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ABSTRACT 

A diverse range of Gram-negative and Gram-positive bacteria rely on density-dependent, 
intercellular communication mediated by small signaling molecules called auto inducers 
to coordinate synchronous gene expression through a process termed quorum sensing. 
One family of auto inducers, consisting of spontaneously interconverting derivatives of 
(4S)-4,S-dihydroxy-2,3-pentanedione (DPD) and collectively referred to as Autoinducer-
2 (AI-2), is recognized in a wide variety of species by one of two canonical receptor 
proteins: LuxP, exclusive to the genus Vibrio, or an LsrB-like receptor. However, several 
studies have reported that two predicted ribose-binding proteins (RbsB), from 
Haemophilus injluenzae and Aggregatibacter actinomycetemcomitans, might behave as 
functional AI-2 receptors. In this study, I perform a series of bioinformatics studies to 
assess the similarity of these RbsB proteins to LsrB and LuxP and attempt to probe their 
ability to bind AI-2 through structural data and a Vibrio harveyi reporter bioassay. 

I also present the expression and purification of an N-terminal deleted construct of LsrR 
(C-LsrR), the transcriptional repressor of the lsr operon, for use in future in vitro binding 
assays and crystallographic studies. 
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Chapter 1: Introduction 

Many species of both Gram-positive and Gram-negative bacteria utilize a system 

of signal and response called quorum sensing to mediate a diverse array of cellular 

activities. I In quorum sensing systems, bacteria are able to produce and recognize signal 

molecules called autoinducers, which mediate the regulation of gene expression in a 

coordinated, population-dependent fashion. I.2 Various quorum sensing systems have been 

implicated in the regulation of bioluminescence in Vibrio harveyi3 and Vibriofischerii,4 

production of virulence factors in Agrobacterium tumefaciens5 and Pseudomonas 

aeruginosa,6 and conjugation in Streptococcus faecalis, 7 among other functions. 

Typically, these quorum-sensing systems are species-specific, such that a 

particular autoinducer is only synthesized and recognized by a single species8 Gram

negative bacteria generally utilize N-acyl-homoserine lactone derivatives (ARLs, Figure 

l.IA) as signals, with diverse fatty acid side chains of varying length, saturation, and 

substitutions along the chain dictating species specificity9.1 0 In contrast, quorum-sensing 

Gram-positive specIes produce and recogmze oligopeptides (Figure l.IB), 

distinguishable by differences in primary sequence as well as unique modifications with 

various functional groups2 

More recently, a family of molecules derived from (4S)-4,5-dihydroxy-2,3-

pentanedione (DPD), collectively referred to as autoinducer-2 (AI-2), has been found to 

be an active signal in quorum-sensing pathways in a diverse range of both Gram-positive 

and Gram-negative bacteria, such that it has been termed a "universal signal.,,2.11.12 LuxS, 

the DPD synthase, has been found in over 55 species of bacteria which all produce an AI-
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Figure 1.1. Examples of species-specific quorum sensing signal molecules. A) Acyl
homoserine lactone derivative auto inducers from Gram-negative bacteria. B) 
Oligopeptide autoinducers from Gram-positive bacteria. Adapted from Reference 8. 

2-like signal that is capable of inducing V. harveyi bioluminescence. 2
,13 DPD synthesis is 

closely linked to central metabolism by the activated methyl cycle, in which LuxS is an 

. I 14 essentla enzyme. 

The activated methyl cycle is centered on the synthesis and regeneration of S-

adenosylmethionine (SAM), an important source of biologically reactive methyl groups 

for transmethylation reactions. 14 Donation of the SAM methyl group leaves behind S-

adenosylhomocysteine (SAH), which is then hydrolyzed into adenine and S-

ribosylhomocysteine (SRH) by the Pfs enzyme. IS Finally, LuxS cleaves SRH to yield 

homocysteine, which is remethylated to regenerate methionine, and DPD (Figure 1.2A).16 

DPD spontaneously cyclizes into two epimeric furanoses, (2R,4S)- and (2S,4S)-

dihydroxy-2-methyldihydrofuran-3-one (R- and S-DHMF, Figure 1.3) which are hydrated 

to form (2R,4S)- and (2S,4S)- 2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R- and S-

THMF, Figure 1.2B).17 R-THMF itself is an active signal, while S-THMF needs to be 

borated to yield S-THMF-borate before it can participate in signaling. 17 
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Figure 1.2. Synthesis of the active forms of AI-2, A) Synthesis of DPD starting from 
SAM. SAM donates a methyl group to yield SAH, which is cleaved by Pfs into SRH and 
adenine. LuxS processes SRH into homocysteine and OPO. B) Spontaneous cyclization 
of DPD and subsequent hydration (and boration of S-THMF) into the biologically active 
forms of AI-2. Figure adapted from Reference 17. 

Two canonical classes of receptor proteins are known to recognize and bind the 

two chemically distinct forms of AI-2: LuxP, found in the genus Vibrio, recognizes S-

THMF-borate,11,18 while the LsrB-type receptors, first discovered in Salmonella enterica 

subsp. enterica serovar Typhimurium, utilize R-THMF.17 Both classes of receptors 

belong to the diverse superfamily of periplasmic binding proteins (PBPs), consisting of 

two globular domains connected by a "hinge" region with a ligand-binding site at the 

interface between the two domains (Figure 1.3).19,20 However, LuxP and LsrB display 

low homology to each other, with only about 11 % sequence identity between the twO. 17 
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Figure 1.3. Maltose binding protein, a prototypical peri plasmic binding protein. The two 

globular domains clamp down in a major conformational change from its open Capo) 

fonn to a closed (holo) fonn to bind a ligand. Figure adapted from Reference 20. 

When AI -2 (8-THMF-borate) is bOlllld to L uxP, the LuxP-AI -2 complex interacts 

with the periplasrnic domain of the membrane-bolllld LuxQ protein as part of a two-

component histidine kinase system. 21
,22 At low cell densities and low AI-2 

concentrations, LuxQ phosphOIylates the phosphorelay protein LuxU, which 

subsequently phosphOIylates LuxO, a response regulator. 21
,23 LuxO-phosphate triggers 

the production of several small regulatory RNAs (sRNA) which, in conjllllction with the 

small RNA chaperone protein Hfq, destabilizes the luxR mRNA to reduce production of 

the transcriptional activator LuxR. 24 At high cell densities, the LuxP-AI-2 complex 

interacts with LuxQ, converting LuxQ from a kinase to a phosphatase. 21 The resulting 

downstream dephosphorylation of LuxU and LuxO leads to increased levels of the luxR 

mRNA and expression of LuxR to activate expression of the lux operon, the oxidase 

responsible for producing the characteristic bioluminescence of V harveyi. 2 1.25 

8 



A. LsrB B. LuxP 

Figure 1.4. A) LsrB from S. typhimurium complexed with R-THMF (PDB: 1 TJY). B) 
LuxP from V harveyi complexed with S-THMF-borate (lJX6). 

On the other hand, LsrB-type receptors deliver AI-2 (R- THMF) to an ATP 

binding cassette (ABC) transporter, which internalizes AI-2 for processing and ultimately 

degradation26 LsrB is part of the lsr (1ux§.-regulated) operon, which contains the genes 

IsrACDBFGE27 LsrA is an ATPase that powers the active transport of AI-2, delivered by 

LsrB, through a membrane channel consisting of LsrC and LsrD28 Once in the cell, AI-2 

is phosphorylated by LsrK,28 a kinase not part of the lsr operon, and further processed by 

downstream proteins, LsrG, an isomerase,29 and LsrF, a thiolase 30 

In addition to the two well-established receptor types, two predicted ribose 

binding proteins (RbsB) from Aggregatibacter actinomycetemcomitans, a Gram-negative 

oral pathogen known to cause aggressive periodontitis and other infections,31 and 

Haemophilus injluenzae, a Gram-negative opportunistic pathogen, have been proposed as 

novel receptors for AI_2 32 These will be referred to as aRbsB and hRbsB, respectively. 

In A. actinomycetemcomitans, AI-2 regulates the expression of iron uptake genes 

in aerobic conditions with a LuxS-dependent system33.34 Genetic analysis reveals that A. 

actinomycetemcomitans lacks the components of the LuxP system while possessing a 

homologue of LsrB 31 While A. actinomycetemcomitans LsrB is thought to behave 
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somewhat similarly to the canonical LsrB receptor from S. typhimurium, purified A. 

actinomycetemcomitans RbsB (aRbsB), when added to a culture of the V harveyi BB170 

reporter strain, is able to inhibit the AI-2-mediated V harveyi bioluminescence in a dose-

dependent manner, suggesting that aRbsB competes with LuxP for the binding of 

environmental AI_231 This phenomenon is also reversible with the addition of ribose, 

which may stem from a competitively inhibitory relationship between AI-2 and ribose for 

binding with aRbsB31 In addition, inactivation of both IsrB and rbsB genes abolishes the 

ability of A. actinomycetemcomitans to eliminate AI-2 from the extracellular 

environment35 It is suggested that LsrB and aRbsB may work together in a modified 

. f h S h· . L 31 35 versIOn 0 t e . typ zmurzum sr transporter. . 

Similarly, AI-2 modulates the formation and maintenance of biofilms in 

nontypeable H aemophilus injluenzae strain 86-028NP (NTH! 86-028NP) despite lacking 

a known homologue of LuxP or LsrB32
.3

6 Inactivation of the rbsB gene significantly 

reduced uptake of AI -2 from the environment and resulted in the formation of 

significantly thinner biofilms, similar to the luxS knockout phenotype32.36 Furthermore, 

mRNA transcript levels of rbsB in H. injluenzae are significantly increased in the 

presence of AI-2 in a similar manner to the upregulation of transcription of the S. 

typhimurium and Escherichia coli lsr operons in response to AI_2.17.36.28 This evidence 

and similarities to known AI-2 signaling systems suggests that H. injluenzae RbsB may 

also serve as a receptor for AI-2. 

Also of interest in this study is LsrR from E. coli, the AI-2-regulated 

transcriptional repressor of the lsr operon37 In S. typhimurium and E. coli, the uptake of 

AI -2 from the environment by the Lsr transporter causes increased transcription of the lsr 
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operon28,27 This occurs through the activity of the LsrK kinase, which phosphorylates 

AI-2 after import into the ce1l27 Phospho-AI-2 then binds to and inactivates LsrR, 

leading to derepression of the lsr operon,27 It has been reported that dihydroxyacetone 

phosphate (DHAP) represses transcription of the E coli lsr operon through a cAMP

CRP-independent mechanism, possibly competing with phospho-AI-2 for binding with 

LsrR28,38 Not much is currently known about this potential DHAP-LsrR ligand-receptor 

interaction, but such a connection between the lsr operon and central metabolism could 

have interesting implications for the downstream effects of AI-2 signaling, 

In this study, I look to further investigate the putative role of RbsB from A, 

actinomycetemcomitans (aRbsB) and H injluenzae (hRbsB) as receptors for AI-2 in 

quorum sensing pathways through bioinformatic and structural studies, I clone and 

overexpress RbsB as a 6xHis fusion and develop protocols for purification, I crystallize 

RbsB from A, actinomycetemcomitans and present several atomic resolution x-ray crystal 

structures, This report also includes the initial phases of an examination of the potential 

interaction between LsrR and DHAP, I report the cloning, expression as a 6xHis-MBP 

fusion, and purification of an N-terminal deleted construct of LsrR (C-LsrR) for use in 

future in vitro DHAP binding assays and crystallographic studies, 

11 



Chapter 2: Bioinformatic Studies ofRbsB 

Previous studies suggested that the ribose binding proteins (RbsB) from A. 

actinomycetemcomitans (aRbsB) and Haemophilus injluenzae (hRbsB) may be members 

of a new class of AI-2 receptors, distinct from the well-established LuxP-type and LsrB-

313536 H I I ... I b· . " . d· type receptors. .. ere, carry out severa lmtla 1011110rmatlcs stu les to compare 

RbsB to the known receptor types. I perform amino acid sequence alignments of aRbsB 

and hRbsB with LuxP and LsrB as well as RbsB from E. coli to assess homology. 

Finally, I generate homology-based predicted 3D structures of aRbsB and hRbsB and 

perform alignments with published structures of LsrB and LuxP in order to closely 

examine similarities and differences between the binding pockets. The amino acid 

sequences of both RbsB proteins of interest have low sequence identity with LuxP and 

LsrB while showing high identity with E. coli RbsB. Furthermore, predicted aRbsB and 

hRbsB structures exhibit low conservation of LsrB and LuxP AI-2 binding pocket 

residues, suggesting they are is unlikely to bind AI-2 in a similar fashion to either LuxP 

or LsrB. 

MATERIALS AND METHODS 

BLAST Sequence Alignments 

The amino acid sequences of aRbsB and hRbsB were compared with each other, as well 

as with E. coli RbsB and the known AI-2 receptors (LuxP from Vibrio harveyi and LsrB 

from Salmonella enterica subsp. enterica str. LT2) using the Basic Local Alignment 

Search Tool (BLAST, National Center for Biotechnology Information) algorithm to 
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detennine sequence similarity.39 Protein sequences were obtained from the Universal 

Protein Resource (UniProt, www.uniprot.org). UniProt entry IDs are listed in Table Sl. 

Structural Predictions and Alignments 

Predicted structures for aRbsB and hRbsB were generated from primary sequences using 

the Protein Homology/analogY Recognition Engine V 2.0 (PHYRE2
) Server40 and 

visualized using the Crystallographic Object-Oriented Toolkit (Coot). Topology-based 

structural alignments were perfonned with the predicted RbsB structures against 

published structures of V harveyi LuxP (PDB: IJX6) and S. typhimurium LsrB (PDB: 

1 TlY) using the align function in PyMOL to compare fold and the secondary structure 

matching (SSM) superpose function in Coot to examine specific binding pocket residues. 

RESULTS 

aRbsB and hRbsB are closely related to E. coli RbsB and not LuxP or LsrB 

Sequence alignments of aRbsB and hRbsB with the V harveyi LuxP receptor 

using BLAST reveal only a few short and sporadic regions of similar sequences, with a 

total of roughly 19% and 20% identity, respectively. Similarly, both aRbsB and hRbsB 

have only about 18% sequence identity with S. typhimurium LsrB. 

In contrast, BLAST alignments of the periplasmic binding component of the 

ribose ABC transporter (RbsB) from E. coli with aRbsB and hRbsB reveal high 

homology, with 76% sequence identity (Figure 2.1). Furthennore, the residues of E. coli 

RbsB involved in hydrogen bonding with ribose (N13, F1S, F16, D89, R90, A137, R141, 

F164, N190, D21S, and Q23S)41 are fully conserved in aRbsB and hRbsB (Figure 2.1). 
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A. 
aRbsB 1 QDTIALTVSTLDNPFFVSLKEGAQKKADELGYKLVVLDSQNDPAKELANVEDLLVRGAXV 60 

+DTIAL VSTL+NP FFVSLK+GAQK+AD+LGY LVVLDSQN+PAKELANV+DL VRG K+ 
eRbsB 1 KDTIALWSTLNNPFFVSLKDGAQKEADKLGYNLVVLDSQNNPAKELANVQDLTVRGTKI 60 

aRbsB 61 LLINPTDSEAVSNAVAIANRNKIPVITLDRGAAKGEVVSHIASDNVAGGKMAGDFIAQKL 120 
LLINPTDS+AV NAV +AN+ IPVITLDR A KGEVVSHIASDNV GGK+AGI>+IA+K 

eRbsB 61 LLINPTDSDAVGNAVKMANQANIPVITLDRQATKGEVVSHIASDNVLGGKIAGDYIAKKA 120 

aRbsB 121 GANAKVIQLEGLAGTSAARERGEGFKQAVAEHKFDVLANQPADFDRTKGLNVMENLLATK 180 
G AKVI+L+G+AGTSAARERGEGP+QAVA HKF+VLA+QPADFDR KGLNVM+NLL 

eRbsB 121 GEGAKVIELQGIAGTSAARERGEGFOQAVAAHKFNVLASQPADFDRIKGLNVMQNLLTAH 180 

aRbsB 181 GTVQAVFAQNDEMALGALRALSAANKK-VLVVGFDGTDDGMKAVKSGKMAATIAQQPALI 239 
VQAVFAQNOEMALGALRAL A K V+WGPDGT DG KAV GK+AATIAQ P I 

eRhsB 181 PDVQAVFAQNDEMALGALRALQ'l'AGKSDVMVVGFDGTPDGEKAVNDGKLAATIAQLPDQI 240 

aRbsB 240 GELGVVTADKLLKGEKVEAKIPVDLKVI 267 
G GV TADK+LKGEKV+AK PVDLK++ 

eRbsB 241 GAKGVETADKVLKGEKVQAKYPVDLKLV 268 

B. 
hRbsB 1 QDTIALAVSTLDNPFFVTLKDGAQKKADELGYKLVVLDSQNDPAKELANVEDLTVRGAXI 60 

+DTIAL VSTL+NPF FV+LKDGAQK+AD+LGY LVVLDSQN+PAKELANV+DLTVRG 1>1 
eRbsB 1 KDTIALWSTLNNPFFVSLKDGAQKEADKLGYNLVVLDSQNNPAKELANVQDLTVRGTKI 60 

hRbsB 61 LLINPTDSEAVGNAVAIANRKHIPVITLDRGAAKGNVVSHIASDNIAGGKMAGDFI AQKL 120 
LLINPTDS+AVGNAV +AN+ +IPVITLDR A KG VVSHIASDN+ GGK+AGD+IA+J( 

eRbeB 61 LLINPTDSDAVGNAVXMANQANIPVITLDRQATKGEVVSHIASDNVLGGKIAGDYIAKKA 120 

hRbsB 121 GDNAKVIQLEGIAGTSAARERGEGFKQAIDAHKFNVLASQPADFDRTKGLNVTENLLASK 180 
G+ AKVI+L+GIAGTSAARERGEGF+QA+ AHKFNVLASQPADFDR KGLNV +NLL + 

eRbsB 121 GEGAKVIELQGIAGTSMRERGEGFQQAVAAHKFNVLASQPADFDRIKGLNVMQNLLTAH 180 

hRbeB 181 GDVQAIFAQNDEMALGALRAVKAANKK-VLIVGFDGTDDGVKAVKSGKMAATIAQQPELI 239 
OVQA+FAQNDE.MALGALRA++ A K V++VGFDGT DG KAV GJ(+MTIAQ P+ I 

eRbsB 181 PDVQAVFAQNDEMALGALRALQ'l'AGKSDVMVVGFDGTPDGEKAVNDGKLAATIAQLPDQI 240 

hRbsB 240 GSLGVVTADKILKGEKVEAKIPVDLKVI 267 
G+ GIl TADK+LKGEKV+AK PVDLK++ 

eRbsB 241 GAKGVETADKVLKGEKVQAKYPVDLKLV 268 

Figure 2.1. BLAST alignments of E. coli RbsB ("eRbsB") with A) aRbsB and B) hRbsB. 
Conserved ligand-binding residues are highlighted in yellow. 

RbsB is more structurally similar to LsrB than LuxP 

The PHYRE2 engine chose the structure of E. coli RbsB (PDB: 2DRI) as the best-

match homology model in predicting structures for hRbsB and aRbsB.40 The server 

reported 100% confidence in the two models, which suggests that the overall folds are 

almost certainly correct and the central core of the structure is likely accurate even at 

sequence identities as low as 20%.40 Since aRbsB and hRbsB have over 75% sequence 

identity with E. coli RbsB, the predicted folds can be expected to be fairly reliable. 

Structural alignments of the predicted structures against LsrB in PyMOL using 

the align function revealed fairly similar topologies between RbsB and LsrB (backbone 

RMSD = 2.0 A for both aRbsB, Figure 2.2A and hRbsB, Figure 2.2B), with the two 

possessing many shared secondary structural elements and following similar backbone 

paths even through unstructured regions. Notably absent in RbsB, LsrB exhibits a two-

stranded antiparallel ~-sheet from D292 to S305 and a short helix from P306 to Y312 

packed against the protein surface. LsrB is 314 residues long compared to 269 residues in 

RbsB, and these additional elements and their flanking loop regions account for a 

significant portion of the 45-residue difference. 
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A. LsrB/aRbsB B. LsrB/hRbsB 

D. LuxP/hRbsB 

Figure 2.2. PyMOL structural alignments ofPHYRE-generated aRbsB (blue) and hRbsB 
(green) against published structures of LsrB (yellow, PDB: 1 TJY) and LuxP (red, PDB: 
lJX6). 

In contrast, LuxP agrees poorly with both aRbsB (Figure 2.2C) and hRbsB 

(Figure 2.2D) throughout the main chains (backbone RMSD > 9 A). LuxP, at 342 

residues, is significantly larger than RbsB and, unlike LsrB, much of the overall fold is 

largely different as well. 

OD11235AS~1 
I A 

.. 

I 

/ 

\ "-
Figure 2.3. Binding pocket of LuxP (yellow, PDB: lJX6) with predicted aRbsB (blue) 
aligned using SSM Superpose function in Coot. The presence of aRbsB D235 (or hRbsB 
D237) in place of LuxP G290 significantly reduces the size of the binding pocket in a 
region that accommodates the AI-2 borate. 
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The LuxP and LsrB binding residues are weakly conserved in RbsB 

Coot was used to examine predicted positions of the specific residues within the 

binding pockets of aRbsB and hRbsB more closely. The RbsB binding pocket matched 

that of LuxP very poorly - qualitatively, the RbsB binding cleft is observed to be 

significantly smaller than that of LuxP, which binds the larger borate diester form of AI -2 

(S-THMF-borate). Notably, a bulky aspartate sidechain in RbsB (residue 235 in aRbsB or 

residue 237 in hRbsB) fills a space that is left open in LuxP by the smaller glycine-290 

residue to accommodate the AI-2 borate moiety, suggesting that RbsB likely would not 

be a suitable receptor for the S-THMF-borate form of AI-2. 

Unlike in the LuxP alignment, the binding pockets of RbsB and LsrB are more 

similar in size and warranted further inspection of the conservation of binding residues 

(Figure 2.4). In LsrB, six residues (Lys35, Asp1l6, Asp166, Gln167, Pro220, and 

Ala222) have been shown to form hydrogen bonds with the unborated form of AI-2 (R-

THMF). A number of conservations and potential substitutions for those AI -2 binding 

residues were identified in aRbsB and hRbsB that could potentially fill hydrogen 

bonding, detailed in Table 2.1. LsrB Asp1l6 is the only fully conserved of the six, while 

Lys35, Pr0220, and Ala222 are conservatively substituted. No suitable substitutes for 

Aspl66 or Glnl67 were found within 3.0 A of AI-2, the generally accepted maximum 

distance between donor/acceptor heteroatoms. 

Table 2.1. Established AI-2 binding residues in S. typhimurium LsrB (PDB ID: I TlY) 
and "bl b· . Rb B Gr d 0 b· on POSs! e su stltutes III s een ~ conserve , range ~ conservative su stltutl 

S. typhimurium LsrB aRbsB hRbsB 
Lys35 Arg III Argl13 

Aspl16 Asp 111.1 Asp 112 
Aspl66 None present None present 
Glnl67 None present None present 
Pro22G Gln210/Arg 162 Gln212/Arg 164 
Ala222 Asn 211 Asn 213 
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Figure 2.4. A) S. typhimurium LsrB (PDB: 1 TJY) binding pocket with Al-2 hydrogen 
bonding interactions. B) 1 TJY with predicted aRbsB model aligned C) 1 TJY with 
predicted hRbsB model aligned. Potential hydrogen bonding substitutes labeled in B/C. 

DISCUSSION 

RbsB from A. actinomycetemcomitans and H. injluenzae have been proposed to 

act as receptors for Al-2 in several previous studies. RbsB does not appear to exhibit any 

significant similarity to the well-established LuxP or LsrB-type Al-2 receptors, which 

may potentially signal the discovery of a new class of AI-2 receptors. Here, comparisons 

of the two RbsB proteins of interest against LuxP and LsrB using bioinformatics tools 

can provide some preliminary insight and allow some initial speculation on the potential 

of RbsB to bind Al-2. 

Though RbsB, LuxP, and LsrB are all members of the diverse class of hinge-like 

periplasmic binding proteins (PBPs), BLASTP amino acid sequence alignments of RbsB 

17 



show fairly low «20%) sequence identity with both LuxP and LsrB, suggesting low 

homology to any of the known AI-2 receptors. 

In addition, aRbsB and hRbsB share roughly 76% sequence identity with the E. 

coli ribose binding protein (eRbsB), including conservation of all 11 residues (N13, FlS, 

F16, D89, R90, A137, R141, F164, N190, D21S, and Q23S) previously shown to bind 

ribose41 E. coli RbsB has previously been shown to be unable to bind AI_242 These 

findings seem to suggest that aRbsB and hRbsB are most likely exactly what their 

annotations claim them to be: ribose binding proteins. 

However, it is important to consider the actual three-dimensional structure, as the 

proteins could exhibit low sequence identity while sharing similar folds. Furthermore, 

close examination of the binding pocket itself is necessary to look for conservation of 

particular residues from LuxP and LsrB that are known to be involved in binding AI-2. 

Thus, predicted aRbsB and hRbsB structures generated by the PHYRE2 engine were 

aligned against LsrB and LuxP in Coot. 

It was immediately apparent that there is a poor agreement between the LuxP and 

predicted RbsB structures. LuxP, with 342 residues, is 73 residues longer and seems to 

follow an entirely different fold from RbsB (Figure 2.2C/D). Furthermore, the LuxP 

binding pocket is significantly more spacious than that of RbsB, notably having 

additional space to accommodate the borate diester form of AI-2 (S-THMF-borate). If 

RbsB were to be able to interact with AI-2, the size of the binding pocket would be much 

better suited to bind the smaller R-THMF form, which is roughly half the size of S

THMF -borate. This finding is not particularly surprising, as functional LuxP-type 

receptors that bind S-THMF-borate have only been previously been found in the genus 
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Vibrio, which consists of bacteria that thrive in marine environments where boron IS 

abundant. 43,44 

LsrB and RbsB appear to be much more similar, LsrB, while still 45 residues 

longer than RbsB, is closer in size to RbsB than LuxP, In addition, much of this 

additional length is part of a single stretch containing a two-stranded ~-sheet and a short 

helix packed against the surface of LsrB while the rest of the protein backbone agrees 

fairly well with RbsR Since this deviation is located at the surface of one of the "lobes" 

of the protein and away from the internal binding site near the "hinge" region, it is not 

expected to have a major impact on ligand specificity, The closer match between RbsB 

and LsrB than with LuxP also agrees with the findings that aRbsB and hRbsB eliminate 

AI-2 from the extracellular environment - LsrB passes AI-2 off to a membrane-bound 

A TP binding cassette (ABC) transporter, which internalizes AI -2 for further processing 

inside the cell, In contrast, the LuxP-AI-2 complex interacts with the periplasmic domain 

of the membrane-bound LuxQ to activate the LuxPQ two-component sensor kinase; AI-2 

is neither internalized nor chemically modified by the LuxPQ system,21 

FRET studies have demonstrated the LsrB-AI-2 complex to have a relatively high 

dissociation constant (Kd) of 154 ± 341lM45, suggesting that the interaction is moderately 

weak and the components likely exist in a dynamic equilibrium, Closer examination of 

the LsrB and RbsB binding pockets revealed that only four of the six LsrB residues that 

form hydrogen bonds with R-THMF are either conserved or have a potential substitute 

hydrogen bonding partner in the predicted structures, For a binding interaction that is not 

particularly strong, the loss of two of six receptor-ligand hydrogen bonds could be 

expected to be significantly detrimental to binding ability, 
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These findings suggest that RbsB is unlikely to effectively bind either form of AI-

2 in a similar fashion to either of the known receptor types. If RbsB were to be a 

functional receptor for AI-2, it would most likely adopt a binding mode distinct from any 

previously characterized LuxP or Lsr B-like protein. One may imagine a situation in 

which the RbsB-type proteins. Given the nature of the structural alignments, which 

entails comparisons to published models in which the ligand is already placed, it is 

difficult to explore or test other possible binding modes using this approach. 

Lastly, it is important to note the limitations of these bioinformatics studies. First, 

though the PHYRE server reported high confidence in the output structures, predicted 

structures can only provide a suggestion for what the true structure may be, as . Finally, 

we can only speculate on the effect of losing two of six hydrogen-bonding residues from 

LsrB in RbsB - one might imagine a case in which the hydrogen bonding interactions 

that are still present are stronger than the two that are lost, such that the absence of those 

hydrogen-bonding residues in aRbsB and hRbsB can be tolerated. In order to gain a fuller 

picture, we look to crystallographic studies in the next chapter that aim to find AI-2 

liganded to RbsB in crystal structures. 

20 



Chapter 3: Crystallographic Studies ofRbsB 

In this set of experiments, I clone the rbsB genes from A. actinomycetemcomitans and H. 

injluenzae into the pPROEX-HTh plasmid for expression of the protein in E. coli with an 

N-terminal fusion tag containing a 6xHis tag for nickel affinity chromatography 

purification and a tobacco etch virus protease (TEV) cleavage site for easy removal of the 

tag. I overexpress and purify 6xHis-aRbsB and 6xHis-hRbsB. I discuss the crystallization 

ofaRbsB and the collection and processing of X-ray diffraction data, and I present solved 

structures for aRbsB alone, a crystal grown in the presence of DPD, and a crystal soaked 

in a DPD solution. Automated ligand fitting and placement for a non-protein electron 

density observed in the binding pocket of aRbsB strongly suggested the crystallized 

proteins had bound ribose, suggesting that AI-2 may not be able to successfully 

outcompete ribose in binding to aRbsB. 

MATERIALS AND METHODS 

Cloning and Expression of rbsB 

The rbsB genes from A. actinomycetemcomitans and H. injluenzae were amplified 

by PCR (Pfu Ultra II, Agilent) from the respective genomic DNA (A. 

actinomycetemcomitans DNA from Dr. Benjamin Janto, Drexel University; H. injluenzae 

DNA from ATCC) using designed primers detailed in Table S2 and the following profile: 

initial denaturation at 95°C for 2 min; 4 cycles of 95°C for 30 sec, 49°C for 30 sec, noc 

for 1 min; 30 cycles of 95°C for 30 sec, 55°C for 30 sec, noc for 1 min; and a final 

elongation at noc for 10 min. The PCR products were cleaned of residual primers, 

dNTPs, and polymerase (Zymo DNA Clean & Concentrator) and cut with an 
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EcoRI/BamHI double-digest (New England Biolabs). The pPROEX-HTh plasmid was 

also cut with EcoRI and BamHI, and the digested PCR products and vector were purified 

from a low-melting agarose gel using the Wizard SV Gel and PCR Clean-up System 

(Promega). Digested rbsB and pPROEX-HTh were ligated using T4 ligase (New England 

Biolabs), and the final constructs were sequenced (GeneWiz) to confirm proper insertion 

and the absence of any mutations. Plasmids containing rbsB were transformed into E. coli 

DH5a for maintenance and propagation of the plasmid andE. coli BL21 for expression. 

For expression, LB medium (Difco) containing 1 mg mL-1 ampicillin (GoldBio) 

was inoculated with E. coli BL21 transformed with pPROEX-HTh containing rbsB and 

grown to saturation overnight (16 hours) at 37°C with shaking at 160 rpm. Cultures were 

diluted 1: 100 and allowed to continue growing. Expression of rbsB was induced at OD595 

~ 0.9 with the addition of 0.1 mM isopropyl-~-D-l-thiogalactopyranoside (IPTG, 

GoldBio). Growth was continued for an additional 16 hours, after which cells were 

harvested by centrifugation. 

Ni-NTA Purification ofRbsB 

Frozen cell pellets were thawed on ice and resuspended in 20 mL lysis buffer (50 

mM sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole) per liter of original 

culture. Resuspended mixtures were supplemented with 10 Ilg mL-1 DNase I (Sigma) to 

decrease lysate viscosity and 10 Ilg mL-1 leupeptin (CalBioChem) as an inhibitor of 

cysteine, serine, and threonine proteases46
.
47 Resuspended cells were lysed with an M

IIOY microfluidizer (Microfluidics). Cellular debris was pelleted by centrifugation for 30 

minutes at 36,500 x g. 
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Following lysis, 6xHis-RbsB was purified by nickel affinity chromatography. 

Lysate supernatant was flowed twice over a Ni-NTA Agarose matrix (Qiagen) 

pre equilibrated with lysis buffer. Next, the nickel resm was washed with five bed 

volumes wash buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl, 20 mM 

imidazole) to reduce nonspecific binding. 6xHis-RbsB was eluted from the column in 1 

mL fractions with elution buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl, 250 

mM imidazole). Protein content was quantified by measuring absorbance at 280 nm (Abs 

0.1 % ~ 0.263 for both 6xHis-RbsB variants, ExPASy ProtParam)48 Eluted fractions 

containing protein, determined by SDS_PAGE,49 were pooled and buffer swapped (25 

mM Tris pH 8.0, 150 mM NaCl) using a Sephadex G25 column (GE Healthcare) to 

remove imidazole prior to TEV digestion. 

The Ni-NTA-purified protein was digested with 1 mg TEV protease per 150 mg 

6xHis-RbsB overnight (12 hours) at 4°C, after which the digest mix was flowed over the 

nickel resin to remove the cleaved tag, any remaining uncut protein, and the TEV 

protease, which itself contains a 6xHis fusion tag. 

Subsequent FPLC Purification Steps 

After cleavage, aRbsB was swapped into 25 mM 2-(N-morpholino )ethanesulfonic 

acid (MES) pH 6.0, 25 mM NaCI using a Sephadex G25 column. The protein sample was 

purified on a MonoS 5/50 GL (GE Healthcare) cation exchange coluum using a salt 

gradient from 25 mM to l.0 M NaCI. The fractions containing aRbsB, determined by 

SDS-PAGE, were pooled then desalted and purified using a Superdex 75 (S75) size 

exclusion matrix (GE Healthcare) run with 25 mM Tris pH 8.0,150 mM NaCI. 
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Following digestion with TEV protease, hRbsB was purified by size exclusion 

chromatography using a Superdex 75 gel filtration column running 25 mM Tris pH 8.0, 

150 mM NaCI. 

Crystallization of aRbsB 

Pre-crystallization tests (PCT, Hampton Research) suggest that the ideal 

concentration for crystallization of aRbsB is approximately 21 mg mL·1 A crystal Index 

screen (Hampton Research) performed at this concentration yielded a number of hits after 

about 24 hours, of which the vast majority was found in wells containing PEG-3350. 

Crystals were grown by hanging drop vapor diffusion with a well solution of 22-

23% PEG-3350, 0.1 M Bis-Tris pH 6.5 supplemented with either 5-10% PEG-400 or 

10% glycerol for cryoprotection. The drop consisted of 2.5 III well solution and 2.5 III 

aRbsB at 10.5 mg mL·1 Suitable crystals were collected and flash frozen for storage in 

liquid nitrogen after equilibration for at least 24 hours. 

(S)-4,5-dihydroxy-2,3-pentanedione (DPD), synthesized by the method 

previously described by Ascenso et al.,50 was purchased from Dr. Rita Ventura's research 

group at ITQB (Oeiras, Portugal) and buffered with 0.2 M Bis-Tris pH 6.5 upon receipt. 

Crystals prepared with the addition of exogenous DPD were either 1) grown with DPD 

added to the drop to a final concentration of 3.3 mM or 2) grown without DPD followed 

by a 3-5 minute soak in a DPD solution (23% PEG-3350, 0.1 M Bis-Tris pH 6.5, 10% 

PEG-400, 3.3 mM DPD) just prior to freezing. 
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Data Collection and Processing 

Harvested aRbsB crystals were screened at the Macromolecular Crystallography 

Facility in the Department of Molecular Biology at Princeton University for diffraction 

and freeze quality. Full diffraction data sets were collected using the National 

Synchrotron Light Source (NSLS) X-ray beamline X25 at Brookhaven National Lab. X

ray images were indexed, refined, and integrated using iMOSFLM51 and data were scaled 

using the SCALA program in the CCP4 Suite52 aRbsB structures were solved by 

molecular replacement in PHENIX53 using E. coli RbsB (PDB: 2DRI) as the search 

model and built using PHENIX AutoBuild. Refinements and adjustments to the structure 

were made using the PHENIX Refine module or manually using Coot. Automated ligand 

fitting was performed using the Ligand Identification module in PHENIX. 54 Ligand 

placement was performed using the Ligand Fit module in PHENIX. 55 Quality of 

structures was assessed using the Xtriage tool and the Validate module in PHENIX. 

RESULTS 

aRbsB and hRbsB can be expressed as 6xHis fusion proteins 

The rbsB genes from A. actinomycetemcomitans and H. injluenzae were amplified 

by PCR and cloned into the pPROEX-HTb plasmid for expression as a 6xHis-tagged 

fusion protein, which was confirmed by sequencing the vector (Genewiz). 

Overexpression of 6xHis-aRbsB and 6xHis-hRbsB was induced with the addition of 0.1 

mM IPTG to early log-phase (OD595 ~ 0.9) cultures of E. coli BL21 transformed with the 

cloned pPROEX-HTb plasmid. Growth was continued at 37°C for 12 hours after 

induction, after which a band, absent from the preinduction sample, appears at 32 kDa on 

SDS-PAGE, the size of 6xHis-aRbsB and 6xHis-hRbsB, (Figure 3.1, lanes 1 and 2). 
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6xHis-aRbsB -
(-32 kDa) 

1. Preinduction 
2. 12 hr postinduction 
3. Lysate pellet 
4. Lysate supernatant 
S. Ni-NTA flowthrough 
6. Ni-NTA wash 
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Figure 3.1. SDS-PAGE analysis of 6xHis-aRbsB expression and Ni-NTA purification. 
Protein expression was induced with the addition of 0.1 mM IPTG to cultures of E. coli 
BL21 containing the pPROEX-HTb vector with the arbsB gene incorporated. After lysis, 
the cleared lysate was passed over nickel resin and the matrix washed with five bed 
volumes wash buffer. Elution fractions are not shown as extremely high concentrations of 
6xHis-aRbsB overload the gel. SDS-PAGE analysis of expression and Ni-NTA 
purification ofhRbsB is virtually indistinguishable from aRbsB through this point. 

Following a 12 hour expression at 37°C, the cells were collected by centrifugation 

and lysed using a high-pressure microfluidizer. Cellular debris was pelleted, and the 

supernatant containing the soluble 6xHis-aRbsB or 6xHis-hRbsB was purified using a 

nickel nitrilotriacetic acid (Ni-NTA, Qiagen) resin (Figure 3.1, lanes 4-6). The presence 

of 6xHis-aRbsB in the pellet in Figure 3.1 does not necessarily indicate that the protein is 

inherently insoluble or unstable - there is far more 6xHis-aRbsB present in the liquid 

phase, suggesting that the protein is reasonably soluble. As such, this procedure typically 

yields large amounts of protein, upwards of 150-200 mg 6xHis-aRbsB or 6xHis-hRbsB 

after Ni-NTA purification, indicating that solubility is not an issue. 
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Optimization ofTEV protease digestion conditions 

After purification by nickel affinity chromatography, the 6xHis tag is removed 

through cleavage by the tobacco etch virus (TEV) protease, for which there is a cut 

recognition site linking the 6xHis-tag to the passenger protein. The pooled Ni-NTA 

elution fractions were buffer swapped into 25 mM Tris pH 8.0, 150 mM NaCI, as TEV 

protease tends to aggregate in the presence of imidazole. In order to determine the most 

efficient conditions for the digestion, a screen for protease/target protein ratio, reaction 

temperature, and duration of digest was performed (Figure 3.2). 

For my purposes, I chose to perform all future 6xHis-aRbsB and 6xHis-hRbsB 

digests using 1 mg TEV protease per 150 mg target protein at 4°C for 12 hours 

(Condition 6, Figure 3.2). More complete digestion is achieved by using more TEV 

protease or by performing the reaction at room temperature. However, the final yield is 

still excellent, so it would be favorable to maintain low temperature, ensuring protein 

stability, and to conserve TEV, which is difficult to purify.56 
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Figure 3.2. SDS-PAGE analysis of TEV protease screen performed on 6xHis-aRbsB. 
Parameters screened included quantity of TEV (l mg TEV per 1500 mgll50 mg/15 mg 
target protein, corresponding to O.lx/lxll Ox concentrations), temperature (4°C/RT), and 
duration of digest (4hI12h). A similar screen was performed for 6xHis-hRbsB, with 
virtually identical results (data not shown). 
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Untagged aRbsB and hRbsB can be quantified by peptide bond absorbance at 205 nm 

One of the most commonly used methods of protein quantification through 

measurement of UV -Vis absorbance of the aromatic residues phenylalanine, tryptophan, 

histidine, and tyrosine at 280 nm57 However, after cleavage of the 6xHis tag, both hRbsB 

and aRbsB demonstrate extremely weak absorbance at 280 nm due to a scarcity of 

aromatic residues, in particular possessing no strongly absorbing tryptophan residues 

(Abs 0.1 % ~ 0.053 for aRbsB and hRbsB, ExPASy ProtParam). This results in a high 

degree of error when quantifying protein except at very high concentrations. The 

colorimetric Bradford protein assayS8 was also attempted, but both RbsB proteins, despite 

containing a relatively high number of Asn and Gin residues for which the Bradford 

reagent is sensitive, exhibited an unusually weak dye response for unknown reasons. 

Instead, the absorbance of the peptide bond at 205 nm was used to determine 

protein concentration with fairly little variation with respect to amino acid 

composition59
•
6o Most proteins have an absorbance at 205 nm between 30 and 35 for a 1 

mg mL·1 solution, with the vast majority within several percent of 31 59
•
61 Two major 

drawbacks to this approach are the strong absorbance of light by air near the actual 

peptide bond absorbance maximum at 190 nm and interference by common buffers like 

Tris and phosphate 59 Absorbance of air is minimized with a NanoDrop instrument 

instead of a traditional spectrophotometer with a larger sample chamber and long path 

length. To address buffer issues, I used concentrations below interference thresholds 

suggested by Stoscheck et al. « 40 mM Tris )57 A20s concentration measurements for 

aRbsB and hRbsB were consistent and scaled linearly over a range of dilutions. Given the 

two major issues with this method have been addressed, A20s may actually be more 
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desirable, since concentration measurements are not dependent on amino acid 

composition and closer to an absolute concentration. 

Further purification of aRbsB 

Following digestion with illV protease at 4°C for 12 hours, tagless aRbsB can be 

purified from uncut 6xHis-aRbsB, cleaved 6xHis-tag, and TEV protease, which itself is 

6xHis-tagged, by nickel affinity chromatography. 

aRbsB was further purified by ion exchange chromatography using a MonoS 

cation exchange column (GE Healthcare). Buffers A (25 mM MES pH 6.0) and B (25 

mM MES pH 6.0, I M NaCI) were used to run a gradient from 25 mM to 1.0 M NaCI 

(2.5% to 100% buffer B) across 20 column volumes. aRbsB elutes from the MonoS 

column as a clean single peak, starting around II % buffer B and ending at 20% B (Figure 

3.3). 
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Figure 3.3. FPLC chromatogram for cation exchange purification of aRbsB on MonoS 
column running 25 mM MES pH 6.0, 2.5 mM to I M NaCI gradient over 20 column 
volumes. aRbsB begins to elute at about II % Buffer B, corresponding to a salt 
concentration of approximately 110 mM NaCl. 
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Figure 3.4. FPLC chromatogram and SDS-PAGE analysis of S75 size exclusion 
chromatography purification of aRbsB rurming 25 mM Iris pH 8.0, 150 mM NaCL 

As a final purification and buffer swap step, aRbsB was loaded on an S75 gel 

filtration column rurming 25 mM Iris pH 8.0, 150 mM NaCL aRbsB eluted as a single, 

symmetrical peak in S75 fractions 30 through 34 with no visible impurities in SDS-

PAGE (Figure 3.4). 

Further purification ofhRbsB 

After digestion with IEV protease at 4C C for 12 hours, the tagless hRbsB protein 

was purified out of a mixture with 6xHis-hRbsB, cleaved 6xHis-tag, and the 6xHis-

tagged IEV protease by flowing the digestion mix over an Ni-NIA matrix. 
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Numerous attempts have been made to purify hRbsB VIa Ion exchange 

chromatography, uSIng a MonoS cation exchange column (GE Healthcare) runnIng 

acetate (pH 5.0) and MES (pH 6.0, Figure 3.5) buffer systems and a MonoQ anion 

exchange column (GE Healthcare) running Tris (pH 8.0) and CHES (pH 9.0) buffer 

systems. However, hRbsB eluted in the equilibration phase before the salt gradient started 

in each case, suggesting the protein may not be sufficiently charged at the pH ranges 

screened to interact with the ion exchange resin in any of the cases attempted. 

Interestingly, a single, previously unobserved band running roughly 4-5 kDa smaller than 

hRbsB was seen in each fraction of every ion exchange run (Figure 3.5). 

2 3 4 5 6 7 8 9 10 11 12 L 
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37kDa 
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20kDa 

15kDa 

10kDa 

Figure 3.5. SDS-PAGE analysis of salvaged equilibration fractions from an unsuccessful 
hRbsB MonoS cation exchange run (MES, pH 6.0) in which hRbsB failed to stick to the 
resin. A band running ,,-,4-5 kDa smaller than hRbsB is seen in all fractions containing 
hRbsB. 

hRbsB was further purified by SIze exclusion uSIng an S75 column (GE 

Healthcare) running 25 mM Tris pH 8.0, 150 mM NaCI (Figure 3.6). The unidentified 

band seen in the ion exchange runs was observed again in the SDS-PAGE analysis of S75 

fractions, copurifying with hRbsB in a single, well-formed peak. 
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Figure 3.6. FPLC chromatogram and SDS-PAGE analysis of hRbsB purification with a S75 
gel filtration column running 25 mM Tris pH 8.0, 150 mM NaCl. hRbsB elutes as a single, 
symmetrical peak in fractions 31-35 on the chromatogram, but gel samples show the same 
slightly smaller component copurifYing seen in ion exchange. 

Optimization of aRbsB crystallization conditions 

The Hampton Index screen, prepared using aRbsB at the 21 mg mL,l 

concentration prescribed by the Pre-Crystallization Test (pCT, Hampton Research) in a 

140 rri 

sitting drop vapor diffusion configuration, yielded a number of crystals after 24 hours, of 

which the vast majority crystallized from reagents containing PEG-3350 as a precipitant 

Subsequent screens focused on optimizing PEG-3350 concentration, pH, and salt 

concentration. While decent 3D crystals could be obtained anywhere between pH 5.5 and 
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7.5 and between 15 and 35% PEG-3350, the most durable crystals with the fewest visible 

imperfections were grown in 22-23% PEG-3350, 0.1 M Bis-Tris pH 6.5. In addition, a 

two-fold dilution of aRbsB to 10.5 mg mL· j reduced overnucleation and yielded more 

robust 3D crystals. 

The addition of up to 10% glycerol or 10% PEG-400 to the well solution for 

cryoprotection was well tolerated with no obvious differences in crystal quality or 

morphology. For collection of diffraction data, most crystals could be transferred from 

liquid nitrogen into the diffractometer cryostream with minimal cracking and ice 

formation while yielding sufficiently clean diffraction patterns, suggesting that 10% 

glycerol or 10% PEG-400 provides adequate cryoprotection for aRbsB crystals. 

hRbsB requires further concentration for crystallization 

Several pre-crystallization tests (Hampton Research) were performed usmg 

purified hRbsB at concentrations as high as 48 mg mL· j but did not give a positive result. 

Similarly, an index crystal screen (Hampton Research) performed at this concentration 

yielded only a few wells with separation of phases but none with any appreciable crystals 

or nucleation. The unusually high solubility of hRbsB observed so far suggests that an 

even higher concentration is required, as crystallization occurs through the slow, 

controlled precipitation of protein near the solubility limit. Unfortunately, I did not have 

enough material to continue concentrating to force precipitation. A larger scale protein 

purification (>6 L E. coli BL2l expression culture) is necessary to yield enough material 

for further crystallization trials. 
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Crystal structures of aRbsB 

Three crystal structures are presented for aRbsB, solved using the highest quality 

diffraction data obtained from crystals prepared under the following conditions: a crystal 

with no exogenous DPD (structure 1), a crystal soaked in a DPD solution prior to 

freezing (structure 2), and a crystal grown with DPD added to the drop (structure 3). Data 

collection and refinement parameters for these structures are presented in Tables 83, 84, 

and 85, respectively. 

All three structures exhibit a similar electron density in the ligand-binding pockets 

of both copies of aRbsB in the asymmetric unit. It is qualitatively apparent that the 

density map, when contoured to ("j ~ 2.00 nnsd, corresponds to a five or six-membered 

ring structure with four substituents (Figure 3.7). 

Figure 3.7. Non-protein density found in the binding site of aRbsB from a map 
calculated for a crystal soaked in DPD. This same density is present in all binding 
pockets in all three structures. 
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The aRbsB non-protein electron density belongs to the pyranose torm of ribose 

The six-membered ribopyranose ring (ligand ID: RIP) was placed into the non-

protein electron density in the aRbsB binding pocket in each structure with relatively 

high confidence (CC ~ 0.85-0.90). Contouring the electron density map to G ~ 4.00 rmsd 

shows that the shape of the ribose molecule fits very well with the shape of the density 

(Figure 3.8A). Contouring further to G ~ 5.00 rmsd reveals the localization of electron 

density toward the electronegative oxygen atoms on ribose, further supporting the case 

for aRbsB having bound ribose in these crystal structures (Figure 3.8B). 

A. B. 

Figure 3.8. Ligand electron density with the pyranose form of ribose placed by the 
LigandFit module in PHENIX with contour at A) G ~ 4.00 rmsd and B) G ~ 5.00 rmsd. 

DISCUSSION 

The preliminary bioinformatics studies in the previous chapter suggested that 

aRbsB and hRbsB are not likely to behave as functional receptors for AI-2. due to a lack 

of similarity to LuxP or the LsrB-like receptors. However. the types of sequence and 

structure alignments performed are typically only useful for initial predictions and cannot 

necessarily be taken to perfectly reflect reality. Thus. I reported the cloning. expression. 
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and purification of aRbsB and hRbsB for use in structural studies and bioassays as well 

as structures from aRbsB crystals grown in the presence of DPD, soaked in DPD, and 

prepared without exogenous DPD. 

The genes encoding aRbsB and hRbsB were both successfully cloned into the 

pPROEX-HTh plasmid, a vector designed for the expression of N-terminal 6xHis-tagged 

fusion proteins that can be purified by nickel affinity chromatography. Expression trials 

have shown that 6xHis-aRbsB and 6xHis-hRbsB can be readily overexpressed to high 

yield with no major solubility issues. aRbsB and hRbsB can be harvested and purified 

using a combination of affinity, ion exchange, and size exclusion chromatography steps. 

All three presented structures from aRbsB crystals, prepared in the absence and 

presence of DPD, shared a common electron density in the ligand-binding region. The 

density maps of these structures are well-resolved enough to qualitatively determine that 

the ligand electron density belongs to a ring with four substituents, inconsistent with 

either of the two known forms of AI-2. Ligand fitting in PHENIX places the six

membered pyranose form of ribose into the electron density in each structure to a 

relatively high degree of confidence (CC ~ 0.85-0.90). 

These structural data suggest that ribose is able to outcompete AI-2 in binding to 

aRbsB, even though DPD was added in much higher concentrations than biologically 

relevant levels and no exogenous ribose was added. However, it is important to note that 

the local environment inside of a crystal lattice is radically different than a biological 

system - protein molecules are packed together much more tightly in a crystal than in the 

cellular environment, and conformational changes are restricted due to packing and the 

requirement for a highly ordered, regular repeating lattice. Thus, I detail a Vibrio harveyi 
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bioassay designed to assess the degree of AI-2 binding for proteins in the solution phase 

in the following chapter. 
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Chapter 4: Vibrio harveyi Bioluminescence Assay 

Following the lack of any evidence of electron density fitting AI-2 in any of the aRbsB 

crystal structures, I used a Vi bri 0 harveyi assay to detennine if any AI -2 is physically 

bound to purified samples of aRbsB and hRbsB. The protein was expressed and purified 

in the E. coli BL21 expression strain, which possesses LuxS and produces AI-2. The 

assay involves thennally denaturing the protein sample to release any bound ligands, 

pelleting away the solid, aggregated protein, and adding the supernatant to a culture of V 

harveyi reporter strain MM32. V harveyi MM32 is a double mutant, lacking the AI-l 

receptor LuxN and the AI-2 synthase LuxS, such that the reporter produces light only in 

response to an exogenous AI-2 signal. If the protein subject initially had AI-2 bound, AI-

2 would be present in the supernatant, inducing lux operon-mediated bioluminescence of 

the reporter strain. I observed that the supernatant from denatured samples of aRbsB and 

hRbsB are not able to produce an appreciable induction of V harveyi bioluminescence, 

further suggesting that these two proteins do not effectively bind AI-2. 

MATERIALS AND METHODS 

Preparation of Protein Supernatants 

Samples of aRbsB and hRbsB in 25 mM Tris pH 8.0, 150 mM NaCl, purified by 

the methods detailed in Chapter 3, were concentrated to 10 mg mL·1 These protein 

samples and aliquots of S. typhimurium LsrB at 10 mg mