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Abstract  

 

Part I: The opportunistic human pathogen Pseudomonas aeruginosa causes both 

acute and chronic infections in predisposed individuals. Acute infections require a 

functional Type Three Secretion System (TTSS), which mediates the translocation of 

select cytotoxins into host cells. Chronic infections, the leading cause of death among 

cystic fibrosis patients, are characterized by drug-resistant biofilms formation. To 

regulate gene expression, Pseudomonas aeruginosa utilizes two-component 

regulatory systems (TCS). Specifically, we focus on the TCS signaling kinase RetS, 

which is a critical repressor of biofilm formation. The signaling mechanism of RetS is 

unusual. According to recent findings and one hypothesis, RetS employs a novel 

signaling mechanism involving direct binding to the signaling kinase GacS, thereby 

repressing the GacS-induced biofilm formation. RetS is believed to be regulated by 

the interaction of its periplasmic sensory domain (RetSperi) with an unknown ligand. 

As such, RetSperi is a potential drug target. We hypothesized that ligand-binding shifts 

the equilibrium between the formation of a RetS homo-dimer and the RetS-GacS 

complex by tuning the homo-dimerization of the RetSperi. While the molecular signal 

that regulates RetS is unknown, our structural studies of the sensory domain suggest 

that this ligand is a carbohydrate-based moiety. Unchanged biofilm-EPS production 

phenotype of RetSperi ligand binding site mutants indicates that the natural ligand is 



not from Pseudomonas aeruginosa. 

Additional experiments unambiguously determined that the sensory domain 

forms a stable homodimer. Adding to the complexity of the system, we have identified 

two possible dimer interfaces in our in vitro assays. However, inconsistent with the 

current model, elimination of RetSperi results in a slightly increased biofilm EPS 

production phenotype. Therefore, with the previous demonstration that RetS is able to 

dephosphorylate GacS, we propose an alternative hypothesis: the RetS kinase domain 

serves as a phosphatase for phosphorylated GacS; this phosphatase activity is tuned 

by signaling sensing on RetSperi. Finally, to provide an important piece of information 

for understanding the molecular basis of RetS-GacS signaling, we have developed a 

crystallization-based structure determination strategy in order to reveal the precise 

RetS-GacS interaction pattern.  

 

Part II: Bacillus anthracis produces metabolically inactive spores. Germination of 

these spores requires germination-specific lytic enzymes (GSLEs) that degrade the 

unique cortex peptidoglycan to permit resumption of metabolic activity and outgrowth. 

We report the first crystal structure of the catalytic domain of a GSLE, SleB. The 

structure revealed a transglycosylase fold with unique active site topology and 

permitted identification of the catalytic glutamate residue. Moreover, the structure 

provided insights into the molecular basis for the specificity of the enzyme for 

muramic-δ-lactam-containing cortex peptidoglycan. The protein also contains a 

metal-binding site that is positioned directly at the entrance of the substrate-binding 

cleft. 
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Part I 

Signaling Role of the Sensor Kinase RetS in Biofilm formation 

Regulation of Pseudomonas aeruginosa 

 

Chapter One  

Introduction and Literature Review 
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Pseudomonas aeruginosa virulence mechanisms  

Pseudomonas aeruginosa, the type species of the genus Pseudomonas (4), is an 

aerobic Gram-negative bacterium (87). Ubiquitous in nature, P. aeruginosa can be 

found in various environments such as soil, water, skin-flora and most man-made 

environments throughout the world, largely due to the fact that it is able to utilize a 

wide range of organic materials for nutrition (4). Because it grows on the surfaces of 

most materials, this human pathogen is found in many medical institutions (8, 56).    

In plants, animals and humans, P. aeruginosa causes a broad range of 

opportunistic infections (44, 82, 89, 106). In humans, P. aeruginosa may cause 

chronic as well as acute infections in burn victims, and other immunocompromised 

patients (64). It has been estimated that the lungs of more than 80% of Cystic Fibrosis 

(CF) patients are infected by Pseudomonas aeruginosa (108). Therefore there is a 

strong interest in looking for effective therapies for this pathogen. The major 

challenge Pseudomonas aeruginosa brings to the medical community is its high 

antibiotic-resistance (64). Recent studies have shown that the environmental 

adaptability of Pseudomonas aeruginosa may be attributed to the complex regulation 

of gene expression, which controls the switch of specific virulence effector expression 

between chronic and acute infections (23, 39).  

     Pseudomonas aeruginosa has a relatively large genome (6-7Mb) encoding 

around 6000 (predicted) genes, among which, 5021 are conserved across at least five 

of the to date analyzed genomes with a minimum sequence identity of 70% (67). The 

pathogenesis of acute infections requires the expression of genes encoding the type III 

secretion system (TTSS), along with other effector proteins (115). The TTSS, a 

special toxin-translocating machinery found in a number of Gram-negative bacteria, is 

composed of a needle-like protein complex, which forms a channel to transport 

effector proteins into host cells. Four effectors have been identified for Pseudomonas 

aeruginosa: ExoS, ExoT, ExoU and ExoY (18, 113, 115). Responsible for virulence, 
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these toxins perform a wide range of functions, including inhibiting host cell 

phagocytosis, tuning of host inflammatory responses, and host cell killing (113). A 

three-protein set is required for translocation: hydrophobic proteins PopB and PopD 

act as translocators, inserting into host cells; while the hydrophilic protein PcrV, forms 

a complex at the end of the needle, which acts as a platform for the two translocators 

(16, 71). The whole set of machinery is constructed and activated by interaction with 

host eukaryotic cells and can also be induced in vitro under low-calcium conditions 

(24, 40).  

Biofilm formation by P. aeruginosa is a serious problem for medical care in 

industrialized societies. The increased antimicrobial resistance of P. aeruginosa 

biofilms underlies the difficulties in treating of many chronic infections (81). P. 

aeruginosa biofilms may form on abiotic surfaces, such as catheters but are also the 

underlying cause of the chronic infections in Cystic Fibrosis patients’ lungs (17). It 

has been shown that long term infections consist of a mixture of biofilm and 

planktonic Pseudomonas aeruginosa cells coexisting together (29). Biofilm 

communities are held together by a protective extracellular polymeric matrix. It has 

been demonstrated that biofilm formation involves the coordination of several 

sequential processes: beginning with surface attachment by planktonic bacteria 

followed by the formation of microcolonies and subsequent development of 

differentiated structures in which individual bacteria as well as the entire community 

are surrounded by exopolysaccharides (22, 33, 74, 76). Biofilms enable bacteria to be 

much more resistant to antibiotics compared to their planktonic counterparts. Many 

substances exist in the biofilm matrix, such as DNA, polysaccharides, cell debris such 

as flagella and pili, proteins, membrane vesicles (MV) and phage, which serves as a 

protective ‘coating’ for biofilm bacteria (43, 66). Current studies have shown that 

MVs are likely important in disease pathogenesis, possibly responsible for the 

antibiotic resistance of a biofilm. Different proteins are packaged into MVs to make it 
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like a ‘decoy’ or ‘sponge’ that would decrease the levels of harmful agents such as 

antibiotics and immune factors that penetrate the biofilm (90).  

The sputum of CF patients, especially those with chronic infections, is rich in 

biofilm and planktonic Pseudomonas aeruginosa cells (34, 111). However, it is not a 

good source of this pathogen for pathobiology studies due to patients’ drug use and 

patient-to-patient variability (58, 93, 95). A variety of man-made media have been 

developed to simulate the CF lung environment. Most recently, an artificial CF 

sputum medium has been developed by using mucin, albumin and DNA, instead of 

CF sputum, to study the global transcription profile of Pseudomonas aeruginosa. 

Their results show that by using this special medium, 23 TTSS genes and a few 

anaerobic respiration genes were up-regulated in early exponential growth phase 

suggesting augmented virulence factor expression and priming biofilm formation. 

Under stationary growth phase, however, TTSS genes are down-regulated in this 

medium (27).  

Two-Component Systems  

  There are many ways for bacteria to regulate virulence factor expression. The 

most commonly used signal transduction pathways are two-component 

sensor–regulator systems (TCSs) (20, 68). TCSs allow bacteria to modulate gene 

expression in response to environmental stimuli (38, 97). Most bacterial species 

contain dozens of TCSs, which regulate wide range of life activities such as 

fundamental metabolism and motility (28). TCSs are the most common multistep 

signaling pathways found in nature. Absent in mammalian cells, these systems are 

appealing targets for the development of antimicrobial agents against pathogens (28).  

  The conserved core structure of TCSs is composed of a membrane-associated 

sensor histidine kinase (HK) protein domain (the “sensor”) as well as a cognate 

receiver domain (the “response regulator”-RR) whose function is regulated by a 

phosphotransfer reaction from its cognate histidine kinase. The HK is responsible for 
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receiving the input environmental signal to regulate the signaling pathway followed 

by auto-phosphorylation at a conserved histidine residue. The RR then receives the 

phosphoryl group at a conserved Aspartate residue and subsequently induces a 

conformational change, which results in effective cellular responses (figure 1.1a) (79, 

96).  

The distinct trait of HKs phosphorylation is the formation of phosphoramidates 

rather than the phosphoesters formed in conventional Ser/Thr/Tyr kinases. The N-P 

bond in phosphor-Histidine between the phosphoryl group and the imidazole ring in 

Histidine is relatively unstable, and is thus more suitable as a phosphotransfer 

intermediate (28, 98). Like other signaling proteins, a HK has an input domain linked 

to a conserved catalytic kinase core in the cytoplasm composed of two domains: a 

dimeric Histidine phosphotransfer domain, which receives the phosphoryl group from 

ATP once it is hydrolyzed by a C-terminal ATPase domain (21). There are several 

conserved contiguous sequence motifs in the kinase cores of HKs. Based on their 

specific characteristic sequences they are named H, N, G1, F and G2 boxes (1, 79, 96). 

Most HKs also have phosphatase activity, which is often overlooked in 

phosphorylation assays. For regulatory purposes, the phosphorylation level of the RR 

is adjusted by tuning the balance between kinase and phosphatase activities via 

cellular signal sensing. This signal input often requires a distinct sensory domain that 

is linked to the N-terminus of the HK domain (2, 28). By virtue of having great 

sequence variability within the sensory domain, HKs are able to sense a wide range of 

environmental stimuli. The auto-phosphorylation of a HK domain occurs in “trans” 

mode, which requires homo-dimerization, however, this dimerization does not affect 

signal sensing induced HK signaling function (75, 78, 99, 100, 109, 114).  

The RR is named based on its prototypical domain architecture: a phosphoryl 

receiver domain linked to a variable effecter (response) domain (28, 97). RR 

phosphorylation by HK at the Asp residue of the receiver generates a high-energy 
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acyl phosphate group, which causes a conformational change in the receiver domain 

(5, 48, 101). This change in turn shifts the equilibrium between activity on and off 

modes in the effecter domain. However, the lifetime of the phosphorylation state of 

Asp could vary from seconds to hours. The intrinsic phosphatase activity of many 

RRs shortens the lifetime of the aspartate site phosphorylation. But there are also a 

few cases that RRs stabilize the phospho-Asp (28, 47). The functions of activated RRs 

are usually associated with modulations of either DNA binding affinities of the RR 

(63% of the time) or enzymatic activities (59, 91, 92, 102). The presence of multiple 

homologous HK/RR pairs raises the possibility of cross-talk between structurally 

similar HK and receiver domains. Although the unwanted cross phosphorylation has 

been observed, the specific cognate HK/RR interactions are still strongly preferred 

kinetically (61, 94).  

Besides the typical two-component organization, some multistep phosphor-relay 

systems possess and require individual histidine containing phosphotransfer proteins 

that are responsible for receiving phosphoryl group from first-step RRs and 

phosphorylating target aspartate residues in downstream RRs to achieve a three-step 

His-Asp-His-Asp phosphor-relay mechanism (figure 1.1b) (28, 97). This modular 

organization has been extensively investigated (54). Multistep phosphotransfer 

reactions can also take place within a single HK. These kinases contain additional 

phosphotransfer modules referred to as the R1 receiver and the HPt (histidine 

phosphotransfer) phosphotransfer domains that are attached to the C-terminal side of 

the kinase domain. These HKs are called hybrid kinases, representing about 25% of 

HKs (31).  

In summary, 1) TCS signaling follows a highly conserved mechanism. 2) HK and 

RR interactions are highly conserved they are also highly specific, therefore unwanted 

cross-talk is rarely observed. 3) Irrespective of whether a TCS or phospho-relay 

system is employed, the input signal is transmitted via phosphate-transfer reactions 
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which ulitmately modulate gene expression by regulating the DNA binding affinity of 

a protein or altering its enzymatic activity. 

Biofilm-a highly drug- resistant matrix  

CF patients are frequently colonized by bacterial biofilms within a few years of 

their birth and the colonies can stay and survive throughout patients’ lifetimes. The 

ability of P. aeruginosa to sustain decades-long chronic infections is thought to 

depend upon the regulated developmental process of biofilm formation (81). The 

interaction of P. aeruginosa with host cells can be described as a two-stage process: 

initially, colonizing bacteria regulate expression to cause an acute infection, while the 

subsequent persistent stage relies on the expression of adaptive factors that promote 

biofilm formation (31). In acute infection stage, P. aeruginosa is vulnerable to 

antibiotics. However, after successful colonization, this pathogen protects itself from 

the environment attack by biofilm formation. This highly drug- resistant matrix makes 

the clinical treatment for P. aeruginosa a challenge (19). The extracellular 

polysaccharides are the key attributes to the biofilm matrix and crucial for the 

architecture and antibiotic resistance of bacteria in biofilms (65). Different types of 

polysaccharides are synthesized to form biofilms depending on the environment. 

Nonmucoid P. aeruginosa strains initially colonize CF lungs, but over time, mucoid 

variants emerge and become predominant (33). Mucoid strains produce a capsular 

polysaccharide virulence factor called alginate, which is an acetylated polymer 

composed of nonrepetitive monomers of β-1,4 linked L-guluronic and D-mannuronic 

acid (33, 65). During the past decade, however, most P. aeruginosa strains being 

studied, such as PAO1 and PA14, are nonmucoid (88). These strains do not produce 

significant amount of alginate. Moreover, disruption of the alginate genes does not 

affect biofilm formation in PAO1 and PA14. However, the biofilms produced by these 

nonnucoid strains are still suggested to contain polysaccharide-material (112). 
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The exopolysaccharide synthesis locus (psl) and pellicle locus (pel) 

Targeting nonmucoid P. aeruginosa strains, several groups initiated studies of 

non-alginate polysaccharide expression and identified two gene loci, psl and pel (112). 

The pel (pellicle) locus is a seven-gene locus, found to be responsible for pellicle 

formation in PA14 by screening a PA14 transposon library for pellicle-deficient 

mutants.  Mutations in the pel locus do not affect PA14 biofilm initiation, however, 

the colony morphology is affected. Moreover, unlike wild type cells, pel mutants are 

not able to bind Congo red, which detects neutral polysaccharides (25). So far, the 

structure of pel-synthesized exopolysaccharide (called PEL) has not been chemically 

characterized (26). It has been demonstrated that PEL is a crucial component to 

maintaining cell-cell interactions in a PA14 biofilm, serving as a primary structural 

scaffold for the community. However, this function is strain specific because PEL is 

not required for biofilm cell attachment and development in a PAO1 strain (103). 

Instead, the psl-synthesized exopolysaccharide (PSL) has been proven to be the 

primary structural polysaccharide for biofilm maturity. 15 enzymes (PslA to PslO), 

encoded by the psl operon, are responsible for PSL biosynthesis. Mutational analysis 

in biofilm attachment assays indicated that PslH and PslI are two key enzymes 

(galactosyltransferase and mannosyltransferase respectively) for PSL biosynthesis. 

Deletion of either pslH or pslI also causes reduced biofilm formation (26, 46, 65). The 

Wozniak group has shown in their initial study that the exopolysaccharide PSL is 

mainly composed of galactose and mannose, as well as glucose and traces of 

rhamnose, xylose and GlcNAc (65). Later on, a more detailed biochemical analysis by 

the same group has demonstrated that PSL released from the cell is a polysaccharide 

with a pentasaccharide as the repeating unit, which contains D-mannose, D-glucose 

and L-rhamnose.  Size-exclusion gel filtration of the isolated sample identified three 

fractions with different molecular weight, representing different degrees of 

polymerization (14). More studies are ongoing to uncover the detailed structures and 
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functional roles of biofilm matrix exopolysaccharides.  

Virulence mechanisms associated with chronic and acute P. aeruginosa infections 

are reciprocally regulated 

In early colonized CF lungs, P. aeruginosa is fully motile and features 

predominant expression of the TTSS for toxin injection into human cells and 

repression of the innate immune response. The gene expression of TTSS thusly plays 

a crucial role in early colonization, however as the bacterium transitions to a 

biofilm-assisted chronic infection, the TTSS is shut down, while exopolysaccharide 

production is greatly up-regulated (104). Initially the inactivity of the TTSS in P. 

aeruginosa biofilms was thought to be the result of mutations in key genes TTSS 

genes. However, recent studies have uncovered regulatory mechanisms that actively 

facilitate the transitions between planktonic and biofilm lifestyles.   

Before translocating the four effector toxins from P. aeruginosa into host cells, 

the TTSS apparatus has to be structured and maintained for functional purpose. 

However, since assembling and maintenance of this needle-like machinery is very 

energy consuming, the bacteria tightly regulate the biosynthesis of the TTSS (105). In 

P. aeruginosa, the expression of all TTSS genes is perhaps most prominently 

regulated by ExsA, an AraC/XylS-type transcriptional activator. ExsA controls 10 

promoters responsible for expression of toxin effectors and chaperones, secretion and 

translocation apparatus and TTSS gene expression regulators, including itself. 

Deletion of the exsA gene causes the loss of TTSS function and inability to cause 

acute infection. Three additional proteins ExsD, ExsC and ExsE form a signaling 

cascade that ties up-regulation of TTSS gene expression to host cell contact (55). 

However, whether or not the ExsACDE cascade also plays a role in the transition 

between acute and chronic infection modes is not clear.  

Of the many other mechanisms that either directly or indirectly affect TTSS the 

signaling kinase RetS appears to play a key role in facilitating this transition.  
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The role of TCS in gene regulation in P. aeruginosa 

In P. aeruginosa, at least 64 TCSs, representing 8% of transcriptional regulators, 

are utilized for the gene expression regulation in order to meet the needs of adaptation 

to the environment. This is the largest TCS population that has ever been found in a 

sequenced microbe (30, 85). One of the most studied TCSs in P. aeruginosa, for 

example, is the PilS/PilR system. This system is responsible for controlling the 

production of Type IV pili and biofilm formation (49, 77). In contrast, GacS/GacA 

TCS negatively regulates ptrA gene that positively regulates biofilm formation. These 

two systems represent good examples for regulatory networks that simultaneously 

control target gene expression for biofilm formation versus TTSS, in an antagonistic 

manner. This important concept has inspired more and more studies on the gene 

expression switch between TTSS-assisted acute infection and exopolysaccharide 

related biofilm formation to assist chronic infection. In this review I will emphasize 

the RetS/LadS/GacS(A)/RsmZ/RsmA system, which is the best characterized signal 

transduction pathway that reciprocally regulates TTSS and biofilm formation in P. 

aeruginosa. 

RsmZ/RsmA regulatory system  

The GacA/RsmZ/RsmA pathway is a conserved signal transduction system 

controlling a variety of functions in P. aeruginosa (51). RsmA (repressor of 

secondary metabolites), the homologue of which is called CsrA in E. coli, is a 

posttranscriptional regulatory protein, which belongs to CsrA/RsmA protein family 

found in many bacterial organisms (6, 86). This small protein (7kD) regulates gene 

expression by binding target mRNA to modulate mRNA stability. It recognizes an 

exposed stem-loop structure which contains a conserved GGA tri-nucleotide motif in 

the 5’ side of target mRNA leader sequences. This protein-RNA interaction prevents 

ribosome binding and gene translation and promotes mRNA degradation, because the 

GGA motif always overlaps the ribosome binding site (11). But it has to be mentioned 
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that positive posttranscriptional regulation by CsrA has also been found in E. coli 

(86).  

