 
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was added to the cultures to a final concentration of 0.5 mM and continued incubation 

process for an additional 5 hrs at room temperature.  The cultures were centrifuged at 

7700 for 10 min at 4 °C to sediment the cells. The cell pellets were then washed with ice-

cold PBS (Phosphate Buffered Saline) and then cells were disrupted by sonication 

(microtip, power 2.5, 20 sec x2, 10 sec interval).  The sonicated sample was analyzed 

with 10% Bis-Tris gel (Invitrogen). 

The over expressed proteins were purified using the GSTrapFF 1ml column (GE 

Lifescience). This column trapped the GST tagged protein. In result only the protein of 

interest was specifically trapped out of all other proteins. The GST tag was cleaved using 

on column PreSciccion Protease (GE Lifesciences) digestion. Pure protein was eluted and 

its concentration was quantified using Quant-iT™ Protein Assay Kit (Invitrogen). 

 

2.1.3 G. sulfurreducens RpoH antibody production 

RpoH antibody was produced by our collaborator Katy Juarez at the Instituto de 

Biotecnología/UNAM.  The purified RpoH protein was injected into rabbits to stimulate 

the best immune response in order to produce required antibodies. The collected blood 

serum was then purified using the Chromatography Cartridges Protein G (Pierce) method. 

This technique allowed us to isolate and collect polyclonal antibodies from the serum. 

The isolated antibodies were then tested with western blot against RpoH and whole cell 

lysates to test specificity of the Ab. 
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2.1.4 Western blotting 

The specificity of the antibodies was tested against the G. sulfurreducens sigma 

factor RpoH via Western Blot. G. sulfurreducens cultures were grown anaerobically in 

fresh water acetate/fumarate medium (FWAF). The freshly inoculated strains grew 

normally in FWAF at 30 °C. 10 ml of the culture was heat shocked for 15 min at 42 °C.   

Then cells were centrifuged at 4°C for 4 min at 13,000 rpm and the pellets were washed 

with ice-cold PBS.  The pellet then was resuspended in 1X Nupage Sample Buffer 

(Invitrogen) and boiled for 5 min. Western blotting was then performed with the samples 

following Invitrogen’s standard protocol.   Then detected signal was analyzed to see if 

antibody-antigen (RpoH) binding was specific. If the detected signal was strong and the 

location of the band corresponded to the right size (32kd for RpoH) we would conclude 

that the Ab had high affinity and the ChIP-chip experiment could be performed. If the 

Western Blot results showed low affinity of the Ab to the antigen the experiment would 

be repeated with different antibody sample.  

 

2.1.5 Tiling DNA microarray 

Customized high density oligonucleotide microarray (Nimblegen) was used. 50 

mer probes representing both strands of Geobacter sulfurreducens PCA genome were 

selected every 20 bp and the total number of probes on the array is 381174.   
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2.1.6 Chromatin Immuno-Precipitation (ChIP) 

G. sulfurreducens cultures were grown anaerobically in FWAF. The freshly 

inoculated strains grew normally in FWAF at 30° C for 24+/-2 hours in order to reach 

mid-log phase.  

The cultures were then heat shocked at 42°C for 15 min. This temperature shift 

allowed the cells to produce RpoH sigma factor.  DNA bound proteins were cross-linked 

to DNA with 37% formaldehyde and cells were washed with ice-cold TBS three times.  

Cells were then lysed and the sheared by sonication (microtip, power 4.5 20 sec x 6, 10 

sec interval). The sheared lysate were then centrifuged at 14,000 rpm, 4°C for 5 min to 

remove cell debris.  The samples were then splited into two groups. The Ab for RpoH 

was added only to one group and the other kept as a negative control, with no Ab added. 

After overnight incubation the DNA-protein complexes were enriched with Dynabeads 

with Donkey anti-Rabbit IgG (Sigma-Aldrich) and MPC magnet. The dynabeads were 

washed with PBS with BSA (Bovine Serum Albumin) three times before binding of 

samples. After 6 hour incubation, the beads were washed several times with washing 

buffers. The protein-DNA-Antibody complexes were then eluted from beads and 

collected. The complexes were treated with Rnase solution (100mg/ml RnaseA, Qiagen) 

to degrade RNA, then with protease K (20mg/ml, New England BioLabs) to digest all 

proteins (Ab, RpoH and other proteins). The immunopercipitaed DNA (IP DNA) was 

then purified by Qiagen PCR Purification Kit. The enrichment of target region was 

verified by quantitative real-time PCRChIP-chip, and then samples were labeled and 

hybridized to the microarray according to manufacturer’s protocol (Nimblegen). 
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2.1.7 Quantitative real-time PCR 

Purified immunopercipitated DNA had to be tested for presence of enriched 

targeted regions with quantitative real-time PCR.  Primers were designed to target the 

promoter region of two G. sulfurreducens genes: GSU0031 and GSU2390, which encode 

heat-inducible transcription repressor HrcA and heat shock protein 90 respectively. Both 

of them are expected to be involved in heat shock response and controlled by RpoH.  RT-

PCR with following primers suggested the enrichment of promoter regions of both genes 

in IP DNA comparing to negative control.  

Table 2.1: RT-PCR designed primers 

*Pro-indicates primer was targeted to the promoter region of the gene, IN-internal region of the 
gene. 
 

2.1.8 RNA isolation from G.sulfurreducens 

 ChIP-chip results for RpoH regulon were complemented by expression profile 

analysis using tilling microarray. The performed gene expression profiling provided 

information regarding all transcripts in G. sulfurreducens under heat shock conditions. 

ChIP-chip data provided information regarding the genes with RpoH binding sites under 

Primer Name Primer sequence 

GSU0031-*PRO-F CGCGTCCTTTCTCTGAC 
GSU0031-PRO-R TTAGCACTCAAGGGACGTGA 
GSU2390-PRO-F ATTCTGACGTGATCATGCCC 
GSU2390-PRO-R TGGTCGGAGCGAATTTCAAG 
GSU0031-*IN-F TCATCGAGGGACAGACCAAT 
GSU0031-IN-R TAAATATCTGCAGGCCCTGG 
GSU2390-IN-F AAAGAAGTGCGGCTCTCCAA 
GSU2390-IN-R TTCAGCTCCAGGATTCGCTT 
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heat shock. The combination of both data sets allowed identifying and characterizing the 

RpoH regulon.  

The G. sulfurreducens cultures were grown under the same conditions as ChIP-

experiment. Cultures were grown anaerobically in FWAF until mid-log phase. The 

cultures were then heat shocked for 15 min at 42°C. The cells were harvested with 5% 

Buffer Equilibrated Phenol in Ethanol. Cell Cultures were spun down at 4 °C and the 

resulted cell pellets were frozen for storage at -80 °C for later use.  400 µl 6.7% 

TE/Sucrose buffer was added to the frozen cell pellets and then Superase (Ambion), 

lysozyme (Epicentre) and Proteinase K (Invitrogen) were added.  TRizol (Invitrogen) was 

used to isolate RNA from cell lysate.  The RNA then was precipitated with isoprophyl 

alcohol, washed with 70 % ethanol, dried and then resuspended in RNase free water.  

Dnase I (Qiagen) was added to remove remaining DNA in the samples, and the samples 

were purified with Rneasy column (Qiagen).  

 

2.1.9 Amino-Allyl cDNA labeling  

First strand cDNA was synthesized from isolated RNA with Superscript II 

(Invitrogen). Then the RNA template was hydrolyzed with NaOH for 30 min at 65 °C for 

30 min and neutralized with 1M HCl.  Synthesized single stranded cDNA was then 

purified (Qiagen, PCR Purification Kit) and coupled to amino-reactive Cy-dyes. The 

labeled cDNA was precipitated with isoprophyl alcohol, washed with 70% ethanol, dried 

and resuspended in water.  The yield and dye incorporated rate were measured by 

Nanodrop (Thermo).  The labeled cDNA was hybridized to the microarray according to 

manufacturer’s protocol (Nimblegen). 
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2.2 Computational methods 

Data were extracted from microarray images and RpoH binding sites were 

identified using NimbleScan (NimbleScan).  The peaks location was entered to the Excel 

annotation file, containing all the genes names and their location in the genome. 

Orthology was performed with help of Dr. Allen; the ortholog prediction was 

called RSD [30]. The program took two complete proteomes and predicted orthologous 

pairs using blast, and distance metrics. 
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3-Results 

3.1 Classification of genes identified in RpoH binding site analysis 

The results were obtained by analyzing the RpoH ChIP-chip data. The genes were 

isolated from the entire G. sulfurreducens PCA genome by observing the signals at the 

promoter region of each gene.  The strong signal, represented by highest peak, indicated 

that the gene contained RpoH binding site at the promoter region and therefore can be 

regulated by heat shock sigma factor. The totals of 670 binding sites were identified, the 

corresponding genes can be found at: Appendix-I. Table 3.1 provides a summary of the 

total number of genes in ChIP – chip data. 

To further analyze the resulted findings, a gene classification analysis was 

performed. Identified genes were compared to the gene list and gene function for the 

entire G. sulfurreducens genome, attained from Microbial Resource database 

(www.cmr.jcvi.org). Two data sets were aligned together and the function for each 

resulted gene was determined. The Figure 3.1 shows the function distribution of genes 

with RpoH binding sites. This data does not include the hypothetical protein genes and 

genes with unknown function.   
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Table 3.1: ChIP-chip data summary 
Total number of identified genes, including the genes with unknown function and genes 
for hypothetical proteins. The genes for hypothetical proteins are unclassified, because 
they do not show sequence similarity to characterized genes from other organisms 

Number of genes of known function 408 

Number of genes of unknown function 83 

Number of genes for hypothetical proteins 179 

Total number of genes identified in RpoH sigma factor  
binding sites data analysis 670 

 
 

The genes obtained in the RpoH ChIP-chip experiment were analyzed and 

classified, to allow better understanding of σ32 regulations. The classification of genes 

based on main role of the gene in cell biology presented in Figure 2.1. 
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4% 5%
14% 1%

5%

18%

2%

9%
16%

2%

12%

2%
4%

2% 4%

Amino acid biosynthesis (16) 
Biosynthesis of cofactors, 
prosthetic groups, and carriers (15) 
Cell envelope (55) 
Central intermediary metabolism (6) 
DNA metabolism (12) 
Energy metabolism (72) 
Fatty acid and phospholipid
metabolism (7) 
Protein fate (34) 
Protein synthesis (64) 
Purines, pyrimidines, nucleosides, 
and nucleotides (9) 
Regulatory functions (46) 
Signal transduction (8) 
Mobile and extrachromosomal
element functions (15) 
Disrupted reading frame (8) 
Cellular processes (16) Total of 408 genes

 

Figure 3.1: Distribution of genes controlled by RpoH sigma factor in G. 
sulfurreducens Chip-chip data. This figure illustrates the gene distribution among 
physiological cell functions. The functions are listed in the legend. Percentage next to 
each slice of the pie indicates how many genes are present in the particular category out 
of total number of genes which were isolated .The numbers in parenthesis represent the 
actual number of genes in each group. 
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3.2 Heat shock gene expression data 

To make the analysis complete expression of the G. sulfurreducens genome was 

assayed under heat shock condition. The gene expression data was obtained and 

compared to the expression data resulted from the cells grown in normal conditions (fresh 

water acetate fumarate media, at 30o C, no heat shock). The results showed whether 

expression of genes changed or remained the same under heat shock conditions. The 

change in expression was reported in form of fold change between gene expression under 

normal (FWAF) conditions and heat shock condition. The higher fold change value, the 

more significantly expression of genes changed. The gene expression can be altered in 

two ways; the gene can be either up-regulated or down-regulated as a result of heat 

shock. The up-regulated transcribed more frequently active under higher temperature, and 

therefore more gene product will be produced by this gene. The down-regulated gene 

consequently showed less activity and less gene product is expected to be present.  The 

Table 3.2 shows the summary of the gene expression data, including number of genes 

found to up-regulated, down-regulated or no change in expression. 

Table 3.2: G. sulfurreducens gene expression data summary after heat shock 
  Down-regulated 

Genes 
Up-regulated 

Genes 
Fold change  2-4 39 542 

Fold change 4 and up 8 139 
Total gene number 47 681 

 
As indicated in Table 3.2 there were 681 genes that showed up-regulated activity with 

fold change of two and more as a result of a temperature increase.  In contrast, it was 

found that 139 genes changed their expression significantly after heat shock was 

introduced to the cells. Out of these genes only 37 showed a very high fold change of 8 
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and up, indicating that these genes were affected the most from the heat shock. Some of 

these genes had an identified cell function and gene product and others were appeared as 

hypothetical proteins table 3.4. The list of these known genes presented in Table 3.3 and 

the list of genes for hypothetical proteins presented in Table 3.4. 
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Table 3.3: Genes up-regulated in G. sulfurreducens with fold change 8 and up after 
heat shock 

 
Gene 

 
Gene Name 

 
Gene Product 

 
Fold Change 

GSU3274  cytochrome c, 1 heme-binding 
site 

8 

GSU0779  formate dehydrogenase, b-type 
cytochrome subunit, putative 

8.38 

GSU2006  branched-chain amino acid 
ABC transporter, membrane 
protein 

8.39 

GSU0034 dnaJ chaperone protein DnaJ 9.41 
GSU3270  FeoA family protein 10.43 

GSU3268.1 feoB-2 FeoA family protein 10.82 
    

GSU0778 fdnH formate dehydrogenase, iron-
sulfur subunit 

11.61 

GSU1478  protein of unknown function 
DUF477 

12.42 

GSU0014  DnaJ-related molecular 
chaperone 

13.06 

14.19 GSU1070  sodium/solute symporter family 
protein  
 

GSU0033 dnaK chaperone protein DnaK 18.24 
GSU1477  LemA family protein 19.9 
GSU2390 htpG heat shock protein 90 20.13 
GSU0032 grpE DnaJ adenine nucleotide 

exchange factor GrpE 
20.56 

GSU2678  ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

27.25 

GSU3142  3-deoxy-D-arabino-
heptulosonate 7-phosphate 
(DAHP) synthase 

29.67 

GSU0538  ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

31.64 

GSU0658 clpB chaperone ATPase ClpB 35.12 
GSU2404  low-complexity protein 39.71 
GSU2406  DnaJ domain protein 44.42 
GSU0654  ThiF family protein 47.91 
GSU2408  ATP-independent chaperone, 

alpha-crystallin/Hsp20 family 
60.58 

GSU0655 rpoH RNA polymerase sigma-32 
factor 

70.39 

GSU2409  ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

113.99 

GSU2410  ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

147.7 
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Energy 
metabolism

Reg. functions

Amino acid biosynthesis (6) 
Biosynthesis of cofactors, 
prosthetic groups, and carriers (11) 
Cell envelope (36) 
Central intermediary metabolism (6) 
DNA metabolism (12) 
Energy metabolism (82) 
Fatty acid and phospholipid
metabolism (6) 
Protein fate (27) 
Protein synthesis (7) 
Purines, pyrimidines, nucleosides, 
and nucleotides (1) 
Regulatory functions (60) 
Signal transduction (11) 
Mobile and extrachromosomal
element functions (5) 
Disrupted reading frame (2) 
Cellular processes (26)
Transport and binding proteins (32)

Table 3.4: Unknown genes up-regulated in G. sulfurreducens with fold 8 and more 
after heat shock 

Hypothetical protein gene Fold 
Change 

Hypothetical protein 
gene 

Fold 
Change 

GSU3273 8.24 GSU1559 24.2 
GSU2403 8.43 GSU3267 32.15 
GSU1872 8.91 GSU2405 32.76 
GSU3272 11.28 GSU1558 38.31 
GSU1478 12.42 GSU3141 36.41 
GSU1069 19.18 GSU2407 87.97 
GSU1071 21.77   

 

To further investigate gene expression data, gene distribution analysis was 

performed. Up-regulated genes with known gene products and known cell functions were 

classified based on their physiological function. The Figure 3.2 elucidated this analysis. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Distribution of up-regulated genes based on their main function- heat 
shock gene expression data. The figure illustrates gene distribution of genes that were 
highly expressed under heat shock condition. Distribution was based on the physiological 
function among the cell. * Gene distribution did not include genes for hypothetical 
proteins or genes with unknown function, total of 332 genes. 
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3.3 Comparative analysis of ChIP-chip data set and gene expression data   
set 
 
 Comparison of data from ChIP-chip and gene expression experiments revealed 

that some genes were up-regulated as a result of the heat shock but did not have RpoH 

binding sites. Some genes had RpoH binding sites but were not up-regulated. Majority of 

genes - 63%, showed no effect as a result of the temperature shift. We only looked at 

genes with fold change 2 or more, if the fold change was less, we considered as no 

expression change. The genes from this group were not identified by either of the 

experiments. This study focused on the group of genes which are common to both data 

sets. The results revealed that these genes had RpoH binding sites and also were highly 

up-regulated. This group was identified as RpoH regulon The Figure 3.3 demonstrates 

this final summary of the findings.  

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Final findings summary  
966 genes were identified in ChIP-chip data analysis. 496 out of them showed having 
RpoH binding sites. 258 genes did not have binding sites, however were predicted to be 
in the same operon as genes with binding sites. 688 genes were found be up-regulated in 
gene expression analysis. 258 genes were found in both data sets, and were identified as 
RpoH regulon 
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The main focus of the study was to see which G. sulfurreducens genes were 

regulated by Heat shock sigma factor, therefore the main genes of interest were genes 

that appeared to have RpoH binding sites at their promoter region and also that were up-

regulated and showed fold change of 2 and higher. There were 258 genes that belonged to 

the RpoH regulon, among those genes majority were hypothetical genes or genes with 

unknown function. Despite the fact that there was no information regarding the role of 

these unknown genes, these findings reveal that these genes were involved in heat shock 

response. The Figure 3.4 demonstrates gene distribution based on the main role within 

the cell processes. Based on this figure, heat shock affected mainly energy metabolism, 

regulatory reactions, protein biosynthesis/fate and cell envelope reaction 

 
 
 
 
 
 
 
 
 
 
 
 
 



33 
 

 

June 10th  2009 MS Thesis Defense 25

 
Figure 3.4: Classification of RpoH regulon in G. sulfurreducens 
Distribution of genes based on their cell function. The number in parenthesis indicates the 
amount of genes distributed to each functional group. 
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3.4 Heat shock genes cluster 
In order to commence the analysis of the resulted data in this project, it is 

important to discuss relevant and previously studied findings. For example, one project 

that was led by Dr. Mahadevan from University of Toronto was involved in clustering G. 

sulfurreducens genes into functional gene clusters. This work involved clustering 

analysis of 10 different microarray data sets, generated from various experiments 

including gene knockouts and environmental manipulation.  The results provided 

valuable information regarding transcriptional regulation in G. sulfurreducens. This 

analysis allowed prediction of transcription factor binding sites in G. sulfurreducens [17]. 

Gene showing similar expression patterns were clustered and then compared to the E. coli 

similar regions. Since most of the transcription binding sites are palindromic, it allowed 

scholars to compare these sequences to known E. coli binding sites. As a result, many 

genes were gathered into the groups with specific functions. Some of the cluster functions 

were nucleotide synthesis and central metabolism [17]. 

 One of the clusters was identified as a heat shock response cluster.  This cluster 

formed by comparing the upstream region of the GSU065- G. sulfurreducens gene with 

the E. Coli gene known to be a heat shock sigma factor. Previous studies already 

suggested that this particular gene was a heat shock sigma factor gene [5], this 

investigation confirmed it. Continued analysis elucidated that clustering these data sets 

made possible to identify many heat shock genes responsible for activating cell cascade 

heat shock response. The Table 3.5 shows the list of genes that were identified in this 

study related to heat shock [17].* 
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Table 3.5: Heat shock gene cluster 
The table shows the G. sulfurreducens genes which were recognized by clustering 
analysis. The table includes the gene name, gene annotation, gene product and its 
presence in the studied data set. 
* Data for this table was taken from [17] and genomic annotations 

Gene 
Number Gene Name Gene Product 

Presence in 
RpoH ChIP-chip 

data set 
GSU0031 hrcA heat-inducible transcription 

repressor HrcA 
Yes 

GSU0033 dnaK chaperone protein DnaK Yes 

GSU0034 dnaJ chaperone protein DnaJ Yes 

GSU0538 hspA-1 ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

Yes 

GSU0655 rpoH RNA polymerase sigma-32 
factor 

Yes 

GSU2406 no name found DnaJ domain protein Yes 

GSU2409 no name found ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

Yes 

GSU0658 clpB chaperone ATPase ClpB Yes 

GSU2390 htpG heat shock protein 90 Yes 

GSU2408 htpG ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

Yes 

GSU2410 hspA-2 ATP-independent chaperone, 
alpha-crystallin/Hsp20 family 

Yes 

GSU2480 kdpA potassium-transporting 
ATPase,  subunit 

 No 

GSU2481 kdpB potassium-transporting 
ATPase, B subunit 

 No 

 

The gene list obtained in heat shock clustering analysis was compared with ChIP-

chip data that was acquired through our project. Theoretically, we expected that genes 

which were isolated through heat shock clustering analysis would have RpoH binding 

sites in ChIP-chip data. These genes expected to have strong peaks at their promoter 
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region. The presence of these peaks indicated where RpoH binds at the gene promoter 

region. As hypothesized, 10 out of 12 were present in our results, confirming that 

predicted heat shock genes were G. sulfurreducens heat shock genes. 

There other two genes GSU2480 and GSU2481 that were not found in heat shock 

ChIP-chip data. Both of these genes transcribe potassium-transporting ATPase. One 

forms subunit A and the other forms subunit B for the enzyme. There was another gene 

involved in forming potassium transporting ATPase, which was not identified by 

clustering analysis. This gene was GSU2482 and it encodes subunit C of the protein.  

Recent studies regarding this ATPase showed that its gene is activated in organisms such 

as E. coli in response to various environmental stress conditions, for instance osmotic 

stress. In spite of this fact, no indication was found that its transcription initiates as a 

result of heat shock stress [18]. Based on our project’s findings, transcription of 

potassium-transporting ATPase was not controlled by the RpoH sigma factor.  
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4-Discussion 
  

To begin assessing the role of the RpoH in heat shock response and identification 

of its regulon in G. sulfurreducens several experiments were performed. The main goal of 

the present study was to identify genes which have RpoH binding sites at their promoter 

region and correlate these with expression profiling. In order to achieve this scientific 

goal chromatin immunoprecipitation followed by microarray analysis and gene 

expression experiments using high-density tiling arrays were executed. Through these 

explorations we were able to observe which genes out of the entire G. sulfurreducens 

genome played a fundamental role in heat shock response and were controlled by RpoH 

sigma factor. 

 

4.1 Identified RpoH regulon based on RpoH binding sites and gene 
expression analysis 

 

Our analysis revealed the entire RpoH regulon which was obtained from the 

ChIP-chip dataset correlating with gene expression profiling. 

The list was generated by manually identifying genome-wide binding events 

(peaks) and the genes that had a high peak at their promoter region were recorded. The 

entire list of these genes can be found in Appendix-I. The recorded genes were classified 

by their main role and sub-role in the cell based on specific categories (Figure 3.1).  The 

identified genes were compared against gene expression data and one RpoH regulon was 

generated. The categorization of genes was performed based on Comprehensive 

Microbial Resource role categorization summary. This summary classified all genes 
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based on their general role and more specific role within this general role. Categorization 

of the reported genes brought forward many questions for further research and led to 

important conclusions summarized in this project.  

The results presented in this study suggested that majority of genes identified in 

ChIP-chip and gene expression experiments were genes with unknown function or 

hypothetical proteins (133 genes). Protein synthesis/fate (20 genes), Energy metabolism 

(24 genes), regulatory functions (17 genes) and cell envelope function (19 genes) were 

the most highly regulated gene groups. This distribution was largely expected. For the 

purpose of maintaining normal cell activity under heat shock, it has to change the activity 

level of certain cellular processes in order to decrease injury.  

From the known genes, majority of up-regulated genes with RpoH binding sites 

were involved in energy metabolism. During the cell response to temperature change it is 

important to maintain minimal intracellular ATP levels. Due to this fact the demand for 

energy became higher. Heat shock induces many heat shock ATPases and other proteins 

which require ATP for their function .The cell has to change its normal activity by 

redirection its energy sources to the essential processes. 

In addition to energy metabolism, other genes involved in cell envelope reactions 

(17) and regulatory functions (19) showed up-regulation and presence of RpoH binding 

sites. Temperature up-shift affects the extracytoplasmic surface therefore genes which 

were responsible for recovery and repair of the cell membrane are expressed under this 

condition. In addition, when the temperature increases the cell membrane increases its 

fluidity and the entire cell volume increases, which can disrupt many cell functions 

including transport and respiration. In order for the cell membrane to reconstitute its 
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fluidity the cell needs to synthesize more structural components which can decrease 

membrane fluidity and recover the natural cell volume. This explains why genes involved 

in peptidoglycan biosynthesis, surface polysaccharides and lipopolysaccharides 

(cytoplasma membrane components) biosynthesis were up-regulated and had RpoH 

binding sites.  As mentioned above, 17 genes had regulatory functions, for instance some 

of the regulators were involved in DNA interactions, others in protein interactions.  

Our analysis also revealed that a significant number of genes were characterized 

as protein synthesis genes. Some damaged proteins are very susceptible to heat and are 

impossible to recover, therefore they must be degraded. Primary heat shock response 

includes the induction of hsps, which could promote protein degradation and synthesis of 

new ones, see section 1.4 for heat shock background information. These heat shock 

proteins were responsible for protein repair, degradation and maintaining protein 

homeostasis. Therefore, the cell had to induce heat shock protein production in order to 

protect essential proteins from denaturation, which in turn can lead to reduction of 

biological activities or cell death. Many genes which were responsible for protein 

synthesis would have RpoH binding sites. The wide distribution of functional roles 

attributed to the differentially expressed genes indicated the extent of the molecular 

response that enables G. sulfurreducens cells to survive and eventually adapt to thermal 

stress. Multifunctional distributions of genes were reported (Figure 3.4.). 
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4.1.1 Interpretation of the gene expression data 

 Gene expression analysis has indicated that some genes became down-regulated 

which was expected, since under heat shock the cell had to switch to survival mode and 

synthesis of some gene products became irrelevant and energetically costly.  In order to 

conserve energy for more essential cellular processes, these genes became down-

regulated. 

It was found that 8 genes out of 698 down-regulated genes had a fold change of 4 

or more, indicating that these genes were significantly affected by sudden increase in 

temperature.  These genes were GSU2944, GSU2522, GSU3410, GSU3409, GSU0919, 

GSU2516, GSU0491, GSU0920.1 and GSU 2518. Only 3 of them have known gene 

product. GSU2944 has a gene product of (R)-2-hydroxyglutaryl-CoA dehydratase – alpha 

subunit and was involved in energy metabolism and had a down fold change of 4. This 

gene (GSU2944) encoded only one component of the entire enzyme, which was involved 

in butanoate metabolism, part of carbohydrate metabolism [19]. The other known gene 

GSU0491, rh1E-1 that was also down-regulated (fold change of 7.48) encodes an ATP-

dependent RNA helicase RhlE and is involved in ribosomal RNA processing. The third 

gene, GSU2516, arhodanese (thiosulfate sulfurtransferase) same as domain did not have a 

specifically identified function.  

 The highly up-regulated genes were summarized in Table 3.4 and Table 3.5. As 

expected, the majority of genes from this list encoded molecular chaperones and other 

heat shock proteins. Heat shock proteins play the main role in maintaining protein 

homeostasis of the cell during heat shock. Chaperones repair heat damaged proteins 

allowing the cellular processes to continue. In addition to chaperons and other heat shock 
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proteins, proteins such as cytochromes, formate dehydrogenases, ABC transporters, 

symporters and synthases (citrate, glutamate, and acyl synthatase) were highly up-

regulated as a result of the sudden temperature change.  

 It is also noteworthy that genes encoded for some hypothetical proteins of 

unknown function were observed to have higher expression, see Table-3.5. Some of these 

genes for example, GSU1069 and GSU1071 have very high fold change value. These 

findings suggest that their protein products perform functions that aid the cell in resisting 

heat stress. We can assume that these genes play an important role in heat shock response 

in G .sulfurreducens, of course many additional functional studies needed to be done to 

define their role in stress response in detail. 

 

4.2 Comparative analysis of heat shock genes in E. coli versus G. 
sulfurreducens 
 

To further evaluate the findings obtained in the study, orthology analysis was 

performed between E. coli and G. sulfurreducens protein sequences. The program took 

two complete sequences and predicted orthologous pairs using blast and distance metrics. 

Through this analysis three main categories were identified: genes which have 

homologous for organisms, genes unique to G. sulfurreducens and genes unique to E. 

coli. Discussion focused on the two first categories. Genes from two first categories were 

compared to genes with RpoH binding sites and change in expression. As a result, two 

gene lists were generated one with common genes to both and one with G. sulfurreducens 

unique genes. The idea behind this orthology analysis was an attempt to identify unique 

aspects in G. sulfurreducens RpoH regulon. 
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First, E .coli and G. sulfurreducens genes which showed homology between 

Their protein sequences were classified by the main role within the cell.  

We found a total of 71 genes, with 21 encoded for hypothetical proteins. Figure 

4.1 demonstrates this classification, where the number for each slice on the pie chart, 

represents the number of genes in each functional group. Protein fate and energy 

metabolism represented the largest functional groups. These findings were not surprising, 

since heat shock response shares some basic characteristics in almost all organisms.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Functional distribution of G. sulfurreducens genes with σ32 binding sites, 
up-regulated under heat shock conditions, homologues to E. coli genes 
Figure shows functional differentiation based on the main cellular role of the gene .The 
percentage indicating portion of the total of 71 genes. 
     

“Protein fate “category included induction of the heat shock proteins necessary 

for protein recovery and folding. Other genes in this category encoded for proteases 

which are required for protein degradation if recovery is not possible. Another heat shock 
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response characterized in increase energy for the recovering cell, since most of heat 

shock proteins and proteases require energy [25]. 

 
 
4.3 Characterization of unique to G. sulfurreducens RpoH regulon  
 

We continued analysis by focusing on G. sulfurreducens genes which did not 

have homolougs in E. coli. As for the previous set, functional distribution was performed 

and summarized in Figure 4.2. Total of 184 genes with RpoH binding and showed 

expression change were clustered 111 were genes encoded hypothetical proteins and did 

not have assigned cell function, therefore were not included in the figure. 
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Figure 4.2: Functional Distribution of the G. sulfurreducens genes with RpoH 
binding sites. The presented chart includes up-regulated genes under heat shock 
conditions which are not common with E. coli. genome. Functional differentiation data 
based on general cellular role of unique genes of G. sulfurreducens of whom homologues 
were not found in E. coli genome. 
 

4.3.1 Protein fate, protein synthesis 

Table 4.1: Main up-regulated G. sulfurreducens genes involved in protein fate 
Gene ID Name Gene product 

GSU0923 loN-1 ATP-dependent Lon protease (La) 
GSU3193 loN-3 ATP-dependent Lon protease (La) 
GSU0538 hspA-1 ATP-independent chaperone, alpha-crystallin/Hsp20 family 
GSU2408  ATP-independent chaperone, alpha-crystallin/Hsp20 family 
GSU2410 hspA-2 ATP-independent chaperone, alpha-crystallin/Hsp20 family 
GSU3192  ATP-independent chaperone, alpha-crystallin/Hsp20 family 
GSU0969 ctpA-1 carboxy-terminal processing protease 
GSU1180 ftsH-1 cell division ATP-dependent Zn protease FtsH 
GSU3281 Trx Thioredoxin 

 
 

 



45 
 

 

As revealed by our analysis, many G. sulfurreducens genes became up-regulated 

as elevated temperature was introduced. As mentioned earlier most of the heat shock 

proteins are molecular chaperons, they bind and stabilize unfolded proteins at 

intermediate stages of folding, assembly and translocation across membrane. Some 

chaperons have also ATP-binding sites and ATPase sites, since they require energy in 

form of ATP [24]. Since cells under heat shock induce high production of hsps the need 

of ATP increases as well, many genes involved in energy metabolism became up-

regulated. Two genes did not have a homolog in E. coli and appeared to have molecular 

chaperone properties - GSU3281-thioredoxin and GSU3280 - thioreduxin reductase. 

Thioredoxin in general regulates TCA enzymes through reduction of cysteine disulfide 

bonds of their active site. In spite of the fact that thioredoxin was identified as unique to 

G. sulfurreducens, this is not completely true, since E.coli cell produces thioredoxin. 

However, the gene sequence is not similar enough to be recognized by the orthology 

analysis. Interestingly, thioredoxin was involved in cell heat shock response in E.coli.  

Thioredoxin was identified as molecular chaperone and provided functional 

folding to several proteins such as citrate synthase which catalyzes oxaloacetate and 

acetyl-CoA conversion to citrate, first step of the TCA cycle [26]. 

 Another type of molecular chaperons that was identified, belonged to Lon 

proteases AAA+  superfamily of ATPases, genes GSU0923 and GSU3193 AAA stands 

for ATPases associated with diverse cellular activity [27]. These proteins are involved in 

general protein quality control as they recognize not recoverable proteins and degrade 

them for recycling free amino acids for future protein synthesis. Table 4.1 summarizes 

the main up-regulated genes belonging to the functional category protein synthesis, 
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protein fate. Another gene family, Hsp20 family ATP-independent chaperone, was found 

to be up-regulated in other bacteria but was not in E. coli As the name implies these 

chaperones do not require ATP for their function, in contrast to many larger size 

chaperons. They are mostly found in eukaryotic cells of skeletal muscle and not widely 

distributed in bacteria. Some bacteria as Bifidobacterium breve has hsp20.They have 

many various functions but the most relevant for the heat shock is to prevent  

irreversible protein denaturation. 

 

4.4. Correlation with previously identified heat shock gene cluster 

We have previously identified heat shock genes and confirmed the original 

hypothesis regarding the main heat shock gene cluster.  In the past heat shock response in 

G. sulfurreducens was briefly studied and some useful findings were identified through 

these studies. As discussed earlier, T. Ueki and his colleagues at the University of 

Massachusetts, Amherst confirmed that computationally identified rpoH gene was in fact 

a heat shock sigma factor gene and its product was responsible for heat shock regulation 

in G. sulfurreducens [5]. Other researches predicted which genes, in addition to rpoH 

(GSU0655), were involved in heat shock response [17]. The section 3.1 described their 

findings in more detail and also compared the predicted heat shock gene cluster with the 

results obtained in this study. As mentioned earlier, in order to reveal heat shock gene 

cluster, investigators looked at several gene expression datasets which were obtained 

from 10 experiments. Gene expression levels were compared and as a result, functional 

gene groups or gene clusters were proposed. One of these clusters was the heat shock 
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gene cluster. Therefore the genes presented in this cluster were compared to genes 

identified in present study.  

 

4.4.1 Energy metabolism 

Several genes belonged to energy metabolism category were recognized as 

essential players, and therefore were investigated more thoroughly.  Our findings 

showed that genes encoding enzymes such as formate dehydrogenase, acetate-CoA 

transferase and aconitase hydrotase were up-regulated when G. sulfurreducens cells 

were heat shocked. After close examination of these genes and their functions, a 

pathway was identified where up-regulated expression of these genes was interpreted.  

The Figure 4.3 demonstrated this pathway. In this study G .sulfurreducens cells 

grew on Acetate Fumarate medium, where acetate was the electron donor.  Acetate was 

converted to acetyl-CoA via acetyl-CoA transferase (GSU0490) coupled to succinyl-

CoA to succinate conversion [23]. Obtained succinate and acetyl-CoA was recycled and 

used in the TCA cycle. Up-regulation of gene GSU0490 which catalyzed this conversion 

increased the flux of TCA cycle by providing more substrate, and as a result more 

electrons were channeled to the electron transport chain and more ATP was generated. 

Another gene, GSU2445, encoded for aconitase hydrotase, was a TCA cycle enzyme, 

which catalyzed the conversion between citrate to isocitrate. The gene was found to be 

up-regulated, indicating that more of this enzyme became available to the cell after heat 

shock. Isocitrate has several possible passes, one as mentioned earlier was within the 

TCA cycle and another one leads to the glyoxylate pathway through the glyoxylate 

biopass where isocitrate is converted to glyoxylate and succinate and not to 2-
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ketoglutarate. Previous studies demonstrated that the glyoxylate bypass plays an 

essential role for growth on acetate because this pathway makes the net conversion of 

acetyl-CoA to metabolic intermediates possible [24]. Glyoxyate as well has several 

possible passes, and one of them is the conversion to oxalate which can lead to formate 

conversion.  

Previous studies with acetogenic bacterium Clostridium thermoaceticum proposed 

the formation of formate from oxalate through two intermediates (oxalyl-CoA and 

formyl-CoA) [22]. Another formate source, proposed by KEGG pathways-gsu00910, 

represents by utilization of amino acids in G. sulfurreducens through nitrogen 

metabolism. 

The final step involved up-regulated genes GSU0777 and GSU0779 encoding for 

formate dehydrogenase. In the proposed pathway, formate dehydrogenase was involved 

in oxidation of formate that results in formation of NADH and CO2 [19]. The electrons 

from NADH can then be used in the electron transport chain to generate ATP. The 

proposed pathway agrees with the general heat shock response, in sense that the cell 

requires more ATP to allow heat shock proteins to function and for the cell to recover and 

adapt to new conditions. 



49 
 

 

FWAF
Acetate Phosphate 

transacetylase

Acetyl-CoA

Isocitrate

Citrate

GSU2445
Aconitase hydrotase

Oxaloacetate

Succinate

GlyoxylateOxaloateFormateCO2

GSU0779, GSU0777
Formate Dehydrogenase

TCANADH

Acetate 
kinase, 

Acetyl-P

SuccinateSuccinyl-
CoA GSU0490 

Acetyl-CoA
transferase

Succinyl-
CoA

ETC

 
 
Figure 4.3: Proposed pathway for metabolic interactions of GSU0490, GSU2445, 
GSU0779 and GSU0777 up-regulated genes 
TCA cycle is shown partially in the figure, and only includes some parts which are 
relevant for the pathway. The red arrows next to the enzyme blue boxes indicated the up-
regulated gene expression. The purple arrow from TCA to NADH represents all the 
NADH molecules generated from TCA per one cycle. 
 

In addition to the discussed genes other genes were involved in energy 

metabolism and were up-regulated as well. Between them were genes encoding for 

different electron transfer chain components, cytochrome c, cytochrome b and others. 

The Table 4.2 proposed a list with genes engaged in G. sulfurreducens energy 

metabolism under heat shock. 
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Table 4.2: Main up-regulated G. sulfurreducens genes in energy metabolism 
Gene ID Gene product 

GSU1649 cytochrome b/b6 complex, cytochrome b subunit 
GSU1650 cytochrome b/b6 complex, iron-sulfur subunit 
GSU3274 cytochrome c, 1 heme-binding site 
GSU0068 cytochrome c, 4 heme-binding sites 
GSU3137 cytochrome c, 9 heme-binding sites 
GSU3439 NADH dehydrogenase I, G subunit 
GSU1371 NADH-dependent flavin oxidoreductase, Oye family 
GSU2748 possible cytochrome c, 1 heme-binding site 
 
Their up-regulation indicates the cell need for more electron transfer components, in 

order to meet the increased energy demand. 

 
4.4.2 Transport 
 

Up-regulation of several genes involved in cell transport suggested that G. 

sulfurreducens heat shock response involved activation of some transport systems. Table 

4-3 provides the list with the known genes found to be unique G. sulfurreducens which 

were involved in cellular export or import. The genes GSU2005-2009 belong to the same 

ABC transporter system. This specific transporter allowed transferring branched amino 

acids as Valine or Isoleucine across the membrane. The connection between branched-

chain amino acids transport and heat shock response is still not clear, however this could 

be an interesting topic for further investigation. 

 
 
4.4.2.1 Iron transport 
 

Iron is required by microorganisms for growth and development. The most 

important cell functions as cellular respiration requires iron. For many anaerobic bacteria 

including Geobacter species, iron can be used in anaerobic respiration as a final electron 

acceptor. Cellular respiration key components as cytochromes and Fe-S cluster proteins 
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use iron in electron transport chain. In addition to cytochromes and Fe-S cluster proteins, 

iron can be used by catalses, peroxidases and nitogenases. Iron in nature can be present in 

two forms it can exist in oxidized state (Fe3+) or reduced form (Fe2+). G. sulfurreducens 

in its metabolism uses Fe3+ (insoluble form) as its primary electron acceptor in order to 

utilize energy for growth, when it has enough Fe (III) oxide in its media. 

In our project, G. sulfurreducens grew on Fumarate/Acetate media which has 

traces of Fe2+ (soluble form).  In this media, fumarate not iron was used as final electron 

acceptor during the electron transport chain. Since cell cannot utilize Fe3+ and convert to 

Fe2+, it has to find ways to import Fe2+. 

 While analyzing up-regulated genes, we found many genes which involved in 

various iron transporting processes. Here we found, that as a cause of heat shock stress,  

RpoH sigma factor activated Feo-iron transport system Many prokaryotes have iron 

transport systems involving Feo (Ferrous iron transport) proteins [32 FeoB transporter is 

a large protein with a cytoplasmic N-terminal G-protein domain, and C-terminal integral 

inner-membrane domain. FeoA is a small hydrophilic protein which activates FeoB [32]. 

Genes for both of these proteins appear to be up-regulated through our analysis, feoB 

(GSU1380) (GSU3268), feoA (GSU3268.1, GSU3270) does not appear in the Table 4.4, 

since it had an E .coli homologue. Our data also confirmed that there are multiple copies 

of the feoAB operon in G. sulfurreducens.  

The up-regulation of the yfeB proposed the presence of the Yfe ABC transporter 

system. This system was identified in Yersinia pestis, and included, yfeA  (GSU2986) 

periplasmic metal-binding protein, was up-regulated in our analysis, but had an E. coli 

homologue and yfeB has inner membrane permease characteristics and was found to be 
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overexpressed as well [29]. The previous research suggested that Fur regulator was 

involved in regulation of the Yfe ABC system, but no direct indication found which gene 

has fur binding sites [29]. 

Table 4.3: Main up-regulated G. sulfurreducens genes involved in cellular transport 
Gene ID Name Gene product 
GSU2008  branched-chain amino acid ABC transporter, ATP-binding protein 
GSU2009  branched-chain amino acid ABC transporter, ATP-binding protein 
GSU2006  branched-chain amino acid ABC transporter, membrane protein 
GSU2007  branched-chain amino acid ABC transporter, membrane protein 
GSU2005  branched-chain amino acid ABC transporter, periplasmic amino acid-binding 

protein 
GSU1528  ABC transporter, periplasmic substrate-binding protein 

 

Table 4.4: Main up-regulated G. sulfurreducens genes involved in iron transport 
Gene ID Name Gene product 
GSU2985 yfeB Fe/Mn/Zn ABC transporter, ATP-binding protein 
GSU2193  ferritin-like domain protein 
GSU1380 feoB-1 ferrous iron transport protein B 
GSU1382 ideR iron/manganese-dependent transcriptional regulator 
GSU1416  iron-sulfur cluster-binding protein 

GSU3363  iron-sulfur cluster-binding transcriptional regulator (FehydlgC, 
FeS, sigma54 interaction, HTH8) 

GSU0241  vitamin B12-binding radical SAM iron-sulfur oxidoreductase 
GSU0247  vitamin B12-binding radical SAM iron-sulfur oxidoreductase 
GSU3415  vitamin B12-binding radical SAM iron-sulfur oxidoreductase 
GSU1382 ideR iron/manganese-dependent transcriptional regulator 
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Figure 4.4: Proposed pathway for iron transport in G.sulfurreducens 
The figure includes Feo transport system and Yfe system. OM-Outer Membrane, IM-
Inner membrane. The genes for Cythochrome heme group listed in the Table 4.2, genes 
for iron containing proteins listed in table 4.4. 
 

The Figure 4.4 provides a graphical overview of the proposed Fe2+ role and Fe2+ 

transport mechanism in G. sulfurreducens. The iron transport activation after heat shock 

correlates with the increased demand of cell for energy. In order to produce more ATP, 

cell needs more electron transfer chain components as cytochromes and Fe-S cluster 

proteins. The actively imported iron can be used for the synthesis of these components. 

The iron transport is active although ferric uptake repressor-fur (GSU2987) found 

to be up-regulated with change fold of 2.3. Fur involved in iron uptake by sensing the 

iron concentration in the cell. When the iron concentration becomes more than needed, 

Fur will be activated by Fe2+ which used as cofactor. The Fur will block the transcription 
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of the transport genes, repressing the iron uptake. When Fe2+ levels deplete Fur will be 

deactivated and expression of the genes could be possible, which will result the iron 

transport to the cell to continue. Our findings suggest, that although fur gene is up-

regulated the transport of iron is continued, indicating that Fur not blocking transport 

genes from transcription. The possible explanation to this might be, there is no available 

Fe2+  to activate Fur. Another explanation could be that fur perform another function 

which is not related to the iron transport in G. sulfurreducens and therefore up-regulated, 

this could be an interesting topic to further investigations. 

In addition to the iron usage in proteins, we found that the iron could be also 

stored. Expression of the ferretin like gene (GSU2193) found to be increased and 

contained RpoH binding sites. These facts suggest, that as in response to the heat shock, 

the extra imported iron, could be stored in the cell.  

 
 
4.4.3 Other functions 
 

In addition to energy metabolism, protein synthesis and iron transport we found 

up-regulation of an acyl carrier protein gene (GSU0242), which is involved in fatty acid 

biosynthesis process. The up-regulation of this gene was not surprising, since cells under 

heat shock stress have to maintain optimal cell membrane fluidity. Heat shock disturbs 

this optimal state and in order to return to the desirable shape, various lipids have to be 

synthesized. 

 Integrative genetic element or integrase gene (GSU2119) was up-regulated as 

well. Integrases allow site specific integration to the host chromosome, so it is not clear 

what its role in heat shock response is. Many regulatory genes were up-regulated as well, 
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among them translation elongation factor (GSU0465), Mar, IcIR and Fur transcription 

factors (GSU0013, GSU1072, GSU2987) as well as  a sensor histidine kinase (GSU0599) 

which is part of a two component system. 

 
 
4.5 Conclusion 
 

To adapt to sudden environmental changes various organisms engage changes in 

cellular metabolism allowing adaptation to the new condition. In this project we looked at 

sudden temperature increase in G. sulfurreducens and its affiliated response. This 

response allowes cells to survive the threatening situation of being exposed to high 

temperature and recover. We investigated the main component of this response-heat 

shock sigma factor σ32. Previous studies demonstrated that RpoH in G. sulfurreducens 

plays fundamental role in cell adaptation to heat shock. This project indentified specific 

RpoH binding sites genome wide. Expression profiling under heat shock conditions 

revealed expression changes within the genome. Consolidations of results allowed us to 

predict various functional processes occurring in the cell while experiencing heat shock 

stress. Specific genes which were up-regulated and contained RpoH binding sites were 

identified. This allowed us to identify RpoH regulon in G. sulfurreducens. RpoH regulon 

was than compared with genes from E. coli. The genes which did not have homologues in 

the E. coli genome were closely investigated and functionally classified.  

The findings obtained through this project have contributed to elucidation of the 

transcriptional regulatory network in G. sulfurreducens. In addition to the analysis 

presented in the project, the obtained data can be further analyzed in multiple directions. 

Comparative analysis can be performed with other stress factor data sets in order to see if 
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the identified up-regulated genes involved in heat shock response are regulated by other 

stress regulators. This study can contribute for further characterization of Geobacter 

species, optimization of various conditions and utilization of bioremediation and 

electricity production abilities. 
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Listing of all G. sulfurreducens genes with RpoH binding sites identified in this project 
 
 Gene Name Gene Product 

GSU2380 trpC indole-3-glycerol phosphate synthase 

GSU2383 trpE anthranilate synthase protein I 

GSU2606 aroA 3-phosphoshikimate 1-carboxyvinyltransferase 

GSU2607 tyrA prephenate dehydrogenase 

GSU1061 N/A aspartate/tyrosine/aromatic aminotransferase 

GSU1953 asnB asparagine synthase, glutamine-hydrolyzing 

GSU2462  homoserine O-acetyltransferase 

GSU2539 LYS1 saccharopine dehydrogenase 

GSU2541 proC Delta-1-pyrroline-5-carboxylate reductase 

GSU2874 argC N-acetyl-glutamyl-5-phosphate reductase 

GSU1198 serA D-3-phosphoglycerate dehydrogenase 

GSU3260  aspartate/glutamate/phosphoserine/alanine/cysteate aminotransferase, 
putative 

GSU0656 ilvE branched-chain amino acid aminotransferase 

GSU1902 leuD isopropylmalate/citramalate/homocitrate isomerase, small subunit 

GSU1903 leuC isopropylmalate/citramalate/homocitrate isomerase, large subunit 

GSU1906 leuA 2-isopropylmalate synthase 

GSU1912 ilvD dihydroxy-acid dehydratase 

GSU1584 bioB biotin synthase 

GSU0571 folA dihydrofolate reductase 

GSU0862 folD-2 5,10-methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate 
cyclohydrolase 

GSU0223  polyprenyltransferase (cytochrome oxidase assembly factor) 

GSU0337 hemL glutamate-1-semialdehyde-2,1-aminomutase 

GSU1577 cobO cob(I)alamin adenosyltransferase 

GSU3284 hemA glutamyl-tRNA reductase 

GSU0380 lipA lipoate synthase 

GSU0437 ubiD-2 3-octaprenyl-4-hydroxybenzoate carboxy-lyase 

GSU0867 ubiE ubiquinone/menaquinone biosynthesis methyltransferase UbiE, putative 

GSU2004 ubiD-1 3-octaprenyl-4-hydroxybenzoate carboxy-lyase 

GSU0660 ispE 4-diphosphocytidyl-2C-methyl-D-erythritol kinase 

GSU2786  cysteine desulfurase 

GSU0021 nadA quinolinate synthetase complex, subunit A 

GSU0605 thiE, thiD 4-amino-5-hydroxymethyl-2-methyl-pyrimidine phosphate kinase and 
thiamine monophosphate synthase 

GSU3194 thiL thiamine monophosphate kinase 

GSU0036  poly-gamma-glutamate capsule biosynthesis protein, putative 

GSU0271 glmU glucosamine-1-phosphate N-acetyltransferase, N-acetylglucosamine-1-
phosphate uridyltransferase 

GSU0606 alr alanine racemase 

GSU1561  membrane carboxypeptidase MrcB (transglycosylase and transpeptidase) 

GSU2458  transpeptidase (penicillin-binding protein transpeptidase domain) 

GSU2923 murI glutamate racemase 

GSU3075 ftsI penicillin-binding protein, transpeptidase 
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 Gene Name Gene Product 

GSU0245  glycosyl transferase, group 2 family protein 

GSU0301  lytic murein transglycosylase, putative 

GSU0859 galU UTP--glucose-1-phosphate uridylyltransferase 

GSU1509  glycosyl transferase, group 2 family protein 

GSU1510  glycosyl transferase, group 2 family protein 

GSU1511  glycosyl transferase, group 1 family protein 

GSU1851  glycosyl transferase, group 1 family protein 

GSU1854  UDP-N-acetyl-D-mannosaminuronic acid dehydrogenase 

GSU1896 kdsB 3-deoxy-D-manno-octulosonate cytidylyltransferase 

GSU1957  glycosyl transferase, group 1 family protein 

GSU1985  polysaccharide biosynthesis/export outer membrane protein 

GSU2244  glycosyl transferase, group 2 family protein 

GSU2245  UDP-N-acetylglucosamine 2-epimerase 

GSU2247  carbohydrate oxidoreductase, putative 

GSU2456  UDP-2,3-diacylglucosamine hydrolase, putative 

GSU2553  glycosyl transferase, group 2 family protein 

GSU3023  glycosyl transferase, group 1/2 family protein 

GSU0038  lipoprotein, putative 

GSU0368  outer membrane surface protein 

GSU0438  lipoprotein, putative 

GSU0463  protein of unknown function DUF898, transmembrane 

GSU0501  lipoprotein, putative 

GSU0507  membrane protein of unknown function DUF205 

GSU0574  membrane protein, putative 

GSU0805 fsxA cytoplasmic membrane protein FsxA 

GSU0855  membrane protein, TerC family 

GSU0872  lipoprotein, putative 

GSU0958  lipoprotein, putative 

GSU1498  membrane protein, putative 

GSU1499  membrane protein, putative 

GSU1540  lipoprotein, putative 

GSU1665  rhomboid-related membrane protein 

GSU1852  membrane protein, putative 

GSU1853  membrane protein, putative 

GSU1898  membrane protein, putative 

GSU1922  membrane protein, putative 

GSU1954  membrane protein, putative 

GSU1967  membrane protein, putative 

GSU1984  polysaccharide chain length determinant protein, putative 

GSU2133  lipoprotein, putative 

GSU2346  membrane protein, putative 

GSU2414  membrane protein, putative 
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 Gene Name Gene Product 

GSU2431 nfeD membrane-bound serine protease 

GSU2552  lipoprotein, putative 

GSU2596  lipoprotein, putative 

GSU3386  lipoprotein, putative 

GSU3466 yidC preprotein translocase subunit 

GSU1491 pilB type IV pilus biogenesis ATPase PilB 

GSU0515  universal stress protein 

GSU1118  universal stress protein family 

GSU1905  cold shock DNA/RNA-binding protein 

GSU2236 relA (p)ppGpp synthetase I (GTP pyrophosphokinase), SpoT/RelA 

GSU1180 ftsH-1 cell division ATP-dependent Zn protease FtsH 

GSU1768  ParA family protein 

GSU0146 pilT-1 twitching motility pilus retraction protein 

GSU1029 mcp011 methyl-accepting chemotaxis sensory transducer 

GSU1298 mcp022 methyl-accepting chemotaxis sensory transducer 

GSU1300 mcp023 methyl-accepting chemotaxis sensory transducer 

GSU3056 flhA flagellar biosynthetic protein FlhA 

GSU3195 cheR-4 chemotaxis protein methyltransferase CheR 

GSU2122  TraG family protein 

GSU1315  dihydrolipoamide dehydrogenase-related 

GSU2986 yfeA periplasmic metal-binding protein 

GSU0124  predicted amidophosphoribosyltransferase 

GSU1657  DNA internalization-related competence protein ComEC/Rec2 

GSU1028  peptidylarginine deiminase 

GSU1507  heptosyltransferase family protein, putative 

GSU1672 ldhA lactate dehydrogenase-related protein 

GSU1880 metK-1 S-adenosylmethionine synthetase 

GSU1897  nucleoside phosphorylase 

GSU2537 speA biosynthetic arginine decarboxylase 

GSU2538 nspC carboxynorspermidine decarboxylase 

GSU3265  sulfite reductase, assimilatory-type 

GSU3132 hup histone-like protein 

GSU1199  nuclease, putative 

GSU1767 xseA exodeoxyribonuclease VII, large subunit 

GSU0094 dnaX DNA polymerase III, gamma and tau subunits 

GSU0096 recR recombination protein RecR 

GSU0143 cinA competence/damage-inducible protein 

GSU0567 tag DNA-3-methyladenine glycosylase I 

GSU0870  NUDIX hydrolase 

GSU1533 recC exodeoxyribonuclease V, gamma subunit 

GSU1534 recB exodeoxyribonuclease V, beta subunit 

GSU1535 recD exodeoxyribonuclease V, alpha subunit 
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 Gene Name Gene Product 

GSU1822 mutS-1 DNA mismatch repair ATPase MutS-1 

GSU2614 recJ single-stranded-DNA-specific exonuclease RecJ 

GSU3266 uvrD UvrD/REP helicase 

GSU3371  sugar phosphate isomerase/epimerase-related domain protein 

GSU0547 mutS-2 DNA mismatch repair ATPase MutS-2 

GSU0227  putative DNA methylase 

GSU0509 sfrA Fe(III) reductase, alpha subunit 

GSU0510 sfrB Fe(III) reductase, beta subunit 

GSU0108  ATP synthase F0, B' subunit 

GSU0110 atpH ATP synthase F1, delta subunit 

GSU0111 atpA ATP synthase F1, alpha subunit 

GSU0112 atpG ATP synthase F1, gamma subunit 

GSU0113 atpD ATP synthase F1, beta subunit 

GSU0333 atpE ATP synthase F0, C subunit 

GSU0334 atpB ATP synthase F0, A subunit 

GSU0601  glycosyl hydrolase, putative 

GSU0105  cytochrome c, 3 heme-binding sites 

GSU0274  cytochrome c, 9 heme-binding sites 

GSU0338 nuoA-1 NADH dehydrogenase I, A subunit 

GSU0339 nuoB NADH dehydrogenase I, B subunit 

GSU0340 nuoC NADH dehydrogenase I, C subunit 

GSU0341 nuoD NADH dehydrogenase I, D subunit 

GSU0342 nuoE-1 NADH dehydrogenase I, E subunit 

GSU0343 nuoF-1 NADH dehydrogenase I, F subunit 

GSU0344 nuoG-1 NADH dehydrogenase I, G subunit, putative 

GSU0345 nuoH-1 NADH dehydrogenase I, H subunit 

GSU0346 nuoI-1 NADH dehydrogenase I, I subunit 

GSU0347 nuoJ-1 NADH dehydrogenase I, J subunit 

GSU0348 nuoK-1 NADH dehydrogenase I, K subunit 

GSU0349 nuoL-1 NADH dehydrogenase I, L subunit 

GSU0350 nuoM-1 NADH dehydrogenase I, M subunit 

GSU0351 nuoN-1 NADH dehydrogenase I, N subunit 

GSU0385  nucleoside diphosphate sugar epimerase 

GSU0466 macA cytochrome c, 2 heme-binding sites 

GSU0592 omcQ cytochrome c, 12 heme-binding sites 

GSU0674 hcp iron-sulfur-oxygen hybrid cluster protein (prismane) 

GSU0782 hybS periplasmically oriented, membrane bound [NiFe]-hydrogenase small 
subunit 

GSU0783 hybA periplasmically oriented, membrane bound [NiFe]-hydrogenase iron-sulfur 
cluster binding subunit 

GSU0784 hybB periplasmically oriented, membrane bound [NiFe]-hydrogenase integral 
membrane subunit 

GSU0804 wrbA NAD(P)H:quinone oxidoreductase flavoprotein WrbA 

GSU0843  NADH oxidase, putative 
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GSU1062  cytochrome c, 1 heme-binding site 

GSU1416  iron-sulfur cluster-binding protein 

GSU1650  cytochrome b/b6 complex, iron-sulfur subunit 

GSU1666  iron-sulfur cluster-binding protein 

GSU1996  cytochrome c, 12 heme-binding sites 

GSU2076 omcZ cytochrome c, 7-8 heme-binding sites 

GSU2432 omcF cytochrome c, 1 heme-binding site 

GSU2513  cytochrome c, 1 heme-binding site 

GSU2718 hoxL bidirectional NAD-reducing hydrogenase, large subunit 

GSU2748  possible cytochrome c, 1 heme-binding site 

GSU2797 etfB electron transfer flavoprotein, beta subunit 

GSU2808  cytochrome c, 6 heme-binding sites 

GSU3187 frx-6 ferredoxin family protein 

GSU3188  rubredoxin 

GSU3247  iron-sulfur cluster-binding protein 

GSU3259  cytochrome c, 6-7 heme-binding sites 

GSU3274  cytochrome c, 1 heme-binding site 

GSU3281 trx thioredoxin 

GSU3431 nuoL-2 NADH dehydrogenase I, L subunit 

GSU3432 nuoK-2 NADH dehydrogenase I, K subunit 

GSU3439 nuoG-2 NADH dehydrogenase I, G subunit 

GSU0097 por pyruvate:ferredoxin/flavodoxin oxidoreductase 

GSU0573  alcohol dehydrogenase, zinc-containing 

GSU0771  Zn-dependent oxidoreductase 

GSU1861 porA pyruvate:ferredoxin oxidoreductase, alpha subunit 

GSU1862 porD pyruvate:ferredoxin oxidoreductase, ferredoxin subunit 

GSU1629 gapA glyceraldehyde-3-phosphate dehydrogenase, type I 

GSU1651 fbp fructose-1,6-bisphosphatase 

GSU2286 eno enolase 

GSU3385 pckA phosphoenolpyruvate carboxykinase (GTP-dependent) 

GSU1177 frdA succinate dehydrogenase/fumarate reductase, flavoprotein subunit 

GSU1178 frdB succinate dehydrogenase/fumarate reductase, iron-sulfur protein 

GSU1465 icd isocitrate dehydrogenase, NADP-dependent 

GSU1466 mdh malate dehydrogenase 

GSU0378 gcvP-2 glycine cleavage system P protein, subunit 2 

GSU1372  3-hydroxyisobutyrate dehydrogenase family protein (NAD-binding) 

GSU1451  3-hydroxyisobutyrate dehydrogenase family protein 

GSU2761  FAD-dependent glycerol-3-phosphate dehydrogenase 

GSU2013  phosphoglucomutase/phosphomannomutase family protein 

GSU0242 acpP-1 acyl carrier protein 

GSU0482  phospholipase D/transphosphatidylase 

GSU1600 plsX fatty acid/phospholipid synthesis protein PlsX 
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GSU1825 pgsA CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase 

GSU2415  lipase/acylhydrolase, putative 

GSU3384  phospholipase D/transphosphatidylase 

GSU0796  acyl-CoA thioester hydrolase, putative 

GSU3313  thiolase, putative 

GSU0202  xanthine dehydrogenase/carbon monoxide dehydrogenase maturation 
factor CoxF-like protein 

GSU0239  thioesterase, 4HBT family 

GSU0243  acyltransferase, putative 

GSU0384  ferritin-like domain protein 

GSU0454  protein of unknown function DUF191 

GSU0476  protein of unknown function DUF185 

GSU0511  leucyl aminopeptidase-related protein 

GSU0549  SAM-dependent methyltransferase, putative 

GSU0561  conserved domain protein, missing N-terminus 

GSU0864  protein of unknown function DUF167 

GSU0868  DUF147 domain protein 

GSU0897  protein of unknown function DUF323 

GSU1444  ABC transport system, periplasmic protein 

GSU1478  protein of unknown function DUF477 

GSU1598  protein of unknown function DUF177 

GSU1713  conserved hyothetical protein, truncation 

GSU2807  protein of unknown function DUF882 

GSU3438 phnA Zn ribbon protein 

GSU3467  protein of unknown function DUF37 

GSU0641  hypothetical protein 

GSU1360  Sir2 superfamily protein 

GSU1850.1  teichoic acid biosynthesis protein, glycosyltransferase 

GSU2038  Tfp pilus assembly protein tip-associated adhesin-like protein 

GSU2138  ISGsu1, transposase, interruption 

GSU2694.1  hypothetical protein 

GSU3364  transcriptional regulator, CopG family 

GSU1363  RNA-directed DNA polymerase 

GSU0986  tail lysozyme, putative 

GSU1711  integrative genetic element Gsu5, resolvase 

GSU2119  integrative genetic element Gsu56, integrase 

GSU0252  ISGsu1, transposase 

GSU0299  ISGsu1, transposase 

GSU0559  ISGsu2, transposase 

GSU0957  ISGsu1, transposase 

GSU1297  ISGsu2, transposase 

GSU2141  ISGsu1, transposase, interruption 
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GSU2180  ISGsu1, transposase 

GSU2594  ISGsu6, transposase OrfB (ATP/GTP-binding) 

GSU2597  ISGsu2, transposase 

GSU2599  ISGsu4, transposase 

GSU2599.1  ISGsu3, transposase fragment 

GSU0080 degQ protease DegQ 

GSU0304 pepN aminopeptidase N 

GSU0332 pepA cytosolic aminopeptidase, M17 family 

GSU0462  putative protease 

GSU0658 clpB chaperone ATPase ClpB 

GSU0856 htpX membrane-bound Zn-dependent protease HtpX 

GSU0923 loN-1 ATP-dependent Lon protease (La) 

GSU1567  peptidase, M48 family 

GSU1790 loN-2 ATP-dependent Lon protease (La) 

GSU1792 clpP ATP-dependent Clp protease, proteolytic subunit ClpP 

GSU3193 loN-3 ATP-dependent Lon protease (La) 

GSU0022  twin arginine translocation pathway mttA/Hcf106 family (TatB) protein 

GSU0328 gspE general secretion pathway protein E 

GSU0330 gspC putative serine protease (general secretion pathway protein C?) 

GSU0642 ffH signal recognition particle protein 

GSU0786 hybP periplasmically oriented, membrane bound [NiFe]-hydrogenase maturation 
protease 

GSU0787  twin-arginine translocation protein, TatA/E family 

GSU1627 secG preprotein translocase, SecG subunit 

GSU1793 tig FKBP-type peptidyl-prolyl cis-trans isomerase (trigger factor) 

GSU2835 map methionine aminopeptidase, type I 

GSU2837 secY preprotein translocase, SecY subunit 

GSU2869 secE preprotein translocase, SecE subunit 

GSU0032 grpE DnaJ adenine nucleotide exchange factor GrpE 

GSU0033 dnaK chaperone protein DnaK 

GSU0034 dnaJ chaperone protein DnaJ 

GSU0305 hypB hydrogenase accessory protein HypB 

GSU0538 hspA-1 ATP-independent chaperone, alpha-crystallin/Hsp20 family 

GSU2390 htpG heat shock protein 90 

GSU2408  ATP-independent chaperone, alpha-crystallin/Hsp20 family 

GSU2409  ATP-independent chaperone, alpha-crystallin/Hsp20 family 

GSU2410 hspA-2 ATP-independent chaperone, alpha-crystallin/Hsp20 family 

GSU3192  ATP-independent chaperone, alpha-crystallin/Hsp20 family 

GSU3319 ppiA cytosolic cyclophilin A-like peptidylprolyl cis-trans isomerase 

GSU3339 groES chaperonin GroES 

GSU3340 groEL chaperonin GroEL 

GSU1200  RNA binding S1 domain protein 
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GSU1517 rpmI ribosomal protein L35 

GSU1518 rplT ribosomal protein L20 

GSU1592 rpsO ribosomal protein S15 

GSU1599 rpmF ribosomal protein L32 

GSU1757 rimI ribosomal-protein-alanine acetyltransferase 

GSU1921 rpsB ribosomal protein S2 

GSU2206 rpsT ribosomal protein S20 

GSU2234 rpmB ribosomal protein L28 

GSU2603 rpsA ribosomal protein S1 

GSU2830 rplQ ribosomal protein L17 

GSU2832 rpsD ribosomal protein S4 

GSU2833 rpsK ribosomal protein S11 

GSU2834 rpsM ribosomal protein S13 

GSU2834.1 rpmJ ribosomal protein L36 

GSU2838 rplO ribosomal protein L15 

GSU2839 rpmD ribosomal protein L30 

GSU2840 rpsE ribosomal protein S5 

GSU2841 rplR ribosomal protein L18 

GSU2843 rpsH ribosomal protein S8 

GSU2844 rpsN ribosomal protein S14 

GSU2846 rplX ribosomal protein L24 

GSU2847 rplN ribosomal protein L14 

GSU2848 rpsQ ribosomal protein S17 

GSU2849 rpmC ribosomal protein L29 

GSU2850 rplP ribosomal protein L16 

GSU2851 rpsC ribosomal protein S3 

GSU2852 rplV ribosomal protein L22 

GSU2853 rpsS ribosomal protein S19 

GSU2854 rplB ribosomal protein L2 

GSU2855 rplW ribosomal protein L23 

GSU2861 rpsG ribosomal protein S7 

GSU2861.1 rpsL ribosomal protein S12 

GSU2870 rpmG ribosomal protein L33 

GSU2875 rpsI ribosomal protein S9 

GSU2876 rplM ribosomal protein L13 

GSU3093 rpsU-2 ribosomal protein S21 

GSU3107 rpmE ribosomal protein L31 

GSU3235 rpmA ribosomal protein L27 

GSU3236 rplU ribosomal protein L21 

GSU3467.1 rpmH ribosomal protein L34 

GSU3467.2 rnpA RNase P protein component 

GSU0037 serS seryl-tRNA synthetase 
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GSU0148 alaS alanyl-tRNA synthetase 

GSU0465 efp-1 translation elongation factor P 

GSU1139 tyrS tyrosyl-tRNA synthetase 

GSU1463 aspS aspartyl-tRNA synthetase 

GSU1515 thrS threonyl-tRNA synthetase 

GSU1516 infC translation initiation factor IF-3 

GSU1750 infA translation initiation factor IF-1 

GSU1920 tsf translation elongation factor Ts 

GSU2271 lysS lysyl-tRNA synthetase 

GSU2278.1 lnt apolipoprotein N-acyltransferase, C-terminal fragment 

GSU2859 tuf-1 translation elongation factor Tu 

GSU2860 fusA-3 translation elongation factor G 

GSU2871 tuf-2 translation elongation factor Tu 

GSU3136 ileS isoleucyl-tRNA synthetase 

GSU1005  dihydrouridine synthase family protein 

GSU1175 tgt-1 queuine tRNA-ribosyltransferase 

GSU1197  RNA methyltransferase, TrmH family, group 2, putative 

GSU1810  PP-loop family ATPase 

GSU2619 tgt-2 queuine tRNA-ribosyltransferase 

GSU2620 queA S-adenosylmethionine:tRNA ribosyltransferase-isomerase 

GSU2749  NOL1/NOP2/Sun (tRNA and rRNA cytosine-C5-methylase) family protein 

GSU3465 trmE tRNA modification GTPase 

GSU1871  ribonucleoside-diphosphate reductase, putative 

GSU1110 ndk nucleoside diphosphate kinase 

GSU2229 tmk-1 thymidylate kinase 

GSU2238 gmk guanylate kinase 

GSU2605 cmk cytidylate kinase 

GSU2836 adk adenylate kinase 

GSU0661 prsA ribose-phosphate pyrophosphokinase 

GSU1758 purM phosphoribosylformylglycinamidine cyclo-ligase 

GSU2195 guaB inosine-5'-monophosphate dehydrogenase 

GSU3308 purA adenylosuccinate synthetase 

GSU0013  transcriptional regulator, MarR family 

GSU0031 hrcA heat-inducible transcription repressor HrcA 

GSU0280.1  sensor histidine kinase, frameshifted 

GSU0514  transcriptional regulator, IclR family 

GSU1379 fur ferric uptake regulation protein Fur 

GSU1863  transcriptional regulator, Ros/MucR family 

GSU2149  transcriptional regulator, SmtB family 

GSU2587  transcriptional regulator, MarR family 

GSU2625  transcriptional regulator, ArsR family 

GSU2987  transcriptional regulator, Fur family 
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GSU2987.1  predicted DNA-binding protein with PD1-like DNA-binding motif 

GSU3363  iron-sulfur cluster-binding transcriptional regulator (FehydlgC, FeS, 
sigma54 interaction, HTH8) 

GSU3370  transcriptional regulator, GntR family 

GSU0106  chromosome partitioning ATPase Soj 

GSU0147 recX regulatory protein RecX 

GSU0896 tldD zinc protease TldD, putative modulator of DNA gyrase 

GSU1115  transcriptional regulator, putative 

GSU1270 pyrR pyrimidine operon regulatory protein PyrR 

GSU1521 ihfA-1 integration host factor, alpha subunit 

GSU1522  transcriptional regulator, MerR family 

GSU2120 ihfA-2 integration host factor, alpha subunit 

GSU2185  FlgM family protein 

GSU0144  sensor histidine kinase (PAS, GAF, HisKA, HATPase_c) 

GSU0599  sensor histidine kinase (HAMP, HisKA, HATPase_c), 1-2 heme-binding 
sites 

GSU1630  sensor histidine kinase (HAMP, PAS, HisKA, HATPase_c) 

GSU2134  nitrogen regulatory protein P-II, putative 

GSU0537  sensor diguanylate cyclase/phosphoesterase (PAS, GGDEF, EAL) 

GSU0298  sigma-54-dependent transcriptional response regulator (REC, sigma54 
interaction), N-terminal fragment 

GSU0300  sigma-54-dependent transcriptional response regulator (REC, sigma54 
interaction), C-terminal fragment 

GSU0775  sensor histidine kinase (HAMP, HisKA, HATPase_c) 

GSU0776  sigma-54-dependent transcriptional response regulator (REC, sigma54 
interaction, HTH8) 

GSU1117  response regulator, putative (REC) 

GSU1293  transcriptional response regulator, LuxR family (REC, HTH LuxR) 

GSU1316  response regulator sensor (REC, GAF) 

GSU1319  sensor histidine kinase (HisKA, HATPase_c) 

GSU1415  response regulator, putative (REC) 

GSU1656  response receiver sensor diguanylate cyclase (REC, PAS, GGDEF) 

GSU1671  response receiver-modulated diguanylate cyclase (REC, GGDEF) 

GSU2046  response regulator (REC) 

GSU2189  sensor histidine kinase (HATPase_c) 

GSU2401  sensor histidine kinase response regulator (PAS, GAF, PAS, HisKA, 
HATPase_c, REC) 

GSU2535  response receiver 

GSU2815  sensor histidine kinase (PAS, PAS, PAC, incomplete PAS, PAC, HisKA-
HATPase_c) 

GSU1593 pnp polyribonucleotide nucleotidyltransferase 

GSU2237 rpoZ DNA-directed RNA polymerase, omega subunit 

GSU2831 rpoA DNA-directed RNA polymerase, alpha subunit 

GSU0491 rhlE-1 ATP-dependent RNA helicase RhlE 

GSU0914 rhlE-2 ATP-dependent RNA helicase RhlE 

GSU1838 hrpB ATP-dependent helicase HrpB 

GSU1795 rph ribonuclease PH 
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GSU2228 rnc ribonuclease III 

GSU3250  nucleic acid-independent RNA polymerase 

GSU0655 rpoH RNA polymerase sigma-32 factor 

GSU2868 nusG transcription antitermination protein NusG 

GSU3089 rpoD RNA polymerase sigma-70 factor RpoD 

GSU3108 rho transcription termination factor Rho 

GSU2005  branched-chain amino acid ABC transporter, periplasmic amino acid-
binding protein, putative 

GSU2751 dcuB C4-dicarboxylate transporter, anaerobic 

GSU0858  TonB-related protein 

GSU1380 feoB-1 ferrous iron transport protein B 

GSU1445  TonB-dependent receptor, putative 

GSU3268 feoB-2 ferrous iron transport protein B, putative 

GSU3268.1  FeoA family protein 

GSU1480  multidrug resistance efflux pump, RND family, inner membrane protein 
EmrB 

GSU1855  capsule polysaccharide export protein, putative 

GSU1855.1  inactivated transposase, IS4 

GSU3304 ompJ porin OmpJ 

GSU0169  ABC transporter, ATP-binding protein 

GSU0496  efflux pump, RND family, membrane fusion protein 

GSU0949  efflux pump, RND family, membrane fusion protein 

GSU1501  ABC transporter, ATP-binding protein 

GSU1528  ABC transporter, periplasmic substrate-binding protein 

GSU1888 yhbG cell envelope biogenesis ABC transporter, ATP-binding protein 

GSU2187  ABC transporter, membrane protein 

GSU2188  ABC transporter, ATP-binding protein 

GSU2389  ABC transporter, periplasmic substrate-binding protein, putative 

GSU2413  ABC transporter, ATP-binding protein 

GSU2781  efflux pump, RND family, membrane fusion protein 

GSU3399  efflux pump, RND family, membrane fusion protein 

GSU0014  DnaJ-related molecular chaperone 

GSU0117  aspartate/tyrosine/aromatic aminotransferase 

GSU0196  thioesterase family protein 

GSU0213  radical SAM domain protein 

GSU0235 tex S1 RNA-binding domain-containing transcriptional accessory protein 

GSU0241  vitamin B12-binding radical SAM iron-sulfur oxidoreductase 

GSU0246  polysaccharide deacetylase domain protein 

GSU0247  vitamin B12-binding radical SAM iron-sulfur oxidoreductase 

GSU0331  periplasmic trypsin-like serine protease 

GSU0379 lplA lipoate-protein ligase A 

GSU0455  rare lipoprotein A-like double-psi beta barrel domain protein 

GSU0490 ato-1 succinyl:acetate CoA transferase 
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GSU0499  zinc metallopeptidase, M23/M37 family 

GSU0500 typA membrane GTPase TypA 

GSU0521  SAM-dependent methyltransferase, putative 

GSU0569  nicotinamidase-related cysteine hydrolase 

GSU0572  putative hydrolase with incomplete cyclic phosphodiesterase-like domain 

GSU0654  ThiF family protein 

GSU0659  polysaccharide deacetylase domain protein 

GSU0769 rarD RarD protein 

GSU0772  multimeric flavodoxin family protein 

GSU0795  rhodanese-like domain protein 

GSU0795.1  hypothetical protein 

GSU0860 metF-1 5,10-methylenetetrahydrofolate reductase 

GSU0869  LysM/LysM/NLPC_P60 domain protein 

GSU0871  vitamin B12-binding radical SAM iron-sulfur oxidoreductase with TPR 
domain 

GSU1114  TPR domain protein 

GSU1150  oxidative cyclase-related protein 

GSU1237  pyridine nucleotide-disulphide oxidoreductase family protein 

GSU1361  Piwi domain protein 

GSU1371  NADH-dependent flavin oxidoreductase, Oye family 

GSU1446  radical SAM domain protein 

GSU1458  TPR domain protein 

GSU1477  LemA family protein 

GSU1547  TPR domain protein 

GSU1631  metal-dependent hydrolase, beta-lactamase superfamily 

GSU1677  AMP-forming acyl-CoA synthetase, acyl carrier, 1-acyl-sn-glycerol-3-
phosphate acyltransferase fusion protein 

GSU1698  TPR domain protein 

GSU1714  BRO family protein, truncation 

GSU1718 cysN sulfate adenylyltransferase, subunit 1 

GSU1794  xanthosine/inosine triphosphate pyrophosphatase (HAM1) 

GSU1796  DHH domain phosphoesterase, putative 

GSU1839  phosphatase/phosphohexomutase 

GSU1840  membrane-associated phosphatase, PAP2_like_5 family 

GSU1844  IPT/TIG domain protein, putative 

GSU1846  glycosyl transferase domain protein, C-terminal fragment 

GSU1858  IPT/TIG domain protein 

GSU1870  sensor diguanylate cyclase (GAF, GGDEF) 

GSU1904  Rossmann fold nucleotide-binding protein 

GSU1924  IPT/TIG domain protein 

GSU1955  coenzyme F390 synthetase superfamily protein 

GSU1956  acetyltransferase, GNAT family 

GSU2121  transglycosylase SLT domain protein 
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GSU2172  OmpA domain protein, putative 

GSU2246  polysaccharide biosynthesis domain protein 

GSU2285  membrane-associated HD superfamily metal dependent phosphohydrolase 

GSU2404  low-complexity protein 

GSU2406  DnaJ domain protein 

GSU2430  flotillin band_7_stomatin-like domain protein 

GSU2442  RelA/SpoT domain protein 

GSU2516  rhodanese-like domain protein 

GSU2536  dienelactone hydrolase family protein 

GSU2610  LysM domain protein 

GSU2621  stage II sporulation-related protein-like protein 

GSU2622  HAMP domain/GAF domain/HD domain phosphohydrolase, putative heme-
binding site 

GSU2714  metallo-beta-lactamase family protein 

GSU2769  metallo-beta-lactamase family protein 

GSU2798  acetyltransferase, GNAT family 

GSU3019  dehydrogenase, E1 protein, alpha and beta subunits 

GSU3020  hexapeptide transferase family protein 

GSU3021  predicted pyridoxal phosphate-dependent aminotransferase involved in 
regulation of cell wall biogenesis 

GSU3077 mraW S-adenosyl-methyltransferase MraW 

GSU3174  type VI secretion system protein of unknown function DUF796 

GSU3191  TPR domain protein 

GSU3270  FeoA family protein 

GSU3280  thioredoxin-related protein disulfide reductase, putative 

GSU3343  SpoVR-like family protein 

GSU3415  vitamin B12-binding radical SAM iron-sulfur oxidoreductase 

GSU3450 gltS ferredoxin-dependent glutamate synthase 

GSU3463 gidB glucose-inhibited division protein B 

GSU3464 gidA glucose-inhibited division protein A 
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Listings of all up-regulated G. sulfurreducens genes found in 
heat shock gene expression and ChIP-chip data sets 

Gene Name Product Main_Role 

GSU0013  transcriptional regulator, MarR family Regulatory functions 

GSU0014  DnaJ-related molecular chaperone Unknown function 

GSU0022  twin arginine translocation pathway 
mttA/Hcf106 family (TatB) protein Protein fate 

GSU0031 hrcA heat-inducible transcription repressor HrcA Regulatory functions 

GSU0032 grpE DnaJ adenine nucleotide exchange factor 
GrpE Protein fate 

GSU0033 dnaK chaperone protein DnaK Protein fate 

GSU0034 dnaJ chaperone protein DnaJ Protein fate 

GSU0036  poly-gamma-glutamate capsule biosynthesis 
protein, putative Cell envelope 

GSU0065.1  conserved hypothetical protein No Data 

GSU0066  peroxiredoxin-like 2 family protein, 
selenocysteine-containing Unknown function 

GSU0067 can-1 carbonic anhydrase, beta-family, clade B Central intermediary 
metabolism 

GSU0068  cytochrome c, 4 heme-binding sites Energy metabolism 

GSU0069  oxidoreductase, iron-sulfur cluster-binding 
subunit Energy metabolism 

GSU0070  oxidoreductase, membrane subunit Cell envelope 

GSU0074 elbB enhancing lycopene biosynthesis protein 2 Biosynthesis of cofactors, 
prosthetic groups, and carriers 

GSU0075  conserved hypothetical protein Hypothetical proteins 

GSU0076  conserved hypothetical protein No Data 

GSU0079  helix-turn-helix transcriptional regulator with 
cupin domain Regulatory functions 

GSU0080 degQ protease DegQ Protein fate 

GSU0081  conserved hypothetical protein No Data 

GSU0096 recR recombination protein RecR DNA metabolism 

GSU0168  Fic family protein Unknown function 

GSU0195  protein of unknown function DUF1458 Hypothetical proteins 

GSU0202  
xanthine dehydrogenase/carbon monoxide 
dehydrogenase maturation factor CoxF-like 

protein 
Hypothetical proteins 

GSU0241  vitamin B12-binding radical SAM iron-sulfur 
oxidoreductase Unknown function 

GSU0242 acpP-1 acyl carrier protein Fatty acid and phospholipid 
metabolism 

GSU0243  acyltransferase, putative Hypothetical proteins 

GSU0245  glycosyl transferase, group 2 family protein Cell envelope 

GSU0246  polysaccharide deacetylase domain protein Unknown function 

GSU0247  vitamin B12-binding radical SAM iron-sulfur 
oxidoreductase Unknown function 

GSU0251  hypothetical protein No Data 

GSU0288  conserved hypothetical protein Unknown function 

GSU0331  periplasmic trypsin-like serine protease Unknown function 

GSU0385  nucleoside diphosphate sugar epimerase Energy metabolism 

GSU0438  lipoprotein, putative Cell envelope 

GSU0465 efp-1 translation elongation factor P Protein synthesis 
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GSU0476  protein of unknown function DUF185 Hypothetical proteins 

GSU0490 ato-1 succinyl:acetate CoA transferase Unknown function 

GSU0501  lipoprotein, putative Cell envelope 

GSU0515  universal stress protein Cellular processes 

GSU0538 hspA-1 ATP-independent chaperone, alpha-
crystallin/Hsp20 family Protein fate 

GSU0539  conserved hypothetical protein No Data 

GSU0547 mutS-2 DNA mismatch repair ATPase MutS-2 DNA metabolism 

GSU0550.1  conserved hypothetical protein No Data 

GSU0551  conserved hypothetical protein Hypothetical proteins 

GSU0552  conserved domain protein Hypothetical proteins 

GSU0553  conserved hypothetical protein No Data 

GSU0554  conserved hypothetical protein, interruption-N Disrupted reading frame 

GSU0558.1  conserved hypothetical protein No Data 

GSU0561  conserved domain protein, missing N-terminus Hypothetical proteins 

GSU0585  fumarylacetoacetate hydrolase family protein Unknown function 

GSU0599  sensor histidine kinase (HAMP, HisKA, 
HATPase_c), 1-2 heme-binding sites Regulatory functions 

GSU0654  ThiF family protein Unknown function 

GSU0655 rpoH RNA polymerase sigma-32 factor Transcription 

GSU0658 clpB chaperone ATPase ClpB Protein fate 

GSU0675  hypothetical protein No Data 

GSU0759.2  hypothetical protein No Data 

GSU0759.5  hypothetical protein No Data 

GSU0777 fdnG formate dehydrogenase, major subunit, 
selenocysteine-containing Energy metabolism 

GSU0778 fdnH formate dehydrogenase, iron-sulfur subunit Energy metabolism 

GSU0779  formate dehydrogenase, b-type cytochrome 
subunit, putative Energy metabolism 

GSU0780  formate dehydrogenase accessory protein 
FdhD Energy metabolism 

GSU0781  twin-arginine translocation protein, TatA/E 
family Protein fate 

GSU0804 wrbA NAD(P)H:quinone oxidoreductase flavoprotein 
WrbA Energy metabolism 

GSU0827  conserved hypothetical protein No Data 

GSU0855  membrane protein, TerC family Cell envelope 

GSU0856 htpX membrane-bound Zn-dependent protease 
HtpX Protein fate 

GSU0861  conserved hypothetical protein Hypothetical proteins 

GSU0862 folD-2 
5,10-methylenetetrahydrofolate 

dehydrogenase/methenyltetrahydrofolate 
cyclohydrolase 

Biosynthesis of cofactors, 
prosthetic groups, and carriers 

GSU0863  conserved hypothetical protein Hypothetical proteins 

GSU0897  protein of unknown function DUF323 Hypothetical proteins 

GSU0898 recQ ATP-dependent DNA helicase RecQ DNA metabolism 

GSU0915  conserved hypothetical protein No Data 

GSU0923 loN-1 ATP-dependent Lon protease (La) Protein fate 
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GSU0931  Rhodanese-like domain protein Unknown function 

GSU0953  hypothetical protein No Data 

GSU0968  hypothetical protein No Data 

GSU0969 ctpA-1 carboxy-terminal processing protease Protein fate 

GSU1027  amidohydrolase Central intermediary 
metabolism 

GSU1070 aplB sodium/solute symporter family protein Transport and binding proteins 

GSU1071  conserved hypothetical protein Hypothetical proteins 

GSU1072  transcriptional regulator, IclR family Regulatory functions 

GSU1117  response regulator, putative (REC) Regulatory functions 

GSU1118  universal stress protein family Cellular processes 

GSU1139.1  ThiF family protein fragment No Data 

GSU1146  conserved domain protein Hypothetical proteins 

GSU1147  conserved hypothetical protein Hypothetical proteins 

GSU1180 ftsH-1 cell division ATP-dependent Zn protease FtsH Cellular processes 

GSU1182 malQ 4-alpha-glucanotransferase Energy metabolism 

GSU1235  archaeal-type glutamate synthase subunit, 
putative Hypothetical proteins 

GSU1236  glutamine amidotransferase, class-II Hypothetical proteins 

GSU1237  pyridine nucleotide-disulphide oxidoreductase 
family protein Unknown function 

GSU1238  iron-sulfur cluster-binding protein Energy metabolism 

GSU1239  glutamate synthase, FMN-Fe(II)-binding domain 
protein Unknown function 

GSU1321 trx-1 TlpA family-related protein disulfide reductase Energy metabolism 

GSU1360  Sir2 superfamily protein No Data 

GSU1361  Piwi domain protein Unknown function 

GSU1362  hypothetical protein No Data 

GSU1370  oxidoreductase, aldo/keto reductase family Unknown function 

GSU1371  NADH-dependent flavin oxidoreductase, Oye 
family Unknown function 

GSU1372  3-hydroxyisobutyrate dehydrogenase family 
protein (NAD-binding) Energy metabolism 

GSU1379 fur ferric uptake regulation protein Fur Regulatory functions 

GSU1380 feoB-1 ferrous iron transport protein B Transport and binding proteins 

GSU1381  conserved hypothetical protein No Data 

GSU1382 ideR iron/manganese-dependent transcriptional 
regulator Regulatory functions 

GSU1415  response regulator, putative (REC) Signal transduction 

GSU1416  iron-sulfur cluster-binding protein Energy metabolism 

GSU1451  3-hydroxyisobutyrate dehydrogenase family 
protein Energy metabolism 

GSU1458  TPR domain protein Unknown function 

GSU1477  LemA family protein Unknown function 

GSU1478  protein of unknown function DUF477 Hypothetical proteins 

GSU1479  conserved hypothetical protein Hypothetical proteins 

GSU1528  ABC transporter, periplasmic substrate-binding 
protein Transport and binding proteins 
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GSU1561  membrane carboxypeptidase MrcB 
(transglycosylase and transpeptidase) Cell envelope 

GSU1649  cytochrome b/b6 complex, cytochrome b 
subunit Energy metabolism 

GSU1650  cytochrome b/b6 complex, iron-sulfur subunit Energy metabolism 

GSU1656  response receiver sensor diguanylate cyclase 
(REC, PAS, GGDEF) Regulatory functions 

GSU1665  rhomboid-related membrane protein Cell envelope 

GSU1673  conserved hypothetical protein No Data 

GSU1674  conserved hypothetical protein No Data 

GSU1677  
AMP-forming acyl-CoA synthetase, acyl carrier, 
1-acyl-sn-glycerol-3-phosphate acyltransferase 

fusion protein 
Unknown function 

GSU1711  integrative genetic element Gsu5, resolvase Mobile and extrachromosomal 
element functions 

GSU1715  hypothetical protein No Data 

GSU1767 xseA exodeoxyribonuclease VII, large subunit DNA metabolism 

GSU1796  DHH domain phosphoesterase, putative Unknown function 

GSU1796.1  conserved hypothetical protein No Data 

GSU1849  conserved hypothetical protein No Data 

GSU1850  hypothetical protein No Data 

GSU1850.1  teichoic acid biosynthesis protein, 
glycosyltransferase No Data 

GSU1851  glycosyl transferase, group 1 family protein Cell envelope 

GSU1852  membrane protein, putative Cell envelope 

GSU1852.1  conserved hypothetical protein No Data 

GSU1853  membrane protein, putative Cell envelope 

GSU1854  UDP-N-acetyl-D-mannosaminuronic acid 
dehydrogenase Cell envelope 

GSU1855  capsule polysaccharide export protein, 
putative Transport and binding proteins 

GSU1871  ribonucleoside-diphosphate reductase, 
putative 

Purines, pyrimidines, nucleosides, 
and nucleotides 

GSU1872  conserved hypothetical protein No Data 

GSU1910 ilvN acetolactate synthase, small subunit Amino acid biosynthesis 

GSU1943  hypothetical protein No Data 

GSU1944  hypothetical protein No Data 

GSU1949  hypothetical protein No Data 

GSU1983  protein tyrosine kinase, putative Cell envelope 

GSU1984  polysaccharide chain length determinant 
protein, putative Cell envelope 

GSU1995  conserved hypothetical protein No Data 

GSU2005  
branched-chain amino acid ABC transporter, 

periplasmic amino acid-binding protein, 
putative 

Transport and binding proteins 

GSU2006  branched-chain amino acid ABC transporter, 
membrane protein Transport and binding proteins 

GSU2007  branched-chain amino acid ABC transporter, 
membrane protein Transport and binding proteins 

GSU2008  branched-chain amino acid ABC transporter, 
ATP-binding protein Transport and binding proteins 

GSU2009  branched-chain amino acid ABC transporter, 
ATP-binding protein Transport and binding proteins 

GSU2010  CBS domain protein Unknown function 
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GSU2119  integrative genetic element Gsu56, integrase Mobile and extrachromosomal 
element functions 

GSU2120 ihfA-2 integration host factor, alpha subunit DNA metabolism 

GSU2132  hypothetical protein No Data 

GSU2133  lipoprotein, putative Cell envelope 

GSU2134  nitrogen regulatory protein P-II, putative Regulatory functions 

GSU2137.1  conserved hypothetical protein No Data 

GSU2172  OmpA domain protein, putative Unknown function 

GSU2176  conserved hypothetical protein No Data 

GSU2185  FlgM family protein Regulatory functions 

GSU2193  ferritin-like domain protein Hypothetical proteins 

GSU2196  glutamyl aminopeptidase M42 Unknown function 

GSU2217 cheY-9 chemotaxis protein CheY Regulatory functions 

GSU2347  conserved hypothetical protein Hypothetical proteins 

GSU2348  conserved hypothetical protein Hypothetical proteins 

GSU2350  potassium uptake protein, Kup system Transport and binding proteins 

GSU2351  cation transport ATPase, E1-E2 family Transport and binding proteins 

GSU2377  conserved hypothetical protein No Data 

GSU2390 htpG heat shock protein 90 Protein fate 

GSU2392.2  hypothetical protein No Data 

GSU2394.1  conserved hypothetical protein No Data 

GSU2394.2  conserved hypothetical protein No Data 

GSU2395  conserved hypothetical protein Hypothetical proteins 

GSU2396  conserved hypothetical protein Hypothetical proteins 

GSU2397  conserved hypothetical protein Hypothetical proteins 

GSU2398  conserved hypothetical protein Hypothetical proteins 

GSU2399  conserved hypothetical protein Hypothetical proteins 

GSU2399.1  conserved hypothetical protein No Data 

GSU2400  conserved hypothetical protein Hypothetical proteins 

GSU2403  hypothetical protein No Data 

GSU2404  low-complexity protein Unknown function 

GSU2405  hypothetical protein No Data 

GSU2406  DnaJ domain protein Unknown function 

GSU2407  conserved hypothetical protein No Data 

GSU2408  ATP-independent chaperone, alpha-
crystallin/Hsp20 family Protein fate 

GSU2409  ATP-independent chaperone, alpha-
crystallin/Hsp20 family Protein fate 

GSU2410 hspA-2 ATP-independent chaperone, alpha-
crystallin/Hsp20 family Protein fate 

GSU2412  conserved hypothetical protein No Data 

GSU2440  conserved hypothetical protein No Data 

GSU2442  RelA/SpoT domain protein Unknown function 

GSU2442.1  hypothetical protein No Data 
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GSU2442.2  hypothetical protein No Data 

GSU2443 pdhA-1 pyruvate dehydrogenase complex E1 protein, 
alpha subunit Unknown function 

GSU2444  periplasmic substrate-binding histidine kinase 
(PBPb, HisKA-HATPase_c) Regulatory functions 

GSU2445  homoaconitate hydratase, putative Energy metabolism 

GSU2468  conserved hypothetical protein No Data 

GSU2468.1  hypothetical protein No Data 

GSU2469  hypothetical protein No Data 

GSU2512  hypothetical protein No Data 

GSU2536  dienelactone hydrolase family protein Unknown function 

GSU2537 speA biosynthetic arginine decarboxylase Central intermediary 
metabolism 

GSU2538 nspC carboxynorspermidine decarboxylase Central intermediary 
metabolism 

GSU2539 LYS1 saccharopine dehydrogenase Amino acid biosynthesis 

GSU2540  transcriptional regulator, XRE family Regulatory functions 

GSU2587  transcriptional regulator, MarR family Regulatory functions 

GSU2588 lpdA-2 2-oxoacid dehydrogenase complex, E3 protein, 
lipoamide dehydrogenase Energy metabolism 

GSU2594.1  conserved hypothetical protein No Data 

GSU2594.2  conserved hypothetical protein No Data 

GSU2688  hypothetical protein No Data 

GSU2689  hypothetical protein No Data 

GSU2690  conserved hypothetical protein Hypothetical proteins 

GSU2691  conserved hypothetical protein Hypothetical proteins 

GSU2693  response regulator, putative (REC) Regulatory functions 

GSU2714  metallo-beta-lactamase family protein Unknown function 

GSU2748  possible cytochrome c, 1 heme-binding site Energy metabolism 

GSU2770  hypothetical protein No Data 

GSU2807  protein of unknown function DUF882 Hypothetical proteins 

GSU2923 murI glutamate racemase Cell envelope 

GSU2924  conserved hypothetical protein No Data 

GSU2985 yfeB Fe/Mn/Zn ABC transporter, ATP-binding protein Transport and binding proteins 

GSU2986 yfeA periplasmic metal-binding protein Cell envelope 

GSU2987  transcriptional regulator, Fur family Regulatory functions 

GSU3086  N6-adenine-specific DNA methylase, N12 class Hypothetical proteins 

GSU3087  NAD-dependent protein deacetylase, Sir2 
family Regulatory functions 

GSU3089 rpoD RNA polymerase sigma-70 factor RpoD Transcription 

GSU3137  cytochrome c, 9 heme-binding sites Energy metabolism 

GSU3138  response receiver histidine kinase (REC, HisKA, 
HATPase_c) Signal transduction 

GSU3192  ATP-independent chaperone, alpha-
crystallin/Hsp20 family Protein fate 

GSU3193 loN-3 ATP-dependent Lon protease (La) Protein fate 

GSU3194 thiL thiamine monophosphate kinase Biosynthesis of cofactors, 
prosthetic groups, and carriers 
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GSU3266 uvrD UvrD/REP helicase DNA metabolism 

GSU3267  conserved hypothetical protein No Data 

GSU3268 feoB-2 ferrous iron transport protein B, putative Transport and binding proteins 

GSU3268.1  FeoA family protein No Data 

GSU3270  FeoA family protein Unknown function 

GSU3272  hypothetical protein No Data 

GSU3273  conserved hypothetical protein No Data 

GSU3274  cytochrome c, 1 heme-binding site Energy metabolism 

GSU3279 uvrC excinuclease ABC, C subunit DNA metabolism 

GSU3280  thioredoxin-related protein disulfide reductase, 
putative Unknown function 

GSU3281 trx thioredoxin Energy metabolism 

GSU3283  ResC/HemX-like cytochrome c biogenesis 
membrane protein Energy metabolism 

GSU3284 hemA glutamyl-tRNA reductase Biosynthesis of cofactors, 
prosthetic groups, and carriers 

GSU3313  thiolase, putative Fatty acid and phospholipid 
metabolism 

GSU3319 ppiA cytosolic cyclophilin A-like peptidylprolyl cis-
trans isomerase Protein fate 

GSU3336  conserved hypothetical protein No Data 

GSU3339 groES chaperonin GroES Protein fate 

GSU3340 groEL chaperonin GroEL Protein fate 

GSU3341 prkA putative serine protein kinase No Data 

GSU3342  conserved hypothetical protein Hypothetical proteins 

GSU3343  SpoVR-like family protein Unknown function 

GSU3344  conserved hypothetical protein No Data 

GSU3363  
iron-sulfur cluster-binding transcriptional 

regulator (FehydlgC, FeS, sigma54 interaction, 
HTH8) 

Regulatory functions 

GSU3364  transcriptional regulator, CopG family No Data 

GSU3371  sugar phosphate isomerase/epimerase-related 
domain protein DNA metabolism 

GSU3397  conserved hypothetical protein No Data 

GSU3415  vitamin B12-binding radical SAM iron-sulfur 
oxidoreductase Unknown function 

GSU3438 phnA Zn ribbon protein Hypothetical proteins 

GSU3439 nuoG-2 NADH dehydrogenase I, G subunit Energy metabolism 
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