In 2006, Mulcahy and O’Gara demonstrated that RsmA plays a crucial role in the 

interaction between P. aeruginosa and human airway epithelial cells by positively 

regulating the TTSS. Loss of rsmA causes a severe defect in production of proteins 

required for TTSS machinery assembly and key toxin effectors to be injected into host 

cells and reduces the expression of positive regulators of TTSS genes (72). Through 

microarray analysis, Burrows and O’Gara were able to identify additional target genes 

that are controlled by RsmA in P. aeruginosa. Of 5570 screened genes, the expression 

of 9% was altered by the rsmA mutation in a PAO1 strain. This result indicates RsmA 

is a global regulatory protein, at least in P. aeruginosa (13). In 2008, a further detailed 

study by the same group demonstrated that mutation of rsmA in P. aeruginosa causes 

a significant defect in initial colonization of a mouse model of acute pneumonia and 

reduces the mortality in mice with chronic infection with P. aeruginosa. On the other 

hand, the PAO1 rsmA mutant displays increased adhesion to plastics and glass and 

increased air-liquid interface biofilm formation in vitro (72). Furthermore, higher 

persistence of rsmA mutants compared to the wild type PAO1 strain in lungs of 

chronically infected mice indicated that loss of RsmA promotes the development of 

chronic infection (73). In 2010, the Parsek group took a further step toward 

understanding the role of RsmA in biofilm-related gene expression regulation in P. 

aeruginosa. Using psl mRNA, they identified a large untranslated sequence which 

binds to RsmA. They also demonstrated that RsmA is a translational repressor of psl 

because psl translation, but not transcription, is increased in an rsmA deletion mutant 

of P. aeruginosa (45).  

The activity of CsrA/RsmA proteins is regulated by noncoding small regulatory 

RNAs, which represent the other component of the Rsm/Csr system. In bacteria, these 

noncoding regulatory RNA molecules, also known as small RNAs (sRNAs), are a key 
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component in regulatory networks for gene expression regulation (6, 86).  Even 

though most sRNAs in microorganisms function by base-pairing with mRNAs of 

target genes, several studies have been targeting their function of antagonizing 

CsrA/RsmA proteins (13, 63, 72). This important participation of sRNAs in the 

regulatory network was initially discovered from RNA-CsrA complexes that were 

isolated during CsrA protein purification (63). All known cognate sRNAs contain 

multiple repeated CsrA/RsmA binding sites and are capable of sequestering 

CsrA/RsmA proteins (11). Thus, the RsmA and the small RNA RsmZ which binds to 

RsmA, in most cases, have opposite effects on the expression of RsmA target genes.  

GacS/GacA two-component system 

Another common feature of sRNAs is that their transcription is activated by a 

TCS signal transduction system upon sensing of an environmental signal. In P. 

aeruginosa, the transcription of two small noncoding RNAs, RsmY and RsmZ, which 

are antagonists of the RsmA protein, is regulated by the well-defined GacS/GacA 

system (12).  

The sensor kinase GacS was first characterized in Pseudomonas syringae strain 

B728A and initially called LemA, an essential factor for lesion manifestation (41, 57). 

The response regulator GacA was first defined as a global activator of antibiotic and 

cyanide production in Pseudomonas fluorescens strain CHAO (62). They were 

proposed as a putative pair of cognate sensor kinase and response regulator based on 

the first genetic study in Pseudomonas syringae and supported by later studies for 

many other organisms (36. 84). The interaction between GacS and GacA was 

eventually confirmed by experimentally demonstrating the phosphotransfer between 

GacS homologue BarA and GacA homologue UvrY in E. coli strain K-12 (80). The 

domain architecture of the GacS is highly conserved in many microorganisms. Its 

N-terminus has two transmembrance segments that are separated by a variable 

periplasmic loop region. The poor sequence conservation of this loop might explain 
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why the identification of the GacS signal has been unsuccessful (36). Following the 

N-terminus, the cytoplasmic part of GacS possesses a HAMP (present in histidine 

kinases, adenylate cyclases, methyl accepting proteins and phosphatases) domain, 

which serves as an amphipathic linker for signal transmission. The HAMP domain is 

followed by histidine kinase core containing a HisKA domain and an ATPase domain. 

The homodimerization of this kinase domain is a common and required feature for 

environmental signal triggered autophosphorylation in most histidine kinases (28). 

The phosphorylated HisKA domain is responsible for transferring the phosphoryl 

group to the following response regulator (receiver) domain and subsequently to a 

conserved aspartate residue in C-terminal Hpt domain (figure 1.2a) (28, 36, 97). The 

response regulator GacA is the last phosphoryl receiver at the end point of this 

phosphorelay. With a typical helix-turn-helix motif in the effecter domain, 

phosphorylated GacA binds to DNA and in turn controls target gene transcription (32, 

36, 110).    

Since its identification, the GacS/GacA family has been one of the best studied 

regulatory systems in many organisms, such as VarS/VarA in Vibro cholerae, 

BarA/UvrY in E. coli and LetS/LetA in Legionella. These global regulatory systems 

regulate the expression of a broad range of genes including those for various 

metabolic functions, secreted toxins, motility and quorum sensing (12). Moreover, 

GacS and GacA were also shown to be involved in the activation of multiple 

virulence genes including those related to biofilm formation (30). Consistent with this 

finding, GacA was shown to contribute to chronic P. aeruginosa infection in a murine 

CF model (30). A GacS mutant of P. aeruginosa also has a defect in swarming 

motility (30).  

In many organisms the loss of the GacS/GacA system produces very similar 

phenotypes as sRNAs mutants. The reported cases include: gacA and rsmY/rsmZ 

mutants in P. aeruginosa, uvrY and csrB/C in E. coli, gacA and rsmX/rsmY/rsmZ in 
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Pseudomonas fluorescens (52, 53, 107). These cases provided an indication that 

GacS/GacA and RsmZ (or homologues) are concordant partners in signal transduction 

pathways. Even though it is possible that the GacS/GacA system directly controls 

other types of genes, there is enough evidence to suggest that GacS/GacA mainly 

regulates target gene expression through the regulation of Rsm systems. This 

hypothesis is also supported by Brencic’s mutational analysis in P. aeruginosa, where 

a gacA mutant and an rsmYZ double mutant have almost indistinguishable gene 

expression patterns and reduced biofilm phenotypes. Furthermore, only two DNA 

fragments, which are located in the rsmY and rsmZ loci, were able to bind GacA 

protein in their genome-wide ChIP-on-chip analysis (12). In addition, at the upstream 

region of rsmY and rsmZ promoters there is a conserved sequence, which is highly 

conserved in many microorganisms. Deleting this sequence decreased transcription of 

both rsmZ and rsmY, similar to that of a gacA mutant in P. aeruginosa (12, 36, 53). 

Overall, these results demonstrate that this conserved DNA sequence upstream of 

rsmY/rsmZ is recognized by phosphorylated GacA and required for GacS-GacA 

dependent RsmY/RsmZ expression. In summary, all the previous analyses confirmed 

that the GacS/GacA TCS controls gene expression in P. aeruginosa primarily through 

modulating the expression levels of these two small RNAs, which in turn favor the 

Rsm-dependent gene expression for biofilm formation and control the TTSS in the 

opposite direction by sequestering RsmA (12).  

The signaling kinase LadS enhances biofilm formation 

Through microarray analysis of a transposon insertion library of the P. 

aeruginosa strain PAK, Ventre and Filloux identified another TCS gene that is 

associated with biofilm formation. Three transposon insertions that caused failure of 

biofilm formation were in the same gene, ORF PA3974 in the P. aeruginosa PAO1 

genome. Amino acid sequence analysis suggested that this ORF codes for a putative 

two-component sensor kinase, which was designated as “ladS” (lost adhesion sensor) 
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because its deletion resulted in a defect of biofilm formation and expression of LadS 

in a PAK ladS mutant restored the wild-type biofilm phenotype (104). The predicted 

LadS domain architecture shows that it contains a putative periplasmic N-terminal 

7TMR-DISMED2 (7-transmembrane-receptor with diverse intracellular signaling 

modules extracellular domain 2) followed by a 7TMR-DISM_7TM domain (7 

transmembrane segments found adjacent to 7TMR-DISM domains). In the 

cytoplasmic portion, the 7TMR-DISM_7TM domain is followed by a histidine kinase 

domain and a response regulator domain, which makes LadS a hybrid sensor kinase 

(figure 1.2b) (3, 37, 104).   

The identification of LadS was later applied to explain the deficiency of biofilm 

formation and enhanced cytotoxicity of the PA14 strain, which contains an 

out-of-frame mutation in the ladS gene (37). These phenotypes in PA14 are consistent 

with Ventre and Filloux’s transcriptome analysis wherein a PAK ladS mutant 

displayed repression of the biofilm associated pel (pellicle locus) genes but activation 

of TTSS genes. Ventre and Filloux further found that overexpression of LadS could 

not restore the pellicle formation of a pelF deletion mutant of PAK, indicating that 

LadS activates pellicle formation in a pel-dependent manner, and in turn induces 

biofilm formation (104). On the other hand, deletion of the ladS gene dramatically 

increased the ExoS expression and secretion, which are strong indicators of TTSS 

activation in P. aeruginosa. LadS has also been connected to the Gac/Rsm system. 

The effects of the ladS gene on pel expression and TTSS activation are likely the 

result of the negative impact this protein has on in a RsmZ expression (35, 104). But 

exactly how LadS interacts with this system remains unknown.  

 The non-canonical sensor kinase RetS inhibits GacS/GacA signaling 

Another essential TCS protein that critically controls virulence factor expression 

in P. aeruginosa and attracts intense interest among the medical community is RetS. 

RetS was initially named RtsM by Laskowski in 2004 because it was found to be a 
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crucial Regulator of Type three secretion System (59). Using a PA103 transposon 

insertion library for mutational analysis Laskowski found that deletion of this gene, 

located at locus PA4856 in the PAO1 genome, resulted in remarkably reduced P. 

aeruginosa cytotoxicity. They further demonstrated that this altered phenotype is due 

to the loss of TTSS activity. First of all, RetS is required for the production and 

secretion of toxin effectors that are translocated into host cells by a functional TTSS; 

secondly, RetS is required for transcription of the TTSS machinery (31, 105); finally, 

RetS controls the transcription of exsA and exsD, which encode the transcriptional 

activator and anti-activator of TTSS respectively (55). In addition, the restoration of 

TTSS effector production and secretion in the rtsM mutant by overexpression of ExsA 

also suggests that RtsM controls TTSS in an ExsA-dependent manner (9, 55). Shortly 

after its identification, this putative TCS sensor was shown to be a global 

pathogenesis regulator. From a 39-mutant library in the strain PAK, Andrew 

Goodman found that single mutation in rtsM (PA4856) could dramatically raise 

biofilm formation and activate a number of biofilm related genes including the psl and 

pel operons which encode biofilm matrix-required exopolysaccharides (112). He also 

found that, consistent with Laskowski’s results, deletion of PA4856 causes the loss of 

cytotoxicity due to the defect of the TTSS gene expression, which in turn abates the 

virulence of P. aeruginosa in a murine acute pneumonia model. Goodman, therefore 

designated RtsM (PA4856) as RetS (Regulator of Exopolysaccharide and Type III 

secretion), which became the commonly used name from then on (31, 59).  

Sequence analysis shows that RetS is a putative hybrid TCS kinase (31, 59, 116). 

Resembling LadS, RetS also contains a 7-segment transmembrane domain that 

belongs to the 7TM-DISM family (3). The integration of these 7 helices into the inner 

membrane is presumbly assisted by the Sec translocation system because a 

Sec-dependent leader sequence is located at the amino-terminal end of RetS (amino 

acids 1-27), which will be removed during or after protein translocation (15). In the 
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periplasm between the leader sequence and the transmembrane segments, there is a 

putative signal sensing domain which makes RetS a “sensor” kinase and sequence 

conservation places it in the 7TMR-DISMED2 family (3). Interestingly, the sensory 

domains of RetS and LadS share a 35% sequence identity, suggesting they receive 

similar but nonidentical environmental signals (31, 37, 59, 104). We were the first 

group that solved the crystal structure of the sensory domain of RetS (RetSperi), which 

is the first determined structure in 7TMR-DISMED2 family. Consistent with the 

prediction for this family, we have demonstrated that it is indeed a carbohydrate 

binding domain (50). In the cytoplasm, following the transmembrane segments, RetS 

possesses a conventional histidine kinase domain and two response regulator domains 

in tandem. This is an unusual feature compared to other identified hybrid sensor 

kinases which only have one response regulator domain, suggesting a complex 

cellular communication network or multiple functional roles for RetS. The importance 

of RetS was demonstrated by a transcriptome analysis, which showed that RetS 

controls at least 400 genes in P. aeruginosa (28, 31, 97). Deletion of the retS gene 

causes downregulation of several essential genes for a functional type II secretion 

system (31). A retS mutant also exhibits the repressed expression of type IV pili 

which are required for acute infection with P. aeruginosa in several animal models 

(116). RetS is also connected to signaling of c-di-GMP which is utilized as a 

secondary messenger for the transition between the planktonic and sessile lifestyles of 

P. aeruginosa (70). In addition, the RetS orthologue in Pseudomonas syringae has 

been shown to regulate genes for EPS production and represses type VI secretion 

system and controls several virulence-associated activities (83).    

The most notable functional role of RetS is its participation in the Gac/Rsm 

regulatory pathway, which was proposed based on the repressed TTSS and 

hyperbiofilm phenotypes of a retS mutant of P. aeruginosa (31, 59). After identifying 

and changing the nomenclature of RetS, Goodman applied a transposon insertion 
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derived mutagenesis experiment to identify additional genes that are connected to 

RetS signaling transduction. Targeting the transposon insertion mutants that failed to 

show a hyperbiofilm phenotype and repressed TTSS activity, they identified genes in 

the Gac/Rsm pathway such as gacS, gacA and rsmZ (31). This discovery implied that 

RetS controls the GacS/GacA/RsmZ regulatory system. In addition, deletion of ladS, 

which is the gene favoring biofilm formation, also exhibits high rsmZ expression level 

in the retS mutant background (104). This finding indicates that RetS and LadS 

signaling are antagonistic and RetS is downstream of LadS, even though the signaling 

mechanism between these two sensor kinases is still unknown. As a result, a model 

for reciprocal regulation of genes required for chronic and acute infections by RetS 

and LadS sensors converging on sRNA regulation has been proposed: LadS and 

GacS/GacA favor biofilm gene expression and repress the TTSS through activation of 

the rsmZ gene; on the other hand, RetS stimulates the TTSS and suppresses biofilm 

formation by blocking the Gac/Rsm system. Due to its central role in regulating 

virulence gene expression in P. aeruginosa this signal transduction pathway has been 

the focus of subsequent studies aimed at revealing the molecular basis for the choice 

between TTSS expression and biofilm formation (7, 31, 104).  

Even though it possesses conserved histidine and aspartate residues in the kinase 

and response regulator domains respectively, RetS does not have detectable kinase 

activity (32, 42). This unexpected characteristic of RetS aroused the interest in its 

exact signaling task in signal transduction pathways. Laskowski and Kazmierczak 

took the first step toward uncovering the functional role of each putative signaling 

domain in RetS. They found that deletion of the putative periplasmic sensory domain 

did not cause a defect in TTSS activity and acute infection in the mouse model, 

indicating the sensory domain is not required for TTSS-inducing function of RetS in 

PA103 strain, which is a biofilm-deficient strain. By mutational analysis targeting the 

conserved phosphorylation residues in kinase domain (HK) and two response 
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regulator domains (RR1 and RR2), they further showed that single mutations in the 

HK and RR2 domains, but not the RR1 domain, cause a significant decrease in TTSS 

activity. The slightly greater TTSS activity of the HK/RR1 double mutant compared 

to that of the HK single mutant also suggests that RR1 might inhibit RetS function. 

Interestingly, only the RR2 domain is required for RetS activity in vivo (60). 

Although the strain (PA103) used in that study is naturally deficient in biofilm 

formation, the presence of a conserved RetS/Gac/Rsm pathway suggests that the 

mutations described above should have the opposite effect on biofilm genes (60, 104). 

Surprisingly, this expected gene expression pattern was not observed by Goodman 

who showed that mutations on neither HK domain nor RR1/RR2 domains impacted 

RsmZ expression level in PAK strain (32). Therefore, whether RetS functions as a 

typical bacterial sensor kinase is still controversial.   

    Lacking a Hpt domain, RetS requires an Hpt protein to execute its cellular 

phosphorelay activity (28, 97). There are three Hpt proteins identified in P. 

aeruginosa by Hsu and colleagues in 2008, annotated as HptA, HptB and HptC. They 

demonstrated that only HptB can interact with RetS by both in vitro phosphorelay 

assay and in vivo bacterial two-hybrid assay (42). Bordi, Filloux and colleagues have 

subsequently shown that an hptB mutant has a pel-dependent hyperbiofilm phenotype, 

similar to that of a retS mutant. Furthermore, similar to RetS, HptB favors TTSS 

expression and represses biofilm formation through GacS/GacA/RsmZ regulatory 

system. However, although the HptB regulon is entirely included in the RetS regulon, 

RetS regulates many other genes that are not controlled by HptB (10). Finally, the 

reversible phosphorylation between RetS and HptB suggests these two TCS proteins 

could participate in other unknown signaling pathways (10, 42).  

RetS-GacS Signaling mechanism  

The demonstration that a retS and gacS/gacA double mutant has the same 

biofilm-deficient phenotype as that of a gacS or gacA single mutant implies that RetS 
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represses biofilm formation by inhibiting the GacS/GacA system (10, 12). This 

inhibition mechanism remained a mystery until a novel model was proposed by 

Goodman and Lory (32). After excluding the possibility that RetS controls the 

transcription or translation of GacS or GacA, they demonstrated that RetS and GacS 

are able to interact physically. This interaction can be observed in vitro or in vivo by 

co-purification from P. aeruginosa and by a two-hybrid experiment. They also found 

that the kinase domains of RetS and GacS are sufficient for this interaction. 

Furthermore, they have shown that RetS, despite lacking detectable kinase activity, 

can inhibit GacS phosphorylation with its kinase domain. This discovery, along with 

the fact that most histidine kinases require homo-dimerization for 

autophosphorylation, allowed Goodman and Lory to hypothesize a model for 

RetS-GacS signaling wherein the competitive binding of RetS with GacS disrupts the 

GacS homo-dimer thus blocking the GacS trans-autophosphorylation needed to 

induce the GacS/GacA system (28, 32, 97).  

Hypothesis and objectives of the study 

Possessing a periplasmic sensory domain (RetSperi), RetS is believed to represent 

one of the sensors responsible for sensing an extracellular signal that allows P. 

aeruginosa to adapt to environmental change (28, 31, 97). Uncovering the specific 

functional role of RetSperi can provide invaluable information to gain a full 

understanding of the RetS signaling mechanism for biofilm formation regulation. 

Considering the absence of TCS in mammalian cells and crucial participation of RetS 

in pathogenesis regulation, RetSperi is an appealing drug target to assist clinical 

therapy for patients infected by P. aeruginosa (28).  

The objective of this study is to uncover the specific functional role of RetSperi in 

biofilm formation. Based on the current published RetS-GacS signaling model and the 

role of RetS in repressing biofilm formation, we proposed an alternative hypothesis 

which is described in chapter two: signal sensing by RetSperi disrupts dimerization in 
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the periplasmic domain and in turn causes disruption of a RetS homo-dimer to permit 

binding of GacS and blocking of GacS trans-autophosphorylation. Another aim of this 

chapter is to provide initial characterization of RetSperi ligand binding and 

homo-dimerization activities. The analyses and discoveries were used for subsequent 

studies with the aim to reveal the exact functional roles of ligand binding and 

dimerization of RetSperi, which are described in chapter three. To test the current 

RetS-GacS model and our hypothesis and uncover the molecular basis of the 

RetS-GacS interaction and signaling mechanism, chapter four describes a mutational 

analysis targeting conserved cytoplasmic phosphorylation residues on RetS. Overall, 

this chapter aims to resolve the ambiguity in the current literature regarding the 

question whether RetS phosphorylation activity is required for RetS-GacS signaling 

and biofilm regulation.  Moreover, the interaction pattern and the signaling 

mechanism for RetS-GacS complex are discussed. 

Part II of this dissertation focuses on the structural studies aimed at 

understanding substrate recognition and ligand binding in another carbohydrate 

binding protein, the germination specific lytic peptidoglycan hydrolysis enzyme 

called SleB from Bacillus anthracis.
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Figure 1.1 Schematic diagrams of two-component systems (TCSs). (a) The typical 

TCS pathway features a conserved phosphor-transfer between the highly conserved 

histidine kinase and response regulator domain to couple extracellular signal input 

and output responses. (b) A conserved phosphorelay mechanism is employed by 

hybrid sensor histidine kinase and a histidine phosphotransfer (Hpt) domain. The 

intermediate Hpt domain can either be an independent protein or a domain linked to 

the hybrid sensor kinase (28, 97). 
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b) LadS 

c) RetS 

Figure 1.2 Schematic diagrams of domain organizations of GacS, LadS and RetS 

based on sequence analysis. (a) Hybrid sensor kinase GacS (36). (b) Hybrid sensor 

kinase LadS (37, 104). (c) Hybrid sensor kinase RetS (31, 59. 116). HK: histidine 

kinase domain; RR: response regulator domain; Sensory: periplasmic signal sensing 

domain; Leader: leader sequence, which will be removed after protein translocation; 

7TMR-DISMED2: 7-transmembrane-receptor with diverse intracellular signaling 

modules extracellular domain 2 (3); 7TMR-DISM_7TM: 7 transmembrane segments 

found adjacent to 7TMR-DISM domains (3).
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Figure 1.3 Schematic representation summarizing the current model of the 

signal transduction pathway for the reciprocal regulation of genes associated 

with chronic and acute infections, respectively. RetS and LadS have similar 

modular architecture. However, while RetS acts to suppress the synthesis of the small 

regulatory RNA rsmZ through block GacS/GacS system, LadS and GacS promote 

rsmZ synthesis (7, 31, 32, 104).  
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Abstract 

The opportunistic pathogen Pseudomonas aeruginosa may cause both acute and 

chronic-persistent infections in predisposed individuals. Acute infections require the 

presence of a functional type III secretion system (T3SS), whereas chronic P. 

aeruginosa infections are characterized by the formation of drug-resistant biofilms. 

The T3SS and biofilm formation are reciprocally regulated by the signaling kinases 

LadS, RetS, and GacS. RetS downregulates biofilm formation and upregulates 

expression of the T3SS through a unique mechanism. RetS forms a heterodimeric 

complex with GacS and thus prevents GacS autophosphorylation and downstream 

signaling. The signals that regulate RetS are not known but RetS possesses a 

distinctive periplasmic sensor domain that is believed to serve as receptor for the 

regulatory ligand. We have determined the crystal structure of the RetS sensory 

domain at 2.0 Å resolution. The structure closely resembles those of carbohydrate 

binding modules of other proteins, suggesting that the elusive ligands are likely 

carbohydrate moieties. In addition to the conserved beta-sandwich structure, the 

sensory domain features two alpha helices which create a unique surface topology. 

Protein–protein crosslinking and fluorescence energy transfer experiments also 

revealed that the sensory domain dimerizes with a dissociation constant of Kd = 580 ± 

50 nM, a result with interesting implications for our understanding of the underlying 

signaling mechanism.  
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Introduction 

The Gram-negative bacterium Pseudomonas aeruginosa poses a major challenge 

to the medical community. Antibiotic-resistant strains of this pathogen may cause 

chronic-persistent as well as acute infections in transplant patients and other 

immunocompromised individuals (6, 12, 7, 22, 31). Most prominently, chronic P. 

aeruginosa-associated lung infections are the leading cause of mortality among people 

with cystic fibrosis (27). 

Beyond its ability to colonize human tissues P. aeruginosa can persist in a 

variety of other milieus including plants and soil. This remarkable versatility may be 

attributed to a diverse array of virulence mechanisms, which enable the bacterium to 

adapt to vastly different environmental challenges. Expression and activation of these 

virulence mechanisms are carefully controlled by complex regulatory networks to 

ensure an optimal adaptive response. The type III secretion system (T3SS), for 

instance, is a hallmark of acute infections but is not active in chronic infections (11, 

33), which are instead characterized by the formation of antibiotic-resistant biofilms 

(35). 

The two-component signaling system (TCS) is the primary means of bacteria to 

translate complex environmental cues into adaptive gene expression patterns. A 

canonical TCS is composed of a histidine kinase (HK) and a cognate receiver 

response regulator (RR). Signaling in response to a stimulus involves HK 

autophosphorylation and subsequent transfer of the phosphate group to a cognate RR. 

Frequently the receiver proteins are transcription factors where the RR domains are 

coupled with DNA binding domains. Phosphorylation and dephosphorylation control 

gene expression by modulating the affinity of these transcription factors for their 

DNA binding sites. 

P. aeruginosa harbors a particularly broad array of over 60 TCSs to modulate its gene 

expression (15), including the expression of genes related to the T3SS and biofilm 
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formation. Remarkably, T3SS and biofilm formation are regulated in a coordinated 

but reciprocal fashion by the signaling kinases RetS, LadS, and GacS (18, 23, 39). 

RetS and LadS are hybrid sensor kinases, combining both HK and RR domains in a 

single polypepetide, whereas GacS is a canonical signaling kinase requiring the RR 

GacA for downstream signaling. RetS is pivotal for the transcription of genes 

associated with cytotoxicity and acute infections, including the T3SS. On the other 

hand, a retS mutant displayed a hyperadhesive phenotype and showed elevated levels 

of transcription for the psl and pel operons, which are associated with the synthesis of 

biofilm oligosaccharides, suggesting that RetS downregulates biofilm formation in the 

wild-type strain (15, 39). RetS accomplishes its task by blocking the synthesis of 

RsmZ, a small regulatory RNA. RsmZ had previously been shown to bind to and 

sequester the translational repressor RsmA. Free RsmA blocks biofilm formation and 

favors the expression of the T3SS (3, 25). The kinases LadS and GacS, on the other 

hand, directly counteract RetS, as they stimulate the expression of 

the psl and pel operons by upregulating the expression of the RsmA-antagonist RsmZ 

(21, 39). Underlying this reciprocal regulation of the T3SS and biofilm formation is 

an entirely novel regulatory mechanism that was uncovered in a recent study by 

Goodman et al. and involves direct contacts between RetS and GacS (16). Signaling 

kinases are usually homodimeric and autophosphorylation occurs almost always in 

trans. According to the proposed model, an unknown environmental signal causes the 

RetS homodimer to dissociate to form a heterodimeric RetS-GacS complex. The 

asymmetric geometry of the heterodimer is thought to block RsmZ biosynthesis by 

preventing GacS trans-autophosphorylation. Remarkably, neither the kinase activity 

nor the RR domains of RetS are required for its unusual interactions with GacS (16). 

Although the signal that causes RetS-GacS heterodimer formation is unknown, 

the periplasmic RetS sensory domain is believed to serve as the receptor for the 

elusive ligand. The sensory domain encompasses about 160 amino acids and belongs 
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to the large but poorly characterized 7TM-DISM2 domain family, which has been 

hypothesized to constitute a new class of carbohydrate binding proteins (2). However, 

experimental support for this model is lacking. The crystal structure of the RetS 

sensory domain reported here not only offers insights into the nature of the molecular 

signal but also represents the first reported structure for any member of this domain 

family. Dimerization of the sensory domain and the stability of the dimer were also 

examined because the currently held model assumes a mechanism where ligand 

binding shifts the equilibrium from RetS and GacS homodimers to a RetS-GacS 

complex. 
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Materials and Methods 

Cloning, expression, and purification of the RetS sensory domain 

The boundaries of the RetS sensory domain, containing amino acids 27–185, are 

defined by two transmembrane helices. The gene fragment coding for the entire 

periplasmic domain (RetS27–185) was PCR-amplified from P. aeruginosa genomic 

DNA (ATCC 17933D). During PCR, a tobacco etch virus (TEV) protease recognition 

site and the appropriate recombination sites (attB1 and attB2) were added to 

RetS27–185. Subsequently, the amplicon was recombined into pDONR201 

(Invitrogen) to produce the plasmid pDONR201-RetS27–185. After verifying the 

nucleotide sequence via DNA sequencing, RetS27–185 was recombined into the 

destination vector pDEST-HisMBP (28) to create the expression vector 

pDEST-HMBP-RetS27–185. This vector is designed to produce RetS27–185 fused to 

the carboxy-terminal end of amino-terminally hexahistidine-tagged E. coli maltose 

binding protein (MBP). 

Vector pDONR201-RetS41–185, containing a shortened segment of the sensory 

domain, was generated via PCR with the appropriate primer and using 

pDONR201-RetS27–185 as a template. Following sequence verification, RetS41–185 

was recombined into pDEST-HisMBP to create the expression vector 

pDEST-HMBP-RetS41–185. The RetS41–185–S45C variant used for the 

dimerization studies was generated via site-directed mutagenesis with 

pDONR201-RetS41–185 serving as template. Subsequent recombination yielded the 

pDESTHMBP-RetS41–185–S45C vector. 

The protein expression and purification protocols for RetS27–185, RetS41–185 

(RetSperi), and RetS41–185–S45C (RetSperi-S45C) were identical. Single colonies of E. 

coli BL21(DE3) CodonPlus RIL cells (Stratagene, La Jolla, CA) containing the 

expression plasmid were used to inoculate 100 mL of Luria broth supplemented with 

glucose at 2 g/L, 100 μg/mL ampicillin, and 30 μg/mL chloramphenicol. The cell 
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culture was grown with shaking (225g) to saturation overnight at 37°C and then 

diluted 66-fold into 6 L of fresh medium. When the cell density reached midlog phase 

(OD600 = 0.5), the temperature was reduced to 30°C and 

isopropyl-β-D-thiogalacto-pyranoside (IPTG) was added to a final concentration of 1 

mM. After 4 h, cells were harvested by centrifugation at 5000g for 15 min. 

All of the following steps were carried out at 4°C. Cells were resuspended using a 

buffer containing 50 mM Tris-HCl, 150 mM NaCl, and 25 mM imidazole, pH 7.4 

(buffer A) and 5 μL EDTA-free protease inhibitor cocktail (Sigma P8849) per 

milliliter of buffer (10 mL of buffer per gram of cell mass). Cells were lyzed through 

sonication and insoluble debris removed by centrifuging the cell extract at 40,000g for 

30 min. The supernatant was filtered through a 0.45 μm polyethersulfone membrane 

and loaded onto to a 30 mL Ni-NTA chromatography column (Qiagen, Valencia, CA) 

pre-equilibrated in buffer A. The column was washed to baseline with buffer A and 

eluted with a linear imidazole gradient to 250 mM over 10 column volumes. Peak 

elution fractions were combined and His-TEV (S219V)-Arg (1 mg/100 mg of total 

protein) was added to effect the cleavage of His-MBP. The TEV protease-digest 

reaction mixture was dialyzed overnight against buffer A. After dialysis, the protein 

solution was filtered and applied to a 40-mL Ni-NTA Superflow column (Qiagen) 

pre-equilibrated with buffer A. Flow-through fractions containing the sensory domain 

were pooled and dialyzed overnight into buffer of 50 mM MES, 50 mM NaCl, pH 6.0 

(buffer B). The sample was then applied to a 5 mL Heparin column (GE Healthcare,) 

pre-equilibrated with buffer B and was eluted with a linear salt gradient to 1M NaCl. 

Peak fractions were concentrated and loaded onto a HiPrep 26/60 Sephacryl S-200 

HR column (GE Healthcare), pre-equilibrated in a buffer of 25 mM Tris-HCl, 150 

mM NaCl, pH 7.4 (buffer C). The protein was judged to be >95% pure by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
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Preparation of selenomethionine- labeled RetSperi

Selenomethionine-substituted RetSperi (SeMet-RetSperi) was produced in the same 

nonauxotrophic strain of E. coli as used for routine protein production. The 

incorporation of externally added selenomethionine into the recombinant protein was 

accomplished by suppressing methionine biosynthesis (9). Initially, a 1 L overnight 

culture of the expression strain was grown in LB medium also containing 100 μg/mL 

ampicillin and 30 μg/mL chloramphenicol. The cells were washed twice in 100 mL of 

M9 selenomethionine growth media (Medicilon, Chicago, IL). The cells were 

resuspended in 100 mL of M9 selenomethionine growth media and used to inoculate 

four 1 L cultures containing M9 selenomethionine growth media and antibiotics. 

These cultures were grown with agitation at 37°C until the OD600nm reading reached 

0.2. At this point IPTG was added to a final concentration of 1 mM and the 

temperature lowered to 30°C. Cells were harvested the following morning. The 

purification of selenomethione-containing protein followed the same protocols as that 

for the native protein with the exception that 2 mM DTT was added to all but final 

buffer, which contained 1 mM tris (2-carboxyethyl) phosphine (TCEP) instead. 

Limited proteolysis of the RetS sensory domain 

A 1 mg/mL stock solution of thermolysin (Roche Molecular Biochemicals) in 

thermolysin buffer (10 mM Tris-HCl, 0.2M NaCl, and 2 mMCaCl2, pH 8.0) was used 

for the limited proteolysis experiments. The RetS27–185 stock solution consisted of 

the protein at 1 mg/mL in buffer C. The five individual reactions were composed of 

25 μL of RetS27–185 stock solution, 25 μL of 2X thermolysin buffer, and 0.5 μL of 

serial 1:4 dilutions of the thermolysin stock solution. The reactions were allowed to 

proceed for 1 h at 37°C before the protease was inactivated by the addition of 0.5 μL 

of 0.5M EDTA. Reaction products were initially visualized by SDS-PAGE. The 

precise molecular weights of select fragments were determined using LC-electrospray 
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ionization mass spectrometry. The peptide fragments that corresponded to the 

observed molecular masses were determined using the FindPep program (13). 

Crystallization of RetSperi and SeMet-RetSperi

High-throughput crystallization screening was conducted in the sitting-drop 

format by combining a solution of 17 mg/mL RetSperi in buffer C with commercially 

available crystallization matrices at volume ratios of 3:1, 1:1, and 1:3, where the 

protein solution was maintained at a constant volume of 0.3 μL throughout. 

Preliminary crystals were obtained from condition D4 of the IndexHT screen 

(Hampton Research). Hit optimization was carried out using the hanging drop vapor 

diffusion method at 18°C. In the optimized conditions crystals for both the native 

protein and SeMet-RetSperi were obtained from drops containing a 1:1 mixture of 17 

mg/mL proteins in their respective storage buffers and a crystallization solution 

composed of 0.1M citric acid, 22.5% w/v polyethylene glycol 3350 and 10% v/v 

glycerol. 

Data collection, structure solution, and refinement 

Crystals of RetSperi were loop-mounted and flash-frozen in liquid nitrogen. Data 

sets were collected at beamline X-29A of the National Synchrotron Light Source 

using an ADSC Q315 CCD detector. Data were processed at the beamline using the 

HKL2000 program suite (29). Details of data collection and processing are provided 

in Table 2.1. The SeMet-RetSperi structure was determined using the 

single-wavelength anomalous dispersion (SAD) method. The location of heavy atoms, 

initial phase calculations, phase improvement through density modification, initial 

maps, and automated model building steps were all completed in the PHENIX 

program suite (41).  PHENIX built nearly complete models for both molecules in the 

asymmetric unit. Iterative cycles of manual model adjustment using COOT2 

(10) followed by refinement in PHENIX rapidly converged to produce the final 

structures. Model quality was assessed with PROCHECK2 (24) and the atomic 
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coordinates and structure factors have been deposited in the protein data bank (PDB) 

(37) with accession code 3JYB. 

Protein–protein crosslinking 

RetSperi was dialyzed into a buffer of 20 mM NaH2PO4 and 30 mM NaCl, pH 7.4. 

A 2 mM stock solution of bis (sulfosuccinimidyl) suberate (BS3) was prepared in 

water. The 50 μL reaction mixtures contained 10 μM RetSperi and 500 μM BS3. 

Crosslinking reactions were quenched by adding 20 μL of each reaction to 10 μL 150 

mM Tris-HCl, pH 7.4. Crosslinking reactions containing MBP instead of RetSperiwere 

used as negative controls. Crosslinked samples were analyzed via SDS-PAGE. 

Quantitative oligomerization assay 

The RetSperi-S45C variant was fluorescently labeled with Alexa Fluor 488 and 

Alexa Fluor 555 (Invitrogen) according to the manufacturer's instructions. Following 

overnight labeling, the modified proteins were separated from the unincorporated dye 

molecules through buffer exchange into a buffer of 20 mM Tris-HCl and 150 

mM NaCl, pH 7.4. The degree of labeling of both the AlexaFluor 555-labeled form of 

the RetSperi variant (RetSperi-555) and the Alexa Fluor 488-labeled form of the 

RetSperi variant (RetSperi-488) were near 100% as assessed by UV-spectroscopy in 

conjunction with the estimated molar extinction coefficients of RetSperi and the 

respective fluorophores.  

The fluorescence resonance energy transfer (FRET) measurements involved 

titrating a solution of 3 nM RetSperi-488 with RetSperi-555. Triplicate setups of 80 μL 

reactions containing 3 nM RetSperi-488 and 0–100 μM RetSperi-555 were transferred to a 

96-well half area black polystyrene assay plate (Corning). Background fluorescence 

produced by RetSperi-555 was accounted for by measuring and subtracting the signal of 

solutions that did not contain RetSperi-488 but identical concentrations of RetSperi-555.

A TECAN infinite M200 fluorescence intensity scanner (Tecan) was used for the 

experiment. The excitation wavelength was set to 430 nm, whereas the emission 
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spectrum was recorded in between in the wavelength range between 510 and 646 nm 

using a 4 nm step-size. The integration time was set to 20 μs and all scans were 

carried out at a room temperature of 24°C. Dimer formation was monitored by 

recording the decrease in the peak fluorescence of RetSperi-488 at λ = 522 nm. Data 

were fit to Equation I (figure 2.1a) using Matlab (The MathWorks). 

R5T and R4T are the total concentrations of RetSperi-555 and 

RetSperi-488, respectively, F is the fluorescence measured at λ = 522 nm,Fmax is the 

fluorescence measured at λ = 522 nm in absence of RetSperi-555, Fmin the residual 

fluorescence of RetSperi-488 due to incomplete quenching even when all RetSperi-488 is 

bound to RetSperi-555, and Kd is the dissociation constant of the RetSperi dimer.  
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Results 

The RetS sensory domain assumes a beta-sandwich fold reminiscent of 

carbohydrate binding proteins 

To ensure that the complete sensory domain was contained in the cloned 

construct, the entire periplasmic region of RetS encompassing residues 27–185 was 

initially cloned and overexpressed. Subsequently, the domain boundaries were more 

precisely mapped through limited proteolysis of RetS27–185 to facilitate 

crystallization. Mass spectrometric analysis of the obtained fragments identified a 

relatively stable fragment comprising RetS residues 41–185 (RetSperi). RetSperi, 

overexpressed from a newly engineered plasmid, readily crystallized. 

SeMet-RetSperi crystals, while very small (∼0.05 × 0.02 × 0.01 mm3), produced X-ray 

diffraction to a resolution of 2.0 Å. 

Forming an asymmetric dimer, there are two independent RetSperi molecules in 

asymmetric unit of the crystal. The structural differences between the backbone atoms 

of the two molecules are small as reflected in a root-mean-square-deviation (RMSD) 

of 0.4 Å. The electron density throughout the structure was excellent. However, the 

amino-terminal regions ranging from Ala-41 to Asn-47 are disordered and produced 

no discernable electron density in either molecule. All nonglycine residues of the final 

model reside either in the most favorable or in the allowed regions of the 

Ramachandran plot; and the overall geometry was comparable to other structures 

solved at the same resolution. 

A cartoon drawing of the final RetSperi structure model is depicted in figure 2.2a, 

while the correlation between protein sequence and tertiary structure is visualized in 

figure 2.2b. The sensory domain of RetS adopts β-sandwich or jelly-roll fold formed 

by two opposing antiparallel β-sheets. The two sheets have a β1-β3-β8-β5-β6 and a 

β2-β9-β4-β7 topology, respectively. The β-sandwich structure is augmented by two 

alpha-helices, α-1 follows strand β-1 and the short α-2 helix is formed by the 
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carboxy-terminal residues of RetSperi. The observed fold is characteristic of 

carbohydrate binding modules (CBMs). Consistent with this notion, a DALI-guided3 

(20) search of the PDB identified CBMs and enzymes involved in carbohydrate 

degradation as the closest structural homologs of RetSperi. While the structural 

conservation extends to both beta sheets, helix α-1 appears to be unique to RetSperi. 

The position of this helix directly above the β1-β3-β8-β5-β6 sheet is interesting 

because in most of the related CBMs the equivalent β-sheets form the carbohydrate 

binding sites. We examined the temperature factors as well as intermolecular and 

intramolecular contacts of helix α-1 to evaluate whether or not this helix might be 

conformationally flexible and its conspicuous position perhaps the result of packing 

contacts. However, we found no intermolecular contacts involving α-1 within a 5 Å 

radius. On the other hand, α-1 forms a total of 18 intramolecular contacts with 

neighboring residues if a 4 Å distance cutoff is applied, burying a surface area of 525 

Å2. Furthermore, the positions of the two α-1 helices are identical for both molecules 

in the asymmetric unit and the average temperature factor of ∼20 Å2 for the main 

chain atoms also suggest a stable conformation. Therefore, the unique topology of this 

region suggests that the 7TM-DISM2 domains constitute a novel class of 

carbohydrate binding proteins. 

Qualitative and quantitative evidence for RetSperi dimerization 

The reversible oligomerization of RetS is believed to play a pivotal role in the 

regulation of RetS function. Consequently, we sought to establish whether or not 

RetSperi dimerization contributes to the stability of the RetS homodimer. Intuitively, 

we would have expected to observe a symmetric dimer in the crystal, but the two 

molecules that form the asymmetric unit display no twofold symmetry. While unusual 

this asymmetric dimer could nevertheless represent a biologically relevant dimer. 

However, when we compared the intermolecular contacts within the asymmetric unit 

to packing contacts between symmetry-related asymmetric units in the crystal, we 
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found them to be very similar. These packing arrangements are visualized in 

figure 2.2c, where molecules A and B represent the original asymmetric unit and B′ a 

molecule from a symmetry-related asymmetric unit. The buried surface area of the 

A·B and A·B′ interfaces are very similar at 610 and 629 Å2, respectively. There are 21 

interacting residue pairs at A·B interface and 23 such pairs at the A·B′ interface when 

a 4 Å distance cutoff is applied (this cutoff was chosen because it represents the 

default value in programs such as Ligplot3 (40) that are designed to analyze 

intermolecular contacts). Twenty of these interactions are found at both interfaces. 

Distances for the four contacts that did not match ranged between 3.7 and 4 Å, 

suggesting that they make only small contributions to the stability of the respective 

intermolecular interactions. These similarities suggest that the dimer observed in the 

asymmetric unit arose due to crystal packing contacts and does not represent the 

biological unit of the protein. Otherwise, if the interactions in the asymmetric unit 

were indeed representative of the solution state then RetSperi should be forming higher 

order oligomers or even polymerize in solution. This was not observed in the 

crosslinking experiments described later. 

Since the nonphysiological pH of 3.0 of the crystallization conditions could have 

caused a biological RetSperi oligomer to dissociate, protein–protein crosslinking using 

chemical BS3 was employed to probe for dimer formation at neutral pH. 

Monomeric E. coli MBP served as negative control. After crosslinking MBP still 

migrated as a monomer on an SDS-polyacrylamide gel, while a substantial portion of 

RetSperi had shifted to a higher band corresponding to the molecular weight of a 

RetSperi dimer (figure 2.3a). Higher order oligomers were not observed.  

Although the crosslinking result demonstrates RetSperi dimerization, a substantial 

fraction of RetSperi failed to crosslink even when large excess of crosslinking agent 

and extended reaction times were used. This finding is consistent with the presence of 

monomer-dimer equilibrium rather than a purely dimeric state. A FRET-based assay 
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was developed to validate this hypothesis and quantify the strength of the 

RetSperi-RetSperi interactions. A low concentration of Alexa-Fluor-488-labeled 

RetSperi-S45C (RetSperi-488) was titrated with an Alexa-Fluor-555-labeled form of the 

same RetSperi variant (RetSperi-555). Dimerization was monitored by observing the 

quenching of the Alexa Fluor 488 fluorescence at λ = 522 nm. The concentration of 

the RetSperi-488 was maintained more than a 100-fold below the dissociation constant 

(Kd) for RetSperi dimer formation because here virtually all of the protein should be 

monomeric. This optimal concentration of RetSperi-488 was determined in an iterative 

process where titration experiments were carried out at concentrations of 50, 10, and 

finally 3 nM of RetSperi-488 and fit to Equation I (figure 2.1a). The two higher 

concentrations of the protein resulted in a poor fit and a Kd value that suggested that a 

substantial proportion of RetSperi-488 was dimeric at the outset of the experiment. A 

second important consideration relates to the fact that, as the concentration of 

RetSperi-555 is increased during the titration experiment, a large fraction of this protein 

is already dimeric and therefore not available for binding to RetSperi-488. To properly 

model RetSperi dimerization, it was therefore necessary to express the concentration of 

the RetSperi-555 monomer as a function of the total concentration of RetSperi-555 and 

the Kd. Usually, equations for binding isotherms are arranged to express the amount of 

complex formed in terms of the variable concentration of one of the binding partners. 

However, when this was done for the modified isotherm the resulting cubic equation 

was solvable but the obtained solution was awkwardly long (figure 2.1b). Therefore, 

the data were fit to the rearranged and thus simpler Equation I (figure 2.1a). This 

equation is valid under the assumption that the fluorescent labels do not influence the 

monomer-dimer equilibrium, which is based on the observation that the S45C 

mutation used to mediate thiol-based labeling is located in a structurally disordered 

region that does not appear to constitute a pivotal part of the sensory domain. 

Background-corrected example graphs are presented in figure 2.3b. The resulting 

 47



FRET data are plotted in figure 2.3c; and fitting Equation I to these data yielded a 

dissociation constant of Kd = 580 ± 50 nM for RetSperi dimerization. If 

RetSperi-555 dimerization is not taken into consideration and the data are simply fit to a 

conventional isotherm, the fit is poor and the obtained Kd incorrect (dashed line in 

figure 2.3c). 
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Discussion 

The putative ligand binding site of RetSperi

The crystal structure suggests that RetS is regulated by a carbohydrate-based 

moiety. However, since the natural ligand of RetS is currently not known, the 

common strategy for mapping the ligand binding site involving a mutational analysis 

coupled with in vitro binding studies could not be employed. Nevertheless, insights 

could be obtained by comparing RetSperi to the altogether eight structurally 

homologous proteins, where the positions of the ligand binding sites are known. 

Protein–carbohydrate complexes have been reported for the related family 4 CBM of 

Lam16A from Thermotoga maritima (TmCBM4-2, PDB code 1gui) (4), the family 6 

CBM SdAga16B-CBM6-2 of the β-agarase Aga16B from Saccharophagus 

degradans (PDB code: 2CDO) (5), and the family 15 CBM of the Cellvibrio 

japonicasXylanase 10C, (CjXyn10C-m, PDB code: 1US2) (30). In addition, the 

binding sites of the following proteins have also been mapped and were therefore 

included in the analysis: the carbohydrate-recognition domain of the human 

glycoprotein sorting receptor p58/ERGIC-53 (PDB code: 1R1Z) (38) the 

carbohydrate recognition domain of the cargo receptor Emp46p from Saccharomyces 

cerevisiae (PDB code: 2A6W) (32), the carbohydrate binding module of xylanase 

10A from the thermophilic bacterium Rhodothermus marinus (RmXyn10A-CBM4-2, 

PDB code: 1K42) (34), the catalytic domain of the endoglucanase CelB 

from Streptomyces lividans, (SlCelB-2, PDB code: 1NLR) (36), and family 32 

carbohydrate-binding protein YeCBM32 from Yersinia enterolitica (PDB code: 2JDA) 

(1). Although all eight proteins share the same fold, their ligand binding sites cluster 

to not one but two regions when superimposed. In YeCBM32 

and SdAga16B-CBM6-2, the ligand binding sites are located between the two beta 

sheets, involving residues equivalent to the carboxy-terminal end of β-2, the 

amino-terminal end of β-9, and residues from the two connected loop regions in 
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RetSperi. This pocket is not present in RetSperi suggesting that its binding cleft is 

located elsewhere. 

In the other six homologous structures, the critical residues map to structurally 

conserved section of the proteins that corresponds to the β1-β3-β8-β5-β6 sheet in 

RetSperi. In the TmCBM4-2 and CjXyn10C-m complexes, the entire beta-sheet forms 

an extended cleft, where their respective oligosaccharide ligands are bound, while the 

ligand binding site in the other four proteins are smaller, covering only part of the 

beta-sheet. In RetSperi helix α-1 alters the topology of this the corresponding surface 

area. In fact, α-1 effectively occupies the same space as the bound ligands 

in TmCBM4-2 and CjXyn10C-m (figure 2.4a). However, together with residues from 

the beta sheet and several surrounding loops α-1 does create three large grooves that 

appear well-suited for ligand binding. The pocket that most closely coincides with the 

prevalent binding pockets observed in the related proteins is formed by the loop 

connecting β-1 and α-1, the amino terminal regions of strands β3 and β5, the 

carboxy-terminal ends of strands β1, β8, and β6 and the loop regions between β-2 and 

β-3 as well as those between β-8 and β-9 (figure 2.4b,c).  

The hypothesis that this site indeed constitutes the ligand binding pocket may be 

evaluated from two additional angles. The solvent-accessible surface area of 

RetSperi was color-coded according to the degree of sequence conservation using the 

ConSurf (14). Those regions with the three highest conservation scores were colored 

brightly, while the remainder of the surface was kept white (figure 2.4b,c). 

Remarkably, 7 of the 10 amino acids that received the highest conservation scores 

map to the β1-β3-β8-β5-β6 beta sheet. Four of these seven residues, Trp-90, Tyr-117, 

Arg-162, and Ser-164 are part of the pocket that was identified from the structural 

comparison with other binding sites. Trp-90 is one of only two amino acids that are 

strictly conserved in all 32 of the homologous protein sequences that were used for 

this analysis. 
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Finally, the predicted binding site may also be assessed by analyzing the types of 

amino acids that form this pocket. Tryptophan, arginine, asparagine, glutamic acid, 

tyrosine, and histidine display the highest propensities for participating in 

carbohydrate binding (26). The highly conserved Trp-90, Tyr-117, and Arg-162 fall 

into this category. Other residues in the binding pocket also feature prominently in 

carbohydrate binding sites: Gln-59, Arg-61, Gln-112, Arg-134, and Asn-166, and the 

aromatic residues Tyr-113 and His-129. Pro-86 and Thr-164 constitute the only 

unusual residues among the amino acids that are form the putative ligand binding site 

(Figure 2.4b,c). In summary, three independent indicators—structural conservation, 

sequence conservation, and composition of the putative binding pocket—all point 

toward the same location of the ligand binding site and suggest that the elusive ligand 

is a carbohydrate moiety. Ultimate confirmation of these findings, however, will 

require the identification of the natural ligand of RetS. 

Implications of RetSperi dimerization for the RetS-GacS signaling mechanism 

RetS is an unusual sensor kinase because at least one of its signaling modes does 

not require its kinase activity but relies on direct interactions with GacS kinase to 

prevent phosphate transfer in the GacS/GacA TCS (16). The kinase domains of both 

enzymes appear to be sufficient for this interaction. The model assumes ligand 

binding to the periplasmic sensory domain disrupts the RetS dimer, but how is this 

signal communicated across the inner cell membrane? The hypothesis that the RetS 

sensory domain mediates the upregulation of T3SS-related gene expression also 

appears to be at odds with a previous study, where deletion of the sensory domain did 

not cause a decrease but a slight increase in virulence associated with the T3SS 

(23). Our finding that RetSperi alone is capable of dimer formation offers a possible 

explanation for this apparent contradiction as it suggests that the sensory domain is 

required for repression as well as activation of the T3SS. Ligand-free RetSperi likely 

dimerizes and prevents RetS-GacS interactions by stabilizing the RetS homodimer. 
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The unknown ligand could act by disrupting the interface between the two sensory 

domains, and thus favor RetS-GacS heterodimer formation. Consistent with the 

previously published results this model would explain why a deletion of the sensory 

domain did not result in a repression of the T3SS, since such a deletion, just as ligand 

binding, would favor a RetS-GacS complex. 

 

 

Conclusions 

The crystal structure of the RetS sensory domain, the first representative 

structure for the 7TM-DISM2 domain family, revealed a fold closely related to 

carbohydrate binding modules, suggesting that RetS function is regulated by a 

carbohydrate-based ligand. While the crystal structure does not unambiguously reveal 

the ligand binding site, structural homology, sequence conservation, and amino acid 

composition suggest that the ligand likely binds to a pocket formed by one of the two 

beta sheets and helix α-1. RetSperi dimerizes with a submicromolar dissociation 

constant, suggesting that dimerization of the RetS sensory domain plays a role in both 

stabilizing the RetS homodimer and, on ligand binding, in shifting the equilibrium 

toward RetS-GacS heterodimer formation. 
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Table 2.1 Data Collection and Refinement Statistics for the SeMet-RetSperi 

Crystal 
 
Data collection statistics 
 Wavelength (Å) 0.97900 
 Space group P212121

 Unit cell parameters (Å) a = 51.164; b = 67.193; c = 86.214 
 Molecules/asymmetric unit 2 
 Resolution (Å) (last shell 2.11–2.04) 30.00–2.04 
 Total reflections 255,128 
 Unique reflections 19,459 
 Completeness (%) 99.9 (99.2)a

 I/σ 26.3 (3.40) 
 Rmerge (%)b 9.0 (39.5) 
Refinement 
 Resolution (highest resolution shell) (Å) 29.62–2.04 (2.1–2.04) 
 No. reflections 17870 (1265) 
 Rwork

c/Rfree
d (%) 19.9 (20.1)/23.5 (27.5) 

 No. total atoms 2403 
 No. protein atoms 2298 
 No. water atoms 105 
 Overall mean B factor value (Å2) 18.747 
 RMSD bond lengths (Å) 0.007 
 RMSD bond angles (°) 1.119 
 
a. The values in parentheses relate to the highest resolution shell. 
b. Rmerge =Σ |I - ‹I›|/ΣI, where I is the observed intensity and ‹I› is the average intensity 

obtained from multiple observations of symmetry-related reflections after the 
rejection of significant outliers. 

c. R = Σ ||Fo| - |Fc|| /Σ |Fo|, where Fo and Fc are the observed and calculated structure 
factors, respectively. 

d. Rfree defined by Brunger (5). 
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Definitions  
R4, R5 - concentration of monomeric RetSperi-488 and RetSperi-555, respectively. 
R4d, R5d - concentration of homo-dimeric RetSperi-488 and RetSperi-555, respectively. 
R4T, R5T - total concentration of RetSperi-488 and RetSperi-555, respectively. 

R45 - concentration of RetSperi-488 RetSperi-555 “hetero-dimer”. 

F - fluorescence at =522 nm.　  
Fmax - fluorescence at =522 nm in absence of RetS　 peri-555. 

Fmin - residual fluorescence of RetSperi-488 due a transfer efficiency to RetSperi-555 of less 
than 100%.  
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Figure 2.1 The final equations to fit the FRET data 
a) Equation I 
b) Alternative equation but mathematically equivalent to Equation I 
c)  Equation for the standard binding isotherm solved for ΔF 
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Figure 2.2 Structural determination and analysis of RetSperi

a) Two orthogonal views of the PYMOL29-generated cartoon representation of the 
RetSperi structure. All secondary structure elements are labeled. b) Alignment of the 
secondary structure elements identified from the crystal structure with the primary 
structure RetSperi. This figure was generated with ESPript.30 c) The asymmetric unit 
of the crystal consists of molecules A and B. The contacts between A and B closely 
resemble the packing contacts between A and the symmetry-related B’ molecule, 
suggesting that the dimer in the asymmetric unit arose from crystal packingcontacts. 
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Figure 2.3 Demonstration and quantification of RetS  dimerizatioin   peri

(a) SDS-PAGE analysis of the BS3-mediated crosslinking experiment with RetSperi. 
Shown in the lanes are from left to right: MBP, the molecular weight makers, and 
RetSperi. (b) Sample plots of fluorescence spectra obtained during the FRET-based 
dimerization assay at three different concentrations of RetSperi-555. The spectra are 
generated by subtracting the background fluorescence produced by the same 
concentrations of RetSperi-555 in the absence of RetSperi-488 from the raw data. (c) 
Shown is the resulting curve when Equation I is fit to the FRET data where 

ΔF=
minmax

max

FF
FF

−
−

. The error bars signify the standard deviation of the ΔFcalculated 

from the readings obtained from triplicate setups. For comparative purposes, the data 
were also fit to the conventional binding isotherm (figure 2.1c), which does not 
consider the increasing amounts RetSperi-555 dimer. This fit is shown as a dashed line. 
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Figure 2.4 Structural analysis for RetSperi ligand binding site prediction 
(a) Superposition of RetSperi, TmCBM4-2, and CjXyn10C-m. TmCBM4-2 and 
CjXyn10C-m have both been crystallized in complex with xylopentaose. The 
positions of the ligands in the latter complexes coincide with helix a-1 in RetSperi. (b) 
Left: the backbone structure of RetSperi has been colored according to the level of 
sequence conservation among proteins with related 7TM-DISM2 domains. Also, 
shown are side chains and labels of the seven broadly conserved amino acids that are 
concentrated in this section of the protein and of those amino acids that form the 
putative binding site. (b) Right: the solvent-accessible surface area of RetSperi, viewed 
from the same perspective and also color-coded according to the level of sequence 
conservation, reveals a large cavity that is proposed to constitute the ligand binding 
site. 
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Chapter Three 

Characterization of the Ligand Binding and Dimerization  

of RetS Periplasmic Sensory Domain In vitro and In vivo 
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ABSTRACT 

To regulate gene expression for TTSS and biofilm formation in P. aeruginosa, 

the two-component system sensor kinase RetS participates in Gac/Rsm signaling 

pathway. The complexity in the domain architecture of RetS implies that this hybrid 

sensor kinase might be involved in additional signaling pathways and intermolecular 

cross-talk with other upstream or downstream TCS proteins. However, all to date 

attempts to detect RetS intrinsic kinase activity have failed. The mechanism whereby 

RetS executes its cellular signal transduction task remains unclear. To bring to light to 

the signaling mechanism of RetS, we focus on the periplasmic sensory domain 

(RetSperi) which is a presumed starting point of RetS signaling. Being a potential drug 

target, RetSperi is putatively a trigger that turns on RetS cellular signaling activity. The 

only reported functional study targeting this domain suggests it might inhibit 

RetS-induced TTSS expression. However, the specific functional role of RetSperi in 

biofilm formation regulation has not yet been examined. Except for testing the current 

GacS-RetS signaling model and our hypothesis, the objective of this chapter is to 

resolve the precise mechanism where the ligand binding and dimerization activities of 

RetSperi regulate RetS-controlled biofilm formation. Another aim of this work is to 

identify the natural ligand of RetSperi or a synthetic compound that could affect 

biofilm formation through RetSperi mediated signaling. 
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Introduction 

One remarkable trait of P. aeruginosa is its high drug-resistance assisted by the 

biofilm formation on abiotic and biotic surfaces, especially in CF patient’s lungs (4). 

Like many other bacterial pathogens, P. aeruginosa utilizes two-component systems 

(TCSs) for gene expression regulation (7, 20). TCSs act by sensing extracellular 

signals and subsequently transducing these signals to mediate target gene expression. 

RetS is one of the crucial TCS proteins that regulate TTSS and biofilm assisted 

pathogenesis (8, 17), Influencing the expression of more than 400 genes, RetS has 

been demonstrated to be a critical negative regulator of biofilm formation (8). 

Different from typical sensor kinases, RetS does not have detectable kinase activity (9, 

10). In addition, unlike other TCS hybrid sensors, RetS possesses two distinct 

response regulator domains implying that RetS might be part of a complex regulatory 

network involving communication with other TCSs (8). However, whether the 

conserved phosphorylation residues (histidine and aspartate) are required for RetS 

signaling function is under debate (8, 16). Our study focused on the RetSperi domain, 

which is a putative starting point for RetS signaling (6). Solving the mystery of the 

role of this signal sensing domain will provide invaluable information to build up our 

understanding of the RetS signal transduction mechanism.  

Based on the RetS-GacS signaling model, we have proposed that the functional 

role of signal sensing by RetSperi is to disrupt the homo-dimerization of RetS and in 

turn to promote RetS-GacS hetero-dimerization in the cytoplasm (8, 12). In this study 

our objectives are to test the current hypothesis as well as mapping of the ligand 

binding site and dimer interface of RetSperi. Firstly, we demonstrate that both 

predicted dimerization sites exist in vitro. Furthermore, we developed different 

experimental strategies to either eliminate or enhance RetSperi dimerization and 

examine the resulting changes in biofilm-related gene expression and phenotype. 

Secondly, targeting the two putative ligand binding pockets (12, 23), we carried out 
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mutational analyses combined with an in vivo functional assay with the goal of 

uncovering the signaling role of signal sensing capability of RetSperi.  

Finally, RetSperi is a potential target for the development of antimicrobial agents 

against biofilm gene expression in P. aeruginosa. Therefore, we aim to identify the 

natural or synthetic ligands that are able to affect biofilm formation specifically 

through interaction with RetSperi in P. aeruginosa. The crystal structure of RetSperi, 

which we determined and characterized, suggests that the mystery ligand is a 

carbohydrate moiety. This notion is very appealing because RetS regulates the 

production of biofilm-related exopolysaccharides. But whether the source of the 

ligand is the host or P. aeruginosa itself is still unknown. High throughput ligand 

screening of human made carbohydrate compounds did not reveal any potential leads 

for the RetS ligand. So we sought to identify a possible carbohydrate-like ligand from 

the biofilm matrix which is rich in exopolysaccharides (EPS) (24). RetS regulates the 

expression of the psl and pel operons which are responsible for the biosynthesis of 

PSL and PEL, which are major exopolysaccharide components of the biofilm matrix 

of nonmucoid Pseudomonas strains such as PAO1 (15, 24). Our preliminary tests 

suggest that PSL, but not PEL, binds to RetSperi. Thus, we purified the previously 

characterized PSL polysaccharides to conduct further tests (2). In addition, we tested 

if any of the compounds identified from a whole cell screen for inhibition of biofilm 

formation in P. aeruginosa are acting through RetS (13).  
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Materials and Methods 

PSL overexpression and isolation from Pseudomonas aeruginosa  

To over-express PSL, the Wozniak group has generated a psl-inducible P. 

aeruginosa PAO1 strain (Δpsl/pBAD-psl) WFPA801 by replacing the psl promoter 

region with araC-pBAD which can be controlled by arabinose. We have obtained this 

strain kindly provided by the Wozniak group. For PSL over-production and isolation, 

we strictly followed the protocol which Wozniak group has developed (2). Briefly, 5 

ml stationary phase overnight LB culture of WFPA801 was inoculated into 0.5L of 

M63 minimal medium (3L per batch) for 48 hours with slow agitation (250 rpm) at 

37°C. To overexpress PSL, the cultures were supplemented with 0.4% (w/v) arabinose 

(15). Cells and cell-associated matrix material were separated from the viscous 

growth media by centrifugation (5000g, 4°C, 30 min). The pellets were resuspended 

in saline (0.9% NaCl, 50ml/L cell culture) and the cell surface-associated polymers 

were detached by mild sonication (4 × 20 s, 50% cycle, intensity 0.5). The pellet was 

then removed by centrifugation (same parameters) and resuspended with fresh saline. 

This procedure was repeated twice in order to extract as much biofilm matrix extract 

as possible. After that, this extract and the 3L growth medium were treated the same 

way. To precipitate DNA and proteins, TCA was added to a final concentration of 5% 

(w/v). The precipitation and any insoluble components were removed by 

centrifugation (10,000g, 10 minutes). The collected supernatant was then dialyzed in 

pure water and lyophilized. The obtained residue was resuspended in pure water and 

was centrifuged (10000g, 10 minutes) to remove insoluble materials. The supernatant 

was further deproteinated by extracting with equivalent volume of phenol twice and 

finally with phenol-chloroform (1:1 volume ratio). This crude polysaccharide sample 

was then fractionated by gel filtraction in pure water using a Sephadex G-50 

size-exclusion column (16mm x 60cm).  

A colorimetric assay was performed to quantify the sample in each fraction (19). 
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Briefly, each 50 μl polysaccharide or mono-mannose sample was mixed with 10μl 

20% phenol and 250 μl sulphuric acid. The absorbance at 485nm was measured for all 

mixtures using a 96-well transparent plate. The final concentration of PSL was 

determined by comparing to a standard curve for a mono-mannose sample.  

Differential Scanning Fluorimetry (DSF) assay for RetSperi ligand binding study 

5μM RetSperi in either Tris buffer or sodium phosphate buffer (pH7.4) containing 

50mM NaCl was incubated with or without 100μM ligand. 5X SYPRO Orange 

(5000X commercial stock) was also included in all 30μl samples. Protein melting 

(unfolding) was assessed by continuous thermal monitoring using the RT-PCR 

thermocycler instrument to detect increases in the fluorescence of the fluorophor. 

Samples were heated from 11 °C to 70 °C, with fluorescence acquisition in 0.5 °C 

increments. Fluorescence intensities were plotted versus temperature. The stability of 

RetSperi with or without ligands was indicated by the melting temperatures which are 

represented by the inflecion points of the sigmoidally-shaped melt curves (18).  

Circular Dichroism   

Far-UV CD spectra were generated using RetSperi protein (10μM) with or 

without purified PSL samples on a Jasco J-815 spectropolarimeter equipped with a 

Jasco PFD-425 S temperature-control unit. Spectra were collected in a 1-mm 

path-length quartz cell at 4°C. Spectra were obtained from three accumulated scans 

from 240 to 190 nm using a bandwidth of 1 nm and a response time of 1 s at a scan 

speed of 100 nm/min. Buffer (described in chapter two) backgrounds with or without 

PSL-A were used to subtract from the protein spectra with or without PSL-A (14).  

Construction of expression plasmids for retS and retS mutant genes  

The retS gene including its native promoter sequence (258bp) was amplified by 

FailSave PCR (Epicentre Biotechnologies) using PAO1 genomic DNA as the template 

with the primers containing restriction enzyme sites (SacI/EcoRI) (table 3.2) (16). The 

PCR product was then cloned into the pBluescript II SK (pSK) plasmid, which was 
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used for expression of RetS or RetS variant proteins (table 3.1). To transform all the 

plasmids carrying either retS or retS mutant gene into the PAO1 retS transposon 

insertion mutant strain (PAO1ΔretS) (22), the competent cell preparation and 

transformation steps followed a well developed protocol (3). Briefly, PAO1ΔretS cells 

were harvested from an overnight LB culture (supplemented with 15μg/ml 

tetracycline) by centrifugation (16000g) and washed with fresh 0.3M sucrose twice at 

room temperature. Cell pellets were resuspended into 50μl aliquots. Plasmids were 

individually transformed to the competent cells by electroporation. All the mutant retS 

genes were generated by PCR assisted site-directed mutagenesis (5) using pSK 

containing wild type retS gene as the PCR template.  

RetSperi cysteine variant preparation for in vitro crosslinking experiments 

The RetSperi cysteine mutation variants were generated by site-directed 

mutagenesis using an entry clone followed by Gateway cloning (Invitrogen) into an 

expression plasmid. Protein expression and purification followed the same procedures 

for wild type RetSperi with only the exception that DTT was included in all protein 

buffers during purification (12). All of mutation primers are listed in Table 3.2.    

Before crosslinking experiments, every protein sample was buffer exchanged to 

0.1M Na2HPO4 (pH 7.2), 50mM NaCl and 5mM EDTA using a HiPrepTM 26/10 

desalting column (GE Healthcare). To assist crosslinking, two commercial 

crosslinkers were individually used: bis(maleimido)ethane (BMOE) (8Å spacer) and 

1,11-bismaleimidotriethyleneglycol (BM[PEG]3) (17.8Å spacer) (ThermoScientific) 

which were dissolved in 50% DMSO at 1.4mM stock. Each reaction mixture 

containing 5μM crosslinker and 2μM RetSperi variant was incubated in 4°C for 2 hours. 

Each 75μl crosslinking reaction was quenched by adding 5μl 1M DTT. The reaction 

set-up with wild type RetSperi was used as a negative control. Crosslinked samples 

were analyzed via SDS-PAGE.  
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Bacterial strains and growth 

   PAO1 and PAO1 mutants used for all the in vivo experiments are listed in table 3.1 

(22). Except during cloning, all strains were grown in chemically defined Jensen’s 

minimal medium which was prepared according to a published protocol (11). For the 

overnight cultures: PAO1 was grown in the presence of 5μg/ml triclosan; PAO1ΔretS 

was grown in the presence of 15μg/ml tetracycline; all the strains containg a pSK 

plasmid were grown in the presence of 300μg/ml carbenicillin. For the congo red 

experiments, all the cultures were set up without antibiotics. For the growth of psl 

overexpression strain WFPA801, the growth cultures were also supplemented with or 

without (for control) arabinose.   

Reverse transcription-PCR and quantitative real-time PCR (qRT-PCR) 

To isolate RNA, all used strains were grown at 37°C in Jensen’s minimal 

medium with appropriate antibiotics. Each overnight culture was then subcultured 

1:25 into fresh medium and grown at 37°C to mid-logarithmic phase (optical density 

at 600 nm (O.D.600) of 0.6). Bacteria were then pelleted by centrifugation and used for 

RNA isolation using Trizole as instructed by the manufacturer (5 PRIME). The RNA 

samples were treated with DNase to remove bacterial chromosomal DNA. The 

concentrations of all finally obtained RNA samples were determined by UV-260nm 

absorbance measurements. 1μg of each RNA sample was used for cDNA synthesis 

with the reverse transcription kit (Invitrogen).  

For quantitative real-time PCR, 1 μl of cDNA synthesized from RNA isolated 

from each strain was added to the iQ SYBR Green Supermix (Bio-Rad). The primer 

concentration was 50nM. The constitutively expressed rpoD gene was used as an 

endogenous control to normalize quantification of the mRNA target. Real-time PCR 

data were analyzed, validated, and calculated according to the instructions of the 

manufacturer. 
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Congo red biofilm assay to detect biofilm exopolysaccharides (EPS) production 

All target strains were grown at 37°C in Jensen’s minimal medium with 

appropiate antibiotics. The cell densities of overnight cultures were then measured at 

600nm and then subcultured in fresh medium starting with O.D.600 reading of 0.05. 

After all strains arrived in stationary phase, the cultures were normalized again to 

O.D.600 reading of 0.03 in 3ml fresh medium supplemented with 10μl of filtered 

50mg/ml Congo red dye. All the final cultures with Congo red (CR) were grown in 

glass tubes at 37°C with 150rpm shaking for different time periods. To achieve in vivo 

crosslinking, the crosslinker BMOE was also added to the two cysteine mutant stains 

at time zero.  

The following day, a 200μl culture was removed in order to determine the 

O.D.600 before the bacterial cells were pelleted by centrifugation at 14,000g. For 

quantification of CR binding, the A490 of the supernatant of each sample was 

determined. Each strain was assayed in duplicate to generate a mean and standard 

error. All the samples to be measured were loaded onto a 96-well plate and the 

measurements were done by a TECAN infinite M200 fluorescence intensity scanner 

(Tecan). 
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Results and Discussion 

Ligand titration into RetSperi causes a decreased melting temperature (Tm) and 

only PSL-A (not B or C) could shift the Tm of RetSperi

The crystal structure of RetSperi and structural alignment with other CBMs 

unquestionably indicate that it binds to carbohydrate molecules (1, 12). To 

preliminarily test this hypothesis, we carried out DSF assay for a small-scale ligand 

screening using carbohydrate-like compounds. We found that the polymerized 

galacturonic acid, but not mono-galacturonic acid, causes a decreased melting 

temperature of RetSperi (figure 3.2). Considering the protein stabilization by ligands, a 

decreased melting temperature implies suggests an oligmerization disruption of 

RetSperi by ligand binding. This indication is consistent with our hypothesis that 

RetSperi signal sensing favors RetS-GacS hetero-dimer formation (9, 12).  

More interestingly, the ligand that caused the most significant Tm shift is a crude 

biofilm matrix material. This is a very alluring result because RetS regulates 

biofilm-polysaccharide expression. Using the same assay to test the effect of biofilm 

PEL polysaccharides on RetSperi stability, we couldn’t detect a change of Tm. So we 

ask the question that if biofilm-PSL could be a ligand of RetSperi (15). The previous 

study has shown that PSL is a mixture of polysaccharides with the same repeating unit 

but different degrees of polymerization and can be separated in three fractionations: 

PSLA, B and C (2). Following the published protocol, we isolated PSL-A, B and C 

(figure 3.3a). Each fraction was tested for RetSperi binding by DSF experiments. As 

shown by figure 3.3b, only PSL-A, which is the high molecular weight fraction, could 

cause a Tm shift of RetSperi. However, when applying circular dichoism experiment to 

confirm the DSF result, we could not detect a change of far-UV spectrum of RetSperi 

by titrating either PSL-A or PSL-C into the protein sample (figure 3.4a).  

PSL-A has no signaling role in RetS-involved biofilm formation regulation 

Since the in vitro DSF and CD experiments could not lead a conclusion that 
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whether PSL-A binds to RetSperi or not, we wondered if this putative interaction takes 

place in vivo and in turn affects biofilm formation through RetS signaling. To test this 

hypothesis, we employed a real-time PCR based examination targeting the expression 

of the rsmZ gene, which is part of the RetS signal transduction pathway to regulate 

biofilm formation. The expression of PSL was controlled by adjusting the 

concentration of arabinose in the growing cultures. As shown in figure 3.4b, we could 

not detect an effect of PSL overexpression on RsmZ expression.  

Previously identified synthetic biofilm inhibitors do not affect RetS signaling  

Junker and Clardy have identified 30 compounds that inhibited biofilm formation 

in P. aeruginosa PAO1 strain using a high throughput screening of over 60,000 

compounds. To examine if any of these compounds regulates biofilm formation by 

signaling through RetSperi, we tested 21 of the 30 compounds in an in vitro DSF-based 

protein ligand binding assay as well as our in vivo congo red biofilm assay. One of 

these compounds (compound ID: 34600076) caused a shift of RetSperi melting 

temperature in the DSF assay (figure 3.5a). This compound also caused a slightly 

decreased of biofilm exopolysaccharide production in the PAO1 wild type strain. 

However, as shown by figure 3.5b, this compound also had the same effect in the 

retSperi deletion mutant. This result indicates that this compound does not act through 

binding to RetSperi.   

Deletion of RetSperi causes moderately increased biofilm EPS production 

Previous studies have shown that RetSperi is not required for RetS activity to 

induce the expression of TTSS and might mediate RetS autoinhibition in vivo (16). 

However, the role of RetSperi in the regulation of biofilm formation was not examined. 

To fill this gap, we transformed a PAO1ΔretS mutant strain with the high copy 

number plasmid pSK containing either the wild-type retS gene or a retS gene lacking 

the sensory domain (retS41-185). In both cases, the expression of the proteins is 

controlled by native retS promoter (16). For in vivo functional studies, the congo red 

 72



biofilm assay was carried out (15). As shown by figure 3.1, the PAO1 ΔretS shows a 

hyperbiofilm-EPS production and hyperbiofilm-attachment phenotypes as expected 

(8). Expression of full length RetS protein restored wild type PAO1 with respect to 

biofilm EPS production. The slightly lower EPS production by the complemented 

strain compared to wild type PAO1 is probably due to a higher expression level of 

RetS using the high copy number plasmid pSK (16). On the other hand, the mutant 

complementation strain expressing truncated RetS (Δ41-185) shows a moderately 

increased biofilm EPS production phenotype compared to the complemented and the 

wild type strains. It has been demonstrated that this truncation does not impact the 

expression or steady-state stability of RetS (16). To confirm that these phenotypes are 

controlled by RetS involved signaling through Gac/Rsm regulatory system, the 

transcription levels of the sRNA rsmZ in the mutants were examined by real-time 

PCR. Consistent with the result of congo red biofilm assay, the RsmZ expression level 

of the strain complmented with retS (Δ41-185) is between those of the retS mutant 

and the complementation strain. These results indicate that RetSperi does appear to 

inhibit, but not sufficiently repress, RetS-controlled biofilm formation (figure 3.1). 

However, in the context of the current hypothesis that RetSperi favors 

homo-dimerization of RetS and GacS and in turn biofilm formation, this result is 

unexpected as we would have predicted a decrease in biofilm formation as the result 

of retSperi deletion (9, 12).  

Both putative dimer interfaces assist in vitro cysteine-cysteine crosslinking 

Our hypothesis postulates that ligand binding disrupts RetSperi dimerization. 

Accordingly, we predicted that the RetSperi dimer interface would be close to the 

alpha-helix 1 and the predicted ligand binding site (figure 3.6a) (12). After our 

prediction, another dimer interface and ligand binding site were hypothesized, which 

located the pocket close to alpha-helix 2 (figure 3.6a) (23). We have demonstrated 

RetSperi dimerization via an in vitro lysine-lysine (amine) crosslinking assay (12). 
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However, the involvement of the N-terminus of the protein in amine crosslinking 

made it difficult to locate the dimer interface with this strategy. Therefore, targeting 

these two putative dimer interfaces, we applied a cysteine-cysteine based crosslinking 

strategy. To this end, two single cysteine mutations were introduced in each of the two 

putative dimer interfaces. Each RetSperi cysteine variant was successfully purified and 

applied to the crosslinking experiment. Crosslinking for the wild type RetSperi, which 

was used for a negative control, yielded no dimers. Interestingly, all four cysteine 

variants could be crosslinked by either of the two crosslinkers (BMOE and BM[PEG]3) 

as shown by figure 3.6b. This result is not too surprising because it has been shown by 

small angle scattering data that there are 7% tetramers of RetSperi in solution (23).  

Introduction of single cysteine mutations to RetSperi do not affect in vivo biofilm 

EPS production phenotype  

It has been proposed that there is a functional role of RetSperi dimerization in 

biofilm formation regulation. Disruption of RetSperi dimerization is hypothesized to 

promote RetS-GacS interaction and in turn biofilm repression (9, 12). Here we are 

also interested in the effect of an enhanced RetSperi dimerization on RetS signaling. 

Since we have shown that both putative dimer interfaces could assist in vitro 

dimerization in our cysteine-based crosslinking assay, we accordingly introduced 

single cysteine mutations to periplasmic domain of RetS, which is expressed in the 

PAO1ΔretS mutant in order to achieve irreversible dimerization of RetS. One cysteine 

residue was introduced to each dimer interface by site-directed mutagenesis method 

(glutamin67 and isolusine176). Congo red biofilm in vivo assay was applied to check 

the complementation phenotypes of the single cysteine mutants. As shown by figure 

3.7a, each cysteine mutant shows the same biofilm phenotype as that of the full 

complementation strain.  

One explanation for this result is that irreversible dimerization of RetSperi in vivo 

requires the presence of a crosslinker despite that the periplasm is an oxidizing 
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environment (21). Thus, the membrane-permeable cysteine crosslinker BMOE (8Å 

arm space) was introduced into the congo red biofilm experiments. Unfortunately, 

there is no phenotype difference between the cysteine mutants and the 

complementation strain in terms of biofilm formation (figure 3.8).  

Single Mutations on either putative ligand binding site do not affect biofilm EPS 

production 

The proposed functional role of RetSperi ligand binding in RetS signaling is to 

disrupt RetSperi dimerization, thus promoting RetS-GacS interaction, which in turn 

inactivates biofilm gene expression. Hence, increased biofilm formation is expected if 

th RetSperi ligand binding site is disrupted. Based on our crystal structure, we have 

predicted the first putative RetSperi ligand binding site, which is close to the 

alpha-helix1. This site meets all the requirements for the common features of ligand 

binding sites in CBM and is structurally conserved in closest structural homologues of 

RetSperi (12). However, we could not exclude another putative binding pocket located 

close to alpha-helix2 (23). Targeting the critical residues in these two sites, we 

employed a mutational analysis combined with in vivo congo red biofilm assay. To 

this end, single mutations on two putative RetSperi ligand binding sites were 

introduced by site-directed mutagenesis. Corresponding RetS variants were expressed 

in PAO1ΔretS mutant strain. Surprisingly, as shown by figure 3.9, none of these single 

mutations was able to affect biofilm EPS production.  

Conclusion and Discussion 

The DSF and CD data indicate that PSL-A might bind RetSperi in vitro. Having 

the same sugar composition and repeating unit as those of PSL-A, PSL-B and PSL-C 

could not show binding to RetSperi. One explanation for this finding is that except for 

the difference in the degrees of polymerization, PSL-A is not identical to PSL-B and 

PSL-C (2). Another possibility is that the observations in in vitro DSF and CD 

experiments are not due to RetSperi-PSL-A binding. This explanation is more likely 
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true because the qPCR experiment shows that PSL overexpression was not able to 

affect RsmZ expression. Additionally, the two identified synthetic biofilm inhibitors, 

which could shift the melting temperature of RetSperi, did not impact RetS signaling to 

regulate biofilm formation. In summary, our attempt to identify a RetSperi ligand that 

could affect biofilm formation through RetS signaling has been unsuccessful.   

The current hypothesis states that ligand binding of RetSperi tunes the 

homo-dimerization of RetS and RetS-GacS hetero-dimerization (9, 12). Thus, the 

deficiency of RetSperi ligand binding is expected to cause an increased biofilm 

formation. However, all the single mutations targeting putative RetSperi ligand binding 

sites was unable to affect biofilm phenotype. One explanation for this particular result 

is that the RetSperi ligand in the congo red assay might be absent. On the other hand, a 

down-regulated biofilm phenotype by deletion of RetSperi, which is proposed to 

promote RetS-GacS heterodimer formation, was expected (12). However, we 

observed the opposite phenomenon. In addition, introduction of single cysteine 

residues, which could assist irreversible RetSperi dimerization in vitro, did not impact 

biofilm phenotype related exopolysaccharide production through RetS signaling. 

Therefore, targeting RetSperi-controlled RetS signaling mechanism as well as the 

specific functional role(s) of RetS-GacS interaction, alternative explanations have to 

be examined.   
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Table 3.1 Bacterial cells and plasmids 

 

Stain or plasmid Relevant information Source/ 
Reference 

E. coli strains: 

BL21  DE3 CodonPlus RIL cells Stratagene 

DH5α Only for cloning procedures This study 

P. aeruginosa cells: 

PAO1 Wild type strain 22 

PAO1Δ retS PAO1 retS transposon insertion mutant 22 

WFPA801 PAO1 PSL-overexpression mutant 15 
PAO1Δ retS+ 

retS_pSK PAO1 retS complementation strain This study 

PAO1ΔretS+ 
retSQ67C_pSK 

PAO1 retS complementation strain with 

cysteine mutation on Gln67 
This study 

PAO1Δ retS+ 
retSI176C_pSK 

PAO1 retS complementation strain with 

cysteine mutation on Ile176 
This study 

PAO1Δ retS 
+retSY117A_pSK This study 

PAO1Δ retS 
+retSR162A_pSK This study 

PAO1Δ retS 
+retSD115A_pSK This study 

PAO1Δ retS 
+retSF107A_pSK This study 

PAO1Δ retS 
+retSW103A_pSK 

For RetS ligand binding site mutation 

This study 

PAO1Δ retS 
+retSW105A_pSK For RetS ligand binding site mutation This study 

PAO1Δ retS 
+retSΔperi_pSK RetSperi deletion mutant  This study 

PAO1+ pSK PAO1 with empty pSK vector This study 

PAO1Δ retS +pSK retS mutant with empty pSK vector This study 
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Plasmids: 

RetSperiQ67C/I176C/W105C

/T158C_pDONR201 

Donor vectors in Gateway cloning for 

purification of RetSperi cysteine variants 
This study 

RetSperiQ67C/I176C/W105C

/T158C_His6MBPpDEST 

Expression vectors in Gateway cloning 

for purification of RetSperi cysteine 

variants 

This study 

pSK 
Empty vector in cloning procedures for 

in vivo studies 
Stratagene 

pSK_retS pSK carrying wild type retS gene This study 

pSK_retSΔperi pSK carrying retS retSΔperi This study 

pSK_retSQ67C pSK carrying retSperi cysteine mutation This study 

pSK_retSI176C pSK carrying retSperi cysteine mutation This study 

pSK_retSW105A This study 

pSK_retST117A This study 

pSK_retSR162A This study 

pSK_retSD115A This study 

pSK_retSF107A This study 

pSK_retSW105A 

pSK carrying retSperi binding site 

mutation 

This study 
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Table 3.2 Primers (underlined sequences correspond to unique restriction sites 
utilized for cloning) 
 

Primer Sequence (5’ to 3’) Source/ 
Reference 

RetSD121-555 GTTCCCCTGCAAACCACCGAGAAGCCCGC
CTACGCC This study 

RetSD121-555-r GGCGTAGGCGGGCTTCTCGGTGGTTTGCA
GGGGAAC This study 

-258retS_SacI-F ATCAGTGCGGAGCTCGTGCTCTGTGCCAC
CGCCATC This study 

+1006retS_AscI-re CGATCAGGCGCGCCGGCTGGTAGCCG This study 

RetSEndEcorRI_R ATCAGTGAATTCTCAGGAGGGCAGGGCGT
CG This study 

Q67Cys_F CGACGTCCTCTGCCGCAAGGAGCAGTTCC
GCCCG This study 

Q67Cys_R GCTCCTTGCGGCAGAGGACGTCGGCGATC
CGCAG This study 

Trp105Cys_F GAGCTGGCTGTGCATCTTCGCCCCACGGG
TGCAG This study 

Trp105Cys_R GGGCGAAGATGCACAGCCAGCTCGGCACC
TTCTG This study 

Thr158Cys_F CAAGCCGATGTGCCTGTACGTGCGGATGA
CCTCC This study 

Thr158Cys_R GCACGTACAGGCACATCGGCTTGCCGTCG
ACCGG This study 

Ile176Cys_F GTTCGACCAGTGCGACGAAGCCGGCCTGG
TCGGC This study 

Ile176Cys_R CGGCTTCGTCGCACTGGTCGAACCAGGCC
ATCAG This study 

W103A_F GGTGCCGAGCGCGCTGTGGATCTTCGCCC
CACGG This study 

W103A_R AGATCCACAGCGCGCTCGGCACCTTCTGC
GCGGG This study 

W105A_F GAGCTGGCTGGCGATCTTCGCCCCACGGG
TGCAG This study 

W105A_R 
GGGCGAAGATCGCCAGCCAGCTCGGCACC
TTCTG This study 

F107A_F GCTGTGGATCGCGGCCCCACGGGTGCAGT
ACCTG This study 
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F107A_R CCCGTGGGGCCGCGATCCACAGCCAGCTC
GGCAC This study 

RetSD115_F GCAGTACCTGGCCTACTACCTGGTGCAGG
ACGGC This study 

RetSD115_R CCAGGTAGTAGGCCAGGTACTGCACCCGT
GGGGC This study 

RetS-Y91A-F CCTGGACTACGCCCTGGTGCAGGACGGCC
AACTG This study 

RetS-Y91A-R CCTGCACCAGGGCGTAGTCCAGGTACTGC
ACCCG This study 

RetS-R136A-F CCTGTACGTGGCGATGACCTCCAACCATCC
GCTG This study 

RetS-R136A-R TGGAGGTCATCGCCACGTACAGGGTCATC
GGCTTGCC This study 

rsmZ-qPCR_F CGTACAGGGAACACGCAACCCCGA 
 

This study 

rsmZ-qPCR_R AAAAAGGGGCGGGGTATTACCCCG 
 

This study 

rpoD-realtimeF GGGCGAAGAAGAAATGGTC This study 
rpoD-realtimeR CAGGTGGCGTAGGTGGAGAA This study 
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d) 

 

Figure 3.1 Examination of biofilm EPS production and gene expression of target 

PAO1 strains. (a) Each cell culture supplemented with congo red dye was grown in a 

glass tube. Biofilm-attachment to the cell tube wall is indicated by the arrows. (b) 

Each planktonic culture in the tube was used to measure the cell density using the 

absorbance reading at 600nm. (c) After 1ml of each planktonic culture was 

centrifuged, the supernatant was used to detect the unbound congo red dye by 

absorbance reading at 490nm. (d) qPCR experiment results showing RsmZ expression 

levels of the test mutants. 
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Figure 3.2 Results of the Differential Scanning Fluorimetry (DSF) assay. This 

assay was aimed at characterizing the ligand binding properties of the RetS 

periplasmic domain (RetSperi) with three carbohydrate samples. Blue: 10μM RetSperi 

without a ligand (control) (Tm: 46.95°C); Orange: 10μM RetSperi with 100μM 

mono-galacturonic acid (Tm: 46.8°C); Green: 10μM RetSperi with 100μM 

polygalacturonic acid (Tm: 43.69°C); Red: 10μM RetSperi with a crude biofilm 

material (Tm: 42.09°C. the sample was unpurifed biofilm material extracted from 

growth medium of a PSL-overproduction strain). The drop in the melting temperature 

upon ligand binding suggests a change of the oligomeric state of RetSperi.  
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Figure 3.3 Examination of protein-ligand binding for PSL and RetSperi. (Top) 

elution profile of crude carbohydrate extract of the growth medium (3L) 

of P. aeruginosa psl-inducible strain WFPA801 on a Sephadex G-50 column. 

Fractions B and C contain PSL polysaccharide with ∼3–5 and ∼1–2 penta-saccharide 

repeating units respectively. (Bottom) DSF experiments aimed at examining the 

ligand binding properties of the RetSperi with three fractions. Blue: 10μM RetSperi 

without a ligand for control (Tm: 49.7°C); Orange/Green: 10μM RetSperi with 

100μM PSL-B/C (equivalent to 100μM mono-mannose) (Tm: 49.8°C); Red: RetSperi 

with 100μM PSL-A (equivalent to 100μM mono-mannose) (Tm: 42°C).  

 86



a) 

-20

-15

-10
-5

0

5

10
15

20

25

30
35

40

45

190 195 200 205 210 215 220 225 230

wavelength(nm)

m
de

gr
ee

RetSperi
RetSperi+20μM_A
RetSperi+60μM_A
RetSperi+180μM_A
RetSperi+20μM_C
RetSperi+60μM_C
RetSperi+180μM_C

el
lip

tic
ity

(m
de

gr
ee

)  

 

 

 

 

 

 

b)   

   

 

 

 

 

 

Figure 3.4 Signaling role of PSL overexpression (a) Far-UV circular dichroism (CD) 

spectra of 10μM RetSperi in the absence (dark blue) and presence of PSL-A (A) or 

PSL-C (C). The experiments were performed at 4 °C. (b) qPCR (real-time PCR) 

experiment to determine the effect of psl overexpression to the rsmZ gene expression 

level. Cell cultures were supplemented with 0.4% or 0.8% arabinose (zero for control) 

to achieve different levels of psl overexpression. Each culture was inoculated from 

O.D.600nm at 0.05 and allowed to grown at 37 °C for 6 hours before RNA isolation. 

The rpoD gene was used as the reference gene for gene expression normalization. 
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Figure 3.5 Ligand screening aimed at identifying signaling-effective RetSperi 

ligands using commercial biofilm inhibitors. (a) DSF-based ligand screening using 

the 21-compounds biofilm-inhibitor library. One compound has been identified that 

could shift RetSperi (10μM) melting temperature from 48.9°C (Blue: RetSperi with 

DMSO) to 46.1°C (Green: RetSperi with compound). The formula of this compound is 

indicated above (compound ID in Chembridge: 34600076). (b) Congo red biofilm 

assay to measure EPS production for target cultures. Wild type PAO1 transformed 

with empty pSK vector was used as a control. The retSperi deletion mutant was used to 

test if the compound has an impact on RetSperi involved signaling. In the experiments, 

each culture was supplemented with DMSO (control) or 30 μM 34600076 (in DMSO 

solution).   
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Figure 3.6 In vitro cysteine-crosslinking results to probe the RetSperi dimerization 

interface. (a) PYMOL-generated cartoon representation of the RetSperi structure. The 

labeled residues close to each putative dimer interface are selected for cysteine 

introduction sites. (b) each cysteine variant was purified and subjected to crosslinking 

using the cysteine-cysteine crosslinker BMOE (8Å spacer). The wild type 

cysteine-less RetSperi was used as a negative control. The crosslinking reactions were 

incubated at room temperature for 30 minutes and the results were examined by 

SDS-PAGE. The protein ladder and target protein bands were stained by a fluorescent 

oriole solution.  
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Figure 3.7 Effect of single cysteine introduction into RetSperi on EPS production. 

PCR based mutagenesis was carried to construct the expression vector carrying 

corresponding single cysteine mutations. Each RetS variant was expressed in the 

PAO1 ΔretS strain. The complementation strain was used as an experimental control 

(blue).  
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Figure 3.8 Examination of EPS production in single cysteine mutants with 

cysteine-crosslinker BMOE. The congo red experiments followed standard protocol 

with the only difference that the membrane-permeable cysteine-cysteine crosslinker 

BMOE was applied in this assay (DMSO was used for control experiments). 
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Figure 3.9 In vivo mutational analysis targeting the putative RetSperi ligand 

binding site. (a) The labeled residues represent the two putative ligand binding sites 

of RetSperi. (b) Each mutant was tested in the congo red assay. The complementation 

strain was used as an experimental control. None of these single mutations in RetSperi 

affected EPS production.  
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Chapter Four 

Study the Functional Role of Cytoplasmic Domains  

of RetS in Biofilm Formation 
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ABSTRACT 

The current model for RetS-GacS signaling in P. aeruginosa posits that RetS 

does not utilize the conserved two component system (TCS) signaling mechanism to 

inhibit GacS induced biofilm formation. Instead, RetS is though to form a 1:1 protein 

complex with GacS, thereby blocking autophosphorylation of the latter protein. 

Expanding this model, we proposed that ligand binding disrupts the 

homo-dimerization of RetSperi to assist RetS-GacS hetero-dimerization. However, this 

RetS-GacS signaling mechanism has never been identified or described in any other 

two component systems. Moreover, our previous study targeting RetSperi does not 

support the current hypothesis. Therefore, to uncover the cellular signaling 

mechanism for RetS, we exmained the cytoplasmic domains of RetS in this chapter to 

reveal the specific functional role of RetS-GacS complex formation in biofilm 

formation. Specifically, we sought to determine if the histidine and aspartate residues 

of RetS that would normally be associated with autophosphorylation and phosphate 

transfer in signaling kinases are required for EPS production regulation. Moreover, we 

will attempt to characterize the interaction between RetS and GacS kinase domains in 

vitro with the aim to uncover the structural basis for RetS-GacS signaling.   
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Introduction 

P. aeruginosa utilizes two component systems (TCSs) to switch the gene 

expression between TTSS and biofilm formation (5, 12). In response to an 

environmental signal, the histidine kinase (HK) requires the homo-dimerization to 

achieve “trans”-autophosphorylation at a conserved histidine residue (4). The 

response regulator (RR) subsequently receives the phosphoryl group at a conserved 

aspartate residue from its cognate HK. This phosphorylation in turn results in the 

change of the DNA binding affinity or the enzymatic activity of the RR. A 

TCSs-involved signal transduction pathway that is responsible for gene expression 

regulation has been well characterized in P. aeruginosa (14). In this pathway, the 

hybrid sensor kinase RetS inhibits its downstream histidine kinase GacS and in turn 

represses biofilm formation while upregulating TTSS expression (1, 6, 14).  

RetS is an unusual hybrid sensor kinase not only because it possesses a 

non-typical domain architecture but also because it is proposed to utilize a unique 

signaling mechanism (6, 9). RetS does not control the gacS gene transcription (1, 6). 

With the discovery that RetS and GacS can physically bind both in vitro and in vivo, 

Goodman et. al proposed that RetS and GacS form a 1:1 complex, which causes 

disruption of the GacS homo-dimer and in turn blocks GacS kinase activity (4, 6). 

According to this model, we have proposed a hypothesis for the functional role of 

RetS sensory domain in this particular signaling pathway (11). However, this 

protein-protein interaction mechanism has not been identified or described in any 

other TCSs. Besides, we observed an opposite phenotypic change than we would have 

predicted when the RetS sensory domain (RetSperi) was deleted (described in chapter 

three).  

The previous mutational analysis of RetS by Laskowski that the hisitidine 

residue in the kinase domain and the the aspartate residue in the second respose 

regulator domain of RetS are involved in TTSS regulation in a biofilm-deficient strain 
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PA103 (10). On the other hand, Goodman has shown that the conserved phosphorelay 

residues in RetS do not affect the expression of the small regulatory RNA RsmZ, 

which is part of RetS/GacS signaling pathway and favors biofilm gene expression (6). 

To further probe the signaling mechanism, we assessed the functional role of the RetS 

intrinsic phosphorelay activity in the regulation of the biofilm phenotype, such as 

exopolysaccharide production (9, 15). To this end, we applied mutational analysis 

targeting the conserved histidine residue and aspartate residues in the HK and RR 

domains respectively combined with a biofilm functional assay in this study. 

Interestingly, only the single mutation on the conserved histidine residue in the RetS 

HK domain causes a moderate increase of biofilm EPS production. With the fact that 

RetS is able to inhibit GacS phosphorylation and dephosphorylate phosphorylated 

GacS (GacS-P) (6), we propose an alternative hypothesis for RetS-GacS signaling: 

RetS kinase domain acts as a phosphatase to dephosphorylate GacS-P and thus blocks 

GacS kinase activity. To test this hypothesis, targeting the putative phosphatase 

activity of RetS kinase domain, a mutational analysis has been carried out in this 

study (4).  

Finally, the stoichiometry of the RetS-GacS complex is an important piece of 

information for understanding RetS-GacS signaling. It has been demonstrated that 

RetS HK domain is sufficient for RetS-GacS interaction and inhibition of GacS 

phosphorylation. Therefore, we seek to determine the complex structure of RetS and 

GacS kinase domains with the aim to uncover the molecular basis for signaling 

mechanism between RetS and GacS.   
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Materials and Methods 

Construction of plasmids containing either retS or retS mutant genes, 

transformation to Pseudomonas aeruginosa and congo red biofilm assay 

     All the mutants used in this chapter are constructed in same manner as for the 

mutants used in chapter three. The subsequent congo red biofilm experiments also 

follow the protocol described in chapter three.  

Cloning, expression and purification of the RetS kinase domain and the GacS 

kinase domain 

The domain architectures of both RetS and GacS were predicted using Pfam 

protein-families database as reference (3). The boundaries of RetS kinase domain 

(RetSkin) ancomapassing residues 393-649 were marked by the 7th transmembrane 

helix at the N-terminus and the first response regulator domain at the carboxyterminal 

end. The N-terminus GacS kinase domain (GacSkin) encompassing amino acids 

218-520 is marked by the hydrophilic section of the HAMP domain and the ATPase 

domain at its corboxy-terminal end (figure 4.1). The following procedures were 

applied to RetSkin and GacSkin in same manner. The gene fragment coding for each 

domain (RetS393-649, GacS218-520) was PCR-amplified from P. aeruginosa PAO1 

genomic DNA. During PCR, a tobacco etch virus (TEV) protease recognition site and 

the appropriate recombination sites (attB1 and attB2) were added for Gateway cloning 

(11). Subsequently, each amplicon was recombined into pDONR201 (Invitrogen) to 

produce the plasmid pDONR201-RetS393-649 and pDONR201-GacS218-520. After 

verifying the nucleotide sequence via DNA sequencing, each target gene was 

recombined into the destination vector pDEST-HisMBP to create the expression 

vector pDEST-HMBP-RetS393-649 and pDEST-HMBP-GacS218-520 (11). Each 

expression vector is designed to produce RetSkin or GacSkin fused to the 

carboxy-terminal end of amino-terminally hexahistidine-tagged E. coli maltose 

binding protein (MBP). 
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RetSkin and GacSkin were expressed and purified in same manner. A single 

colony of E. coli BL21(DE3) CodonPlus RIL cells (Stratagene, La Jolla, CA) 

containing the expression plasmid were used to inoculate overnight at 37°C in Luria 

broth (LB) culture containing 100 μg/mL ampicillin and 30 μg/mL chloramphenicol. 

75ml overnight culture was then diluted 40-fold into 3L of fresh medium 

supplemented with 2g/L glucose. When the cell density reached the midlog phase 

(OD600 = 0.6), the temperature was reduced to 27°C and 

isopropyl-β-D-thiogalacto-pyranoside (IPTG) was added to a final concentration of 

1mM. After 4 hours, cells were harvested by centrifugation at 5500g for 15 min.  

All of the following steps were carried out at 4°C. Cells were resuspended using 

a buffer containing 50 mM Tris-HCl, 150 mM NaCl, 25 mM imidazole, pH 7.4, 1mM 

DTT, and 0.3mM phenylmethanesulfonyl fluoride (SIGMA P7626-5G ) (buffer A) 

(5mL of buffer per gram of cell mass). Cells were lyzed through sonication and 

insoluble debris removed by centrifuging the cell extract at 40,000g for 30 min. The 

supernatant was filtered through a 0.45 μm polyethersulfone membrane and loaded 

onto to a 30 mL Ni-NTA chromatography column (Qiagen, Valencia, CA) 

pre-equilibrated in buffer A. The column was washed to baseline with buffer A and 

eluted with a linear imidazole gradient to 250 mM over nine column volumes. Peak 

elution fractions were combined and 1.5 mg of His-TEV(S219V)-Arg protease were 

added to for every 10 mg of total protein to execute the cleavage of His-MBP. The 

TEV protease-digest reaction mixture was dialyzed overnight into buffer A. After 

dialysis, the protein solution was filtered and applied to a 40-mL Ni-NTA Superflow 

column (Qiagen) pre-equilibrated with buffer A. Flow-through fractions containing 

either RetSkin or GacSkin were pooled. Peak fractions were concentrated and loaded 

onto a HiPrep 26/60 SuperdexTM200 prep grade column (GE Healthcare), 

pre-equilibrated in a buffer of 25 mM Tris-HCl, 135 mM NaCl, 2mM tris 

(2-carboxyethyl) phosphine (TCEP) and 2.5% glycerol, pH 7.4 (buffer B). Each 

 98



protein was judged to be >95% pure by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE).  

Circular dichroism experiments to test ATP* (noncleavable ATP analog) binding 

Both RetSkin and GacSkin were prepared in buffer B at a concentration of 10μM. 

Uncleaveable ATP analog (ATP*) was dissolved in pure water to 50mM concentration 

and titrated into protein samples. The instrument and parameters for circular 

dichroism experiments were the same as those used in chapter three. Protein buffer 

backgrounds with or without ATP* were subtracted from the protein spectra to 

generate the final data. 

Crystallization of GacSkin and RetSkin 
High-throughput crystallization screening was conducted in the sitting-drop 

format by combining a solution of either 4mg/ml RetSkin (with or without ATP*) or 

GacSkin in buffer B with commercially available crystallization matrices at volume 

ratios of 3:1, 1:1, and 1:3, where the protein solution was maintained at a constant 

volume of 0.3 μL throughout. 
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Results and Discussion 

The conserved aspartate residues of the RetS response regulator domains are not 

required for regulating EPS production in PAO1 

Mutational analysis in conjunction with the biofilm congo red assay was utilized 

to assess the functional role of the conserved phosphorelay residues of RetS in biofilm 

formation regulation. Targeting the conserved histidine residue (His424) in the HK 

domain and aspartate residues (Asp713, Asp715, Asp858) in two RR domains, single 

alanine mutations were introduced into the retS gene (6). Corresponding RetS variants 

were expressed in PAO1∆retS in same way as as described in chapter three for wild 

type RetS.  In the subsequently performed congo red biofilm assays was none of the 

aspartate mutants showed a difference in EPS production compared to the mutant 

strain complemented with wild-type retS (figure 4.2). This result is consistent with the 

previous study by Goodman showing that mutations on these aspartates did not affect 

RsmZ expression level in the PAK strain (6). The H424A mutation in the HK domain, 

on the other hand, caused a slight higher rate of EPS production compared to that of 

the complementation strain (figure 4.2). This phenotype change is unlikely due to the 

change of RetS intrinsic phosphorelay activity because the mutations on RR domains 

do not impact biofilm EPS production. Therefore, this increased EPS production 

phenotype might be caused by the intrinsic phophatase activity of the HK domain in 

RetS (4).  

Is the phosphatase motif of the RetS kinase domain involved in the regulation of 

EPS production? 

    Previous studies have indicated that RetS may not only prevent GacS 

autophosphorylation but also actively dephosphorylate already phosphorylated GacS 

(6). Therefore, one potential explanation for the phenotype of the H424A mutant is 

that this mutation affects the intrinsic phosphatase activity of the HK in RetS (4). 

Sequence analysis indicates that the RetS kinase domain is a member of the HisKA 
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subfamily, which is one of the five HK families of sensor kinases, and this HiskA 

subfamily is characterized by a conserved HE/DXXT/N motif (7). The threonine 

residue (Thr) has been demonstrated to play an essential role in the phosphatase 

activity of EnvZ, a histidine kinase in E. coli (2). Therefore, to test our hypothesis we 

mutated corresponding Thr (T428) in RetS and examined effect of this mutation on 

biofilm formation regulation. To this end the RetS-T428A was expressed in 

PAO1ΔretS mutant followed by congo red biofilm assay. As shown by figure 4.2c, 

similar to the H424A mutant, the T428A mutant also exhibits a higher rate of EPS 

production phenotype compared to that of the complementation strain.  

This result implies that RetS kinase domain possesses phosphatase activity which 

has a functional role in EPS production regulation. This result suggests an alternative 

possibility for the functional role of RetS-GacS binding that it does not block GacS 

auto-transphosphorylation, but dephosphorylates GacS. This hypothesis is supported 

by Goodman’s data showing that RetS can reduce the phosphorylation level of 

phosphorylated GacS (GacS-P) (6).We seek to characterize the RetS-GacS interaction 

with the aim to uncover the molecular basis for RetS-GacS signaling mechanism. It 

has been demonstrated that the kinase domain of RetS (RetSkin) is sufficient to bind 

GacSkin and dephosphorylate GacS-P (6). So for subsequent studies, we target to 

RetSkin and GacSkin, instead of all cytoplasmic domains of these two proteins.   

Both purified RetSkin and GacSkin can bind ATP* 

Both RetSkin and GacSkin proteins have been successfully purified. As shown 

by figure 4.1, each construct contains intact ATPase domain and coil-coil region (4, 6). 

GacSkin also contains part of the HAMP domain. In order to determine if the 

purification products are properly folded and functional, we examined the ATP 

binding capability of purified RetSkin and GacSkin. To this end, circular dichroism 

experiments were applied for protein-ligand binding study. As indicated by figure 4.3, 

both RetSkin and GacSkin could bind noncleabable ATP (ATP)*. This result also 
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implies that the absence of a detectable kinase activity of RetS might be due to the 

deficiency of the ATP hydrolysis but not the ATP binding capability.  

Crystallization of RetSkin with and without ATP* 

To directly decipher the molecular basis for RetS-GacS signaling, we seek to 

determine the RetSkin-GacSkin complex structure, which will provide exact 

information for RetS-GacS interaction pattern. To use end, crystallization and 

crystallography strategy was applied. Preliminary crystals for both RetSkin with and 

without ATP* were obtained from condition F7 of the IndexHT screen (Hampton 

Research). Hit optimization was carried out using the hanging drop vapor diffusion 

method at room temperature (23°C) (figure 4.4). In the optimized conditions crystals 

for RetSkin was obtained from drops containing a 3:1 mixture (protein: precipitant) of 

10.5 mg/mL protein in buffer B and a crystallization solution composed of 

0.2M ammonium sulfate, 0.1M Bis-Tris (pH 6.54) and 25% w/v polyethylene glycol 

3350 (figure 4.4). 

Conclusion and discussion 

The single mutation on the HE/DXXT/N motif causes decreased biofilm EPS 

production. This result indicates that the potential phosphatase activity of RetS kinase 

domain might be involved in biofilm formation regulation in P. aeruginosa. Most 

histidine kinases possess both kinase and phosphatase activities. Lacking a detectable 

kinase activity, RetS kinase domain might exclusively acts as a phosphatase. We have 

shown in chapter three that deletion of the homo-dimerization domain RetSperi, which 

potentially weakens the RetS homo-dimerization, resulted in increased biofilm EPS 

production. Hence, it does not support the previous hypothesis that RetSperi regulates 

hetero-dimerization between RetS and GacS. Instead, an alternative possibility is that 

RetSperi controls the potential phosphatase activity of RetSkin via sensing 

environmental signals. We offer an alternative hypothesis for molecular basis of 

RetS-GacS signaling: RetS-GacS is a hetero-tetramer, which causes 
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desphophorylation of phosphorylated GacS via a novel mechanism.   

Finally, the structure determination for individual RetSkin and GacSkin as well 

as the RetSkin-GacSkin complex will help us to uncover the mechanism, whereby 

RetS inhibits the activity of GacS and downstream GacS/GacA signaling.   
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Table 4.1 Bacterial cells and plasmids 

 

Stain or plasmid Relevant Information 
Source/ 

Reference 

E. coli strains: 

BL21  DE3 CodonPlus RIL cells for 
protein expression 

Stratagene 

DH5α Only used for Gateway cloning 
procedures 

This study 

P. aeruginosa cells: 

PAO1 Wild type strain 13 

PAO1Δ retS PAO1 retS transposon insertion mutant 13 
PAO1Δ retS+ 

retS_pSK PAO1 retS complementation strain This study 

PAO1ΔretS+ 
retSH424A_pSK 

PAO1 retS complementation strain with 

alanine mutation on His424 
This study 

PAO1ΔretS+ 
retSD713A_pSK 

PAO1 retS complementation strain with 

alanine mutation on Asp713 
This study 

PAO1ΔretS+ 
retSD715A_pSK 

PAO1 retS complementation strain with 

alanine mutation on Asp715 
This study 

PAO1ΔretS+ 
retSD858A_pSK 

PAO1 retS complementation strain with 

alanine mutation on Asp858 
This study 

PAO1ΔretS+ 
retST428A_pSK 

PAO1 retS complementation strain with 

alanine mutation on Thr428 
This study 

Plasmids: 

pSK_retS pSK carrying wild type retS gene This study 

pSK_retSH242A pSK carrying reSH424A This study 

pSK_retSD713A pSK carrying reSD713A This study 

pSK_retSD715A pSK carrying reSD715A This study 
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pSK_retSD858A pSK carrying reSD858A This study 

pSK_retST428A pSK carrying reST428A This study 

 107



Table 4.2 primers (underlined sequences correspond to unique restriction sites 
utilized for cloning) 

Primer Sequence (5’ to 3’) Source/ 
Reference 

retS1006AscI_F CCAGCCGGCGCGCCTGATCGTTGCCGG
GATGATCGT This study 

retSH424A_F CAAGATCAGCGCCGAGATCCGCACGCC
CATGAAC This study 

retSH424A_R TGCGGATCTCGGCGCTGATCTTGGCCA
GGAACTC This study 

retS486_F ATGACCTCCAACCATCCGCTGATGGCC
TGGTTCGACCAGATCGAC This study 

RetSD713_F 
 

GGTCCTGCTCGCCCAGGACATGCCCGG
CATGACC This study 

RetSD713_R 
 

GCATGTCCTGGGCGAGCAGGACCACGT
CGAAGTA This study 

RetSD715_F 
 

GCTCGACCAGGCCATGCCCGGCATGAC
CGGCATG This study 

RetSD715_R 
 

TGCCGGGCATGGCCTGGTCGAGCAGGA
CCACGTC This study 

RetSD858_F 
 

GGTGCTGATGGCCTGCGAGATGCCGGT
TCTGGAC This study 

RetSD858_R 
 

GCATCTCGCAGGCCATCAGCACCAGGT
CGTACTG This study 

retST428A_F CGAGATCCGCGCGCCCATGAACGGCGT
GCTGGGC This study 

retST428_R CGTTCATGGGCGCGCGGATCTCGTGGC
TGATCTT This study 

-258retS_SacI-F ATCAGTGCGGAGCTCGTGCTCTGTGCC
ACCGCCATC This study 

RetSEndEcorRI_R ATCAGTGAATTCTCAGGAGGGCAGGGC
GTCG This study 

RetSkin_393F 
 

GTGGAGAACCTGTACTTCCAGGGTCTG
ATCCAGCAGCTCAACCTG This study 

RetSkin_649R GGGGACAACTTTGTACAAGAAAGTTGC
TCAGGCGGTGGGGTTCTCCAGCTG This study 

GacSkin_219F 
 

GTGGAGAACCTGTACTTCCAGGGTATG
GGCAGCAACGAGCTG This study 

GacSkin_520R 
 

GGGGACAACTTTGTACAAGAAAGTTGC
TCAGCCCGGCTCCTCGTTGTCGTC This study 
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Figure 4.1 Homology models for RetSkin and GacSkin. Cartoon depictions of 
homology models for RetS kinase domain (left) (RetS373-640) and the GacS kinase 
domain (right) (GacS270-511) generated with the SWISS-MODEL server using 
Thermotoga maritima class I histidine kinase HK853 (PDB ID: 3dge) and a tyrosine 
kinase from Caulobacter crescentusas (PDB ID: 4ew8) as the modeling templates, 
respectively. The putative ATP binding sites of both structures are presented by the 
ADP residue shown by a stick style in blue color. 

 109



a) 
 
 

 

 

0.9

0.95

1

1.05

1.1

0 4 8 12 16 20
Time(hours)

A
bs

or
ba

nc
e@

49
0n

m

PAO1ΔretS+retS_pSK
PAO1ΔretS+retSH424A_pSK
PAO1ΔretS+retSD713A_pSK
PAO1ΔretS+retSD715A_pSK
PAO1ΔretS+retSD858A_pSK

b)  
 
 
 
 
 
 
 
 

0.9

0.95

1

1.05

1.1

0 4 8 12 16 20
Time(hours)

A
bs

or
ba

nc
e@

49
0n

m

PAO1ΔretS+retS_pSK

PAO1ΔretS+retSH424A_pSK
PAO1ΔretS+retST428A_pSK

c)   
 
 
 
 
 
 
 
 
Figure 4.2 The signaling role of phosphorelay residues of RetS in biofilm EPS 

production regulation. (a) Schematic of the domain architecture of RetS wherein the 

conserved residues that might be involved in phosphorelay marked. (b) To assess the 

functional role of RetS intrinsic phosphorelay activity in biofilm EPS production 

regulation a congo red assay analysis was performed on the retS-mutant strain 

transformed with expression plasmids for expressing either wild-type retS or the 

different point mutants in trans. (c) The examination of the functional role of the 

putative phosphatase residues H424 and T428 in biofilm EPS production regulation. 
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Figure 4.3 Examination of ATP-binding for RetSkin and GacSkin. Far-UV 
circular dichroism (CD) spectra of 10μM RetSkin or GacSkin in the absence (blue) 
and presence of ATP* (red) were collected. The experiments were performed at 4 °C. 
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 a)                             b)  

   

 

 

 

 

c) 

 

 

 

 

 

Figure 4.4 Crystallization of RetSkin with and without ATP*. Crystals in a) were 

obtained by sitting-drop crystallization method using 4mg/mL protein with 

crystallization condition JCSG F7 (0.8M succinate, pH 8.0). Crystals in b) and c) 

were produced by hanging-drop using 10mg/mL protein (with 2mM ATP* in c) with 

optimized crystallization condition Index F7 (0.1mM Bis-Tris, pH6.5, 0.25M 

ammonium sulfate, 25% PEG3350).  
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Chapter Five  

Final Discussion
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The chronic infections by Pseudomonas aeruginosa are the major cause of high 

mortality and morbidity among more than 80% cystic fibrosis patients (6). There is a 

strong interest in looking for effective therapies. The chronic infections by P. 

aeruginosa are strongly associated with biofilm formation, which consists of bacterial 

cells protected by an exopolysaccharide-rich matrix thus leading to higher levels of 

resistance to anti-microbial agents compared to the planktonic form of the bactium(9). 

The ultimate goal of our work is to develop a strategy aimed at repressing biofilm 

formation-associated gene expression in Pseudomonas aeruginosa.  

In P. aeruginosa, the two-component system (TCS) hybrid sensor kinase RetS 

significantly represses biofilm formation by interacting with the downstream TCS 

histidine kinase GacS, which promotes biofilm gene expression (4, 3). Although RetS 

possesses a conserved TCS domain architecture and conserved phoshorelay residues 

(3), the signaling mechanism for this protein has been suggested to be unusual (4). We 

have shown that the mutations in the phosphorelay residues in RetS response 

regulator (RR) domains do not result in any change to either the biofilm EPS 

production (chapter four) or biofilm-associated RsmZ expression (4). While data from 

the Kazmierczak group revealed that the second RR domain of RetS is required for 

virulence in a mouse model of acute pneumonia, the exact signaling role of RetS RR 

domains remains unknown.  

RetS is an appealing kinase to medical community because it contains a potential 

drug-target domain (RetSperi), which is putatively essential for RetS signaling (2, 8). 

Unfortunately, all of our attempts to identify signaling-effective ligands for RetSperi 

have been unsuccessful. Moreover, our experimental results show that single 

mutations on the putative ligand binding sites of RetSperi had no impact on biofilm 

EPS production. One explanation for this result is that the natural ligand of RetSperi 

does not exist in our congo red biofilm assay, implying that either the ligand comes 

from host human cells infected by P. aeruginosa or the availability of the signal for 

RetS requires the bacterial-host contact. This might explain why overexpression of 

PSL exopolysaccharide, which is one key component of biofilm matrix in unmucoid P. 

aeruginosa strain (1, 7), did not affect the expression level of the small regulatory 
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RNA RsmZ (chapter three).  

It has been shown that RetS is not capable of autophophorylation. However, this 

is unlikely caused by the ATP-binding deficiency of RetS kinase domain as shown by 

chapter four. Whether the unsuccessful detection of RetS kinase activity is due to 

ATP-hydrolysis deficiency or the absence of RetS sensory domain in the reported 

phosphorylation experiments is unclear (2, 4). Based on the novel RetS-GacS 

signaling model, two different groups including ours proposed the same hypothesis 

for the signaling role of RetSperi. Subsequently, we have developed experimental 

strategies to test these hypotheses. However, as described in chapter three, the impact 

of deleting of RetSperi on biofilm EPS production was opposite to what we had 

expected (4). Introducing single cysteine residues that were able to enhance in vitro 

RetSperi homo-dimerization did also not produce changes in the EPS production 

phenotype. Therefore, we question the veracity of the current model for the 

RetS-GacS signaling mechanism. In addition, along with the data showing that RetS 

(or RetS kinase domain-RetSkin) block GacS (or GacS kinase domain-GacSkin) 

autophosphorylation, Goodman with colleagues have also shown that RetS or RetSkin 

was able to dephosphorylate the phosphorylation-state GacS or GacSkin (4). Hence, 

considering the RetSkin has an intrinsic phosphatase activity (2, 5), we hypothesize in 

chapter four that RetSkin serves as a phosphatase for GacSkin when the RetS-GacS 

complex forms. It has been described that the equilibrium between the kinase activity 

and the phosphatase activity is tuned by signal sensing on sensor kinases (2). This 

notion might explain the slightly faster biofilm EPS production in the putatively 

phosphatase-deficient mutants considering a RetSperi ligand is probably absent in our 

congo red assay. This possibility leads to an alternative hypothesis for RetSperi 

signaling role that is proposed in chapter four. This hypothesis can be used to explain 

why deletion of RetSperi resulted in an increased biofilm-EPS production phenotype 

(chapter three). 

Finally, according to this alternative hypothesis, dephosphorylation of GacS by 

RetS does not require the disruption of GacS homo-dimerization. Future experiments 

will examine the oligmeric state of RetS-GacS complex to test this model. This work 
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will be enhanced by ongoing structure-determination studies aimed at understanding 

the molecular basis for the RetS-GacS interactions and revealing the unique structural 

features of the RetS kinase domain.
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Abstract 

Bacillus anthracis produces metabolically inactive spores. Germination of these 

spores requires germination-specific lytic enzymes (GSLEs) that degrade the unique 

cortex peptidoglycan to permit resumption of metabolic activity and outgrowth. We 

report the first crystal structure of the catalytic domain of a GSLE, SleB. The structure 

revealed a transglycosylase fold with unique active site topology and permitted 

identification of the catalytic glutamate residue. Moreover, the structure provided 

insights into the molecular basis for the specificity of the enzyme for 

muramic-δ-lactam-containing cortex peptidoglycan. The protein also contains a 

metal-binding site that is positioned directly at the entrance of the substrate-binding 

cleft. 

 

 

Abbreviations: 

Cwlj, cell wall hydrolase j; DTT, dithiothreitol; EGTA, ethylene glycol tetraacetic 

acid; GSLEs, germination-specific lytic enzymes; MAD, multiple wavelength 

anomalous dispersion; MBP, maltose-binding protein; NAG, N-acetylglucosamine; 

NAM, N-acetylmuramic acid; Ni-NTA, nickel–nitrilotriacetic acid; PG, peptidoglycan; 

SleB, spore cortex lytic enzyme B; SleBCAT, catalytic domain of SleB. 
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Introduction 

Bacterial endospores can survive in a metabolically dormant state for many years 

and exhibit extreme resistance to a wide range of killing agents (24). Dormancy and 

most resistance properties are dependent on the relative dehydration of the spore core 

(cytoplasm), and this dehydration is dependent on the presence of the spore cortex 

peptidoglycan (PG) wall surrounding the core (24). When spores sense a favorable 

growth environment and initiate germination, they must degrade the cortex PG as an 

essential step to allow full core rehydration and a resumption of metabolism (21, 

23).  The germination-specific lytic enzymes (GSLEs) responsible for cortex 

degradation are produced during spore formation and are held in a highly stable yet 

inactive state during spore dormancy. The mechanism by which GSLEs are held 

inactive, their mechanism of activation, and the molecular basis for their specificity 

for the cortex PG are of basic as well as applied interest. Treatments that activate 

GSLEs result in a loss of spore resistance properties (14). A method of triggering 

highly efficient and synchronous activation of GSLEs would therefore greatly 

simplify spore decontamination measures, which is relevant for clinical spaces, food 

preparation facilities, and anti-bioweapon development. 

The GSLE SleB has been shown to play a key role in the germination of spores 

of several Bacillus species (2, 10, 18), and sleB genes are highly conserved across 

the Bacillus genus as well as in some Clostridium species (20). SleB is produced 

within the developing spore with a signal peptide that is cleaved following SleB 

translocation across the spore membrane (17, 18, 19). SleB then remains inactive 

within the same spore compartment as the cortex PG and is activated during 

germination. Active SleB functions as a lytic transglycosylase to depolymerize the 

cortex PG (2, 10). SleB and other GSLEs exhibit specificity for PG containing the 

modified sugar muramic-δ-lactam (4, 5, 21), which is found only within spore cortex 

PG (26). 

In addition to its catalytic domain (pfam07486) (13), SleB possesses an 

N-terminal PG-binding domain (pfam01471) (11, 18, 19), which increases its affinity 
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for PG and its rate of PG cleavage although it is not required for either role 

(11). Interestingly, a second GSLE, CwlJ, possesses significant sequence similarity 

with the catalytic domain of SleB but lacks the PG-binding domain (13). 

To begin characterization of SleB substrate recognition and cleavage factors, we 

have determined the crystal structure of the catalytic domain of Bacillus 

anthracis SleB (SleBBCAT) to a resolution of 1.9 Å. Although it shares some features 

with other transglycosylases, SleBCATB  displays a unique binding cleft topology 

reflective of its unusual specificity for muramic-δ-lactam-containing PG. The 

structure also revealed the catalytic glutamate residue and led to the unexpected 

discovery of a metal binding site, which is conspicuously positioned at the entrance of 

the substrate-binding pocket. 
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Materials and Methods 

Expression and purification of SleB and SleBCAT

The expression vectors and protocols used for full-length SleB and SleBCAT were 

identical to those used in a previous study (11) with minor modifications. Protein 

expression was induced at 20°C rather than 10°C. Cells were resuspended in 5 mL 

buffer A (50 mM Tris-HCl, 150 mM NaCl, 25 mM imidazole, pH 7.4), 1 

mM dithiothreitol (DTT), and 0.3 mM phenylmethanesulfonyl fluoride (Sigma) per 

gram cells. Cell lysis via sonication was followed by centrifugation at 40,000g for 30 

min. The supernatant was filtered through a 0.45-μm polyethersulfone membrane and 

loaded onto to a 30-mL nickel–nitrilotriacetic acid (Ni-NTA) Superflow column 

(Qiagen) pre-equilibrated in buffer A. The column was washed with buffer A and 

eluted with a linear imidazole gradient to 250 mM. Cleavage of the HisMBP fusion 

proteins was achieved by adding a variant of Tobacco Etch Virus protease, 

His-TEV(S219V)-Arg (1.5 mg TEV/10 mg of total protein) to the pooled peak 

fractions. The reaction mixture was dialyzed overnight into buffer A. Subsequently, 

the protein solution was filtered and applied to a 40-mL Ni-NTA Superflow column 

(Qiagen) pre-equilibrated with buffer A. Flow-through fractions containing the SleB 

or SleBCAT were dialyzed overnight into 50 mM Tris, 50 mM NaCl, pH 7.5, and 2 

mM DTT with 2.5% glycerol (buffer B). The sample was then applied to a 10-mL 

Heparin column (GE Healthcare) pre-equilibrated with buffer B and was eluted with a 

linear gradient to 0.5M NaCl. Peak fractions were concentrated and loaded onto a 

HiPrep 26/60 Superdex™200 prep grade column (GE Healthcare) pre-equilibrated in 

a buffer of 25 mMTris-HCl, 150 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine, and 

2.5% glycerol, pH 7.4 (buffer C). The protein was judged to be >95% pure by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis.  

Cloning, expression, and purification of selenomethionine-substituted 

SleBCAT and SleBCAT L143M

As the single methionine in the native sequence of SleBCAT proved insufficient 

for structure solution, a second methionine was introduced in position 143 via 
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site-directed mutagenesis using the following primers: 5′-TGATATTCAGAT 

GATGGCAAACGCAGTATATGGA-3′ and 5′-CGTTTGCCA 

TCATCTGAATATCATTTTGAGAATA-3′. After sequencing, the modified plasmid 

was transformed into Escherichia coli BL21 (DE3) CodonPlus RIL cells (Stratagene, 

La Jolla, CA) for protein expression. 

To prepare selenomethionine-substituted SleBBCAT or SleBCAT L143M, cells 

obtained from a 1 L of mid-log phase culture (prepared as described above) were 

washed twice in 100 mL of M9 selenomethionine growth media (Medicilon). The 

cells were resuspended in 100 mL of M9 selenomethionine growth media and used to 

inoculate four 1-L cultures containing M9 selenomethionine growth media and 

antibiotics. These cultures were grown with agitation at 37°C until the 

OD600nm reading reached 0.5. Protein expression and purification followed the same 

procedures as described above. 

Crystallization of native SleBCAT and SleBcat L143M

Crystallization screening in the sitting-drop format produced an initial hit from 

condition F7 of the IndexHT screen (Hampton Research). Hit optimization was 

carried out using the hanging drop vapor diffusion method at room temperature 

(23°C). Diffraction quality crystals for both native SleBCAT and 

SeMet-SleBCAT L143M were obtained from droplets containing a 1:1 mixture of 2.5 

mg/mL protein and a crystallization solution composed of 0.2M ammonium sulfate, 

0.1M Bis-Tris (pH 5.8) and 15% w/v polyethylene glycol 3350. 

Data collection, structure solution, and refinement 

Crystals were loop-mounted after they had been soaked in a cryosolution 

consisting of crystallization stock solution supplemented with either 10 or 12.5% 

glycerol, and subsequently flash-frozen in liquid nitrogen. All data sets were collected 

at beamline X-29A of Brookhaven National Laboratory using an ADSC Q315 CCD 

detector. The CCP4 program suite (15) was used for data processing. 

Multiple wavelength anomalous dispersion (MAD) data collection (12) of the 

SleBCAT L143M variant crystal yielded excellent electron density maps used for model 
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building. Selenium atom search, initial phase calculation, density modification, and 

automated model building were all completed in the PHENIX program suite 

(1). Iterative cycles of manual model adjustment using COOT followed by refinement 

in PHENIX converged to produce the final structures. Detailed statistics for data 

collection, experimental phasing, and model refinement are summarized in table 6.1. 

The model quality was validated using Procheck (16). The coordinates for the two 

molecules in the asymmetric unit have been deposited with the Protein Data Bank 

(pdb code 4FET). 

Construction of active site mutant and assay of SleB function 

To create the sleB E151A allele in which the catalytic glutamate is changed to an 

alanine, PCR-based site-directed mutagenesis was carried out using the following 

primers: 5′CTCATG GCAAACGCAGTATACGGAGCGTCTCGTGG TG3′ and 

5′CACCACGAGACGCTCCGTATACTGCGTTT GCCATGAG3′. The alteration 

was made to the sleB gene in plasmid pDPV346 (10). The resulting plasmid 

pDPV430 was introduced into strain DPBa74 (9) to test if the altered protein allows 

completion of spore germination. Spores were plated in the presence and absence of 

lysozyme as described previously (9). 
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Results 

Structure solution and overall fold of SleBCAT

Following an unsuccessful attempt to crystallize the full-length SleB, we focused 

on the structure of the catalytic domain encompassing residues 125–253 of the 

enzyme. We were unable to solve the structure by molecular replacement and 

therefore a MAD phasing strategy was employed. Ultimately, data collected from 

crystals of the selenomethionine-substituted SleBBCAT L143M variant permitted modeling 

of the two virtually identical molecules in the asymmetric unit. Cartoon and solvent 

accessible surface representations of one molecule are shown in figure 6.1. The 

completed models made it immediately obvious why molecular replacement had not 

been successful: While there is a good structural correspondence between the 

SleB

 

CAT and the structures of other transglycosylases for a core region encompassing 

helices H1, H2, and H5, the overall structure of SleBCAT is distinct, particularly with 

respect to the topology of the active site. H1 contains the conserved catalytic residue, 

which is positioned at one end of the active site cleft by the other two core helices. In 

addition, the large H2 helix also forms the floor of this cleft. Beyond this minimal 

structural conservation, a search of the protein data bank for related structures 

produced only a single protein with more extensive structural homology to 

SleBCAT belonging to the lytic PG transglycosylase YceG (pdb code 2R1F). 

The root-mean-square-deviation for the backbones of the 47 overlapping amino acids 

was 2.5 Å (figure 6.2). SleB

 E. coli 

CAT has an approximately globular shape, measuring ∼46, 

36, and 30 Å along its three longest perpendicular axes. Although primarily an 

α-helical protein, a large portion of the active site is formed by a three-stranded 

antiparallel β-sheet, also preserved in YceG. The 15 Å-deep active site cleft measures 

about 27 Å end-to-end; its width varying between 10 and 13Å over the length of the 

cleft. 

Identification of the catalytic glutamate residue of SleB and CwlJ 

The active site clefts of PG transglycosylases contain five or more subsites for 

binding ring-shaped carbohydrate moieties. For instance, the bacteriophage φKZ 
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enzyme gp144 contains five subsites −4 to +1 and cleavage occurs between 

the N-acetylmuramic acid (NAM) and the NAG moieties bound in sites −1 and +1 

(7). The mechanism whereby lytic transglycosylases catalyze the generation of the 

characteristic 1,6-anhydromuramic acid product is not fully understood. According to 

the currently held model, the cleavage reaction requires a single glutamate and 

the N-acetyl group of the NAM moiety bound to the −1 subsite (7, 22). Cleavage is 

initiated by the N-acetyl oxygen, which carries out a nucleophilic attack on the 

C1-atom of the NAM group. The glutamate is believed to stabilize the first transition 

state of the reaction by donating a proton to the forming hydroxyl group of the 

departing NAG moiety. The glutamate is also thought to stabilize the second 

transition state when the C6-hydroxyl of the terminal NAM moiety displaces 

the N-acetyl oxygen at the C1 position to give the final product (figure 6.2). 

The low degree of sequence similarity between SleB and other lytic 

transglycosylases where the catalytic glutamate had already been identified prevented 

the determination of the catalytic residue of SleB until now. However, the 

functionally similar enzymes display a higher degree of conservation at the tertiary 

structure level. Therefore, a least-square superposition of the SleBCAT structure with 

Slt-70 (25), bacteriophage φKZ lytic transglycosylase gp144 (7) and the to-date 

unpublished but pdb-deposited structure of a lytic transglycosylase YceG 

from E.coli precisely overlaid residue E151 of SleB with glutamates in the other 

enzymes. In all cases, this residue is strictly conserved and positioned near one end of 

the large substrate-binding cleft at the very end of a large helix. The essential role of 

this positionally conserved glutamate in catalysis has been confirmed for both gp144 

and Slt-70 (7, 25). A second glutamate, E-155 in SleBCAT, is also conserved among 

SleB-type enzymes and is positioned in a loop region that marks the edge of the 

binding cleft, suggesting that this residue might form part of the +1 site required for 

NAG binding. 

We created a version of sleB in which the catalytic E-151 was changed to an 

alanine and tested for SleB function in allowing completion of germination. Spores 

lacking cwlJ1 and sleB are unable to complete germination and form colonies 
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(10) (table 6.2). Complementation with a plasmid bearing sleB restores function, but 

the same plasmid bearing sleB E151A did not. The ability of a limited application of 

external lysozyme to rescue these spores' colony-forming ability indicates that their 

germination defect is in cortex degradation. 

In addition to SleB, B. anthracis produces a second GSLE specific for the 

cleavage of cortex PG, CwlJ1 (10). Functionally redundant with SleB, this enzyme 

possesses no PG-binding domain but its catalytic domain displays 40% sequence 

identity with SleB. CwlJ1 features a close succession of three glutamate residues in 

the region that likely contains the catalytic amino acid, making its identification 

complicated. However, the close similarity of CwlJ1 and SleB sequences allowed the 

construction of a homology model of CwlJ1, which in turn enabled us to predict that 

E21 mediates catalysis in this enzyme, whereas E23 and E25 are likely involved in 

NAG binding in the +1 site. 

Conserved and unique features of the PG-binding cleft of SleBCAT

SleBCAT displays a number of unique structural features beyond the conserved 

positions of a core of three helices. The structure most similar to SleBCAT is that of the 

YceG enzyme from E. coli. Therefore, we focused our analysis of the 

carbohydrate-binding cleft on a comparison of these two proteins. As E. coli does not 

produce muramic-δ-lactam-containing PG, this comparison was particularly helpful 

with discerning between universally conserved features of the SleBCAT active site and 

features that are potentially reflective of the unique substrate specificity of SleB. 

Characteristic of carbohydrate-binding sites, the binding clefts of both enzymes are 

lined with a number of aromatic amino acids. figure 6.3a shows the superposition of 

SleBCAT and E. coli YceG. figure 6.3c shows the side chains of residues that are 

structurally conserved. SleBCAT residues F190 and F232 of the E. coli enzyme are also 

included because their side chains occupy a very similar space in the pocket although 

they are not related at the primary structure level. Similarities in the folds of the two 

proteins and in the topologies of the binding clefts are particularly pronounced near 

the catalytic residues. This is consistent with the fact that the substrates of the two 

enzymes do not differ in the regions that bind to subsites −2, −1, and +1. A 
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fascinating aspect about GSLEs is the question of how these enzymes achieve 

specificity for the muramic-δ-lactam moiety that binds in the −3 site. Figure 6.3d is an 

extension of figure 6.3c to now include the side chains of residues that are present in 

SleBCAT but not in the E. coli enzyme. Intriguingly, these residues are clustered 

around a relatively small part of the binding pocket. To determine if this region of 

SleB is responsible for muramic-δ-lactam recognition, we attempted to cocrystallize 

SleBCAT with a tetrasaccharide muropeptide containing muramic-δ-lactam 

(Muropeptide Q, Tetrasaccharide-Ala in Ref (10)), which was similar to a SleB 

product. As this was unsuccessful, we examined the ligand-binding modes in the 

complexes of the related bacteriophage gp144 enzyme with chitotetraose and of E. 

coli transglycosylase SLT70 in complex with the inhibitor Bulgecin A. In both cases, 

the ligands are bound in an extended orientation (figure 6.3b). Especially, the relative 

positions of the two rings bound to the −2 and −1 sites are very similar. In this 

extended conformation, the ring of the chitotetraose that is bound to the −3 site of 

gp144 is positioned about 11 Å away from the carboxylate group of the catalytic 

glutamate. If we assume that SleB binds substrate to subsites −2 and −1 as observed 

in the other two enzymes, then the approximate position of the unique −3 site can be 

inferred. This approach suggests that SleB residues F176, P187, R188, W236, and 

perhaps even S234 form the −3 subsite that is all residues located in structurally 

unique regions of SleB. Consistent with the hypothesis that F176, P187, and W236 

play a role in the binding of muramic-δ-lactam, the three residues are not only 

conserved among SleB homologues but also in CwlJ where F48, P62, and W114 

occupy the corresponding positions in the sequence (Supporting Information File S3). 

It should be noted that there is a group of closely related SleB-type proteins, typified 

by B. subtilis YkvT, which should not specifically function in the degradation of 

cortex PG (5), but the above-listed residues are conserved here as well. Therefore, it is 

possible that these residues are necessary but not sufficient for the exclusive 

specificity of SleB for muramic-δ-lactam. In addition, the specificity might be 

fine-tuned by the next tier of amino acids that acts as scaffolding for the active site 

and ensures proper positioning of backbone and side chain atoms. 
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The entrance of the SleBCAT substrate binding cleft is shaped by a metal-binding 

site 

A surprising feature of the SleB CAT structure was the discovery of a bound 

metal ion near the putative −4 subsite of the binding cleft. The metal ion is 

octahedrally coordinated by five backbone carbonyl groups of residues from a loop 

region that bridges helices H2 and H3 and the side-chain oxygen of asparagine N178. 

The six ligand atoms are all positioned about 2.4 Å away from the ion. This distance 

is characteristic for complexes of either Ca2+ or Na1+ ion, whereas Mg2+ was 

dismissed based on the observation that it forms shorter bonds of around 2.1 Å 

(8). The addition of the calcium-chelating agent EGTA to a previously described in 

vitro assay (11) had no significant impact on SleB activity. Moreover, modeling a 

calcium ion into the SleBCAT structure produced negative density in the Fo–Fc map, 

which indicates that either the site is only partially occupied or that the actual ion has 

fewer electrons. Finally, when EGTA was included during crystallization, this had no 

impact on the height of the electron density peak, leading us to conclude that calcium 

was not bound to this site. Therefore, although a metal analysis showed slightly 

elevated calcium levels in the protein sample compared to the reference buffer, we 

concluded that the observed ion is most likely a Na+1. The conspicuous position of the 

metal binding site at the entrance of the substrate binding pocket is intriguing; 

however, the biological role of the metal ion remains to be explored.  
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Discussion 

The presented crystal structure of the SleB catalytic domain places this enzyme 

within the Slt family of (PF01464) lytic transglycosylases. Although other lytic 

enzymes have been shown to be promiscuous, cleaving both cortex and conventional 

PG, SleB requires the presence of the muramic-δ-lactam structure for its activity and 

does not act on regular PG. Therefore, testing our predictions concerning the 

muramic-δ-lactam-binding pocket may not be easy because mutations in this region 

could not only cause a loss of specificity for muramic-δ-lactam but also produce an 

enzyme that is inactive on all substrates. Additional structural studies of 

SleB–substrate complexes might be able to clarify this unique substrate specificity.  
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Table 6.1 Data Collection and Refinement Statistics for the 

SeMet-SleBCAT L143M Crystal Structure 
(A) Data collection statistics 
Space group P22121

molecules/asymmetric unit 2 
Cell parameters (Å) a = 53.9, b = 64.5, c = 84.0 
Wavelength (Å) 0.9792 0.9611 0.9794 
Resolution (Å) 30.34–1.9 (1.9–2.0) 30–1.9 (1.9–2.0) 30–2.0 (2.0–2.11) 
Completeness (%) 
(last shell)a 99.3 (100) 99.2 (98.3) 99.1 (98.6) 

Redundancy 12.8 (13.9) 12.5 (12.1) 11.9 (11.5) 
I/σ 19.4 (5.0) 23.3 (4.6) 22.5 (4.6) 
Rmerge (%)b 9.1 (51.5) 6.8 (55.3) 7.2 (54.1) 
No. of unique 
reflections 

23,743 23,899 23,892 

No. of measured 
reflections 

849,540 1,025,839 1,079,414 

(B) Refinement statistics 
Resolution range (Å) 33.22–1.91 
R (%)c/ Rfree (%)d 20.51/24.87 
rms bonds (Å)/ rms angles (°) 0.02/2 
Number of protein atoms 1896 
Number of water atoms 319 
Overall mean B-factor value (Å2) 13.95 
Wilson plot B-value 13.45 
Ramachandran analysis (%)  

Most favored 95 
Allowed 5 
Disallowed 0 
 
a. The values in parentheses relate to the highest resolution shell. 
b. Rmerge =Σ |I - ‹I›|/ΣI, where I is the observed intensity and ‹I› is the average intensity 

obtained from multiple observations of symmetry-related reflections after the 
rejection of significant outliers. 

c. R = Σ ||Fo| - |Fc|| /Σ |Fo|, where Fo and Fc are the observed and calculated structure 
factors, respectively. 

d. Rfree defined by Brunger (3). 
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Table 6.2. Failure of sleBE151A to complement for germination function  
 

cfu/ml/OD600a

 
Strain  Genotype -lysozyme +lysozyme 

DPBA61 
　cwlJ1 

 
2x108

 
8x107 

 

DPBA74 
　cwlJ1 sleB 

 
2x105

 
4x107 

 

DPBA145 
　cwlJ1 sleB/pDPV346 sleB 

 
1x108

 
6x107 

 

DPBA151 
　cwlJ1 sleB/pDPV430 sleBE151A

 
2x105

 
4x107 

 
 
a- Spores were plated onto BHI medium with and without 1 μg/ml of lysozyme.  
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Figure 6.1 Crystal structure of SleBCAT. (a) Cartoon and surface depictions of the 

SleBCATT structure. The sodium ion is shown as a yellow sphere and the side chain of 

the catalytic glutamate is shown in the stick format. (b) Summary of correlation 

between SleB  CATT sequence and secondary structure topology. (c) Schematic 

presentation of the metal-binding site formed by residues from a loop region 

encompassing amino acids 170–178. 
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Figure 6.2 Mapping of conserved and unique features of the SleBCAT-active site. 

(a) Superposition of SleB (orange) and YceG (gray, pdb code 2R1F). (b) Close-up 

view of the Slt-70-bulgecin (left) and gp144-chitotetraose (right) complexes showing 

the extended binding modes of the ligands. (c) Superposition of SleB (orange) and 

YceG (gray) backbones showing the side chains of structurally conserved residues 

from both protein. (d) Superposition of SleB (orange) and YceG (gray) showing the 

side chains of SleB residues that are structurally conserved with YceG in orange and 

those that are unique to SleB in magenta.  
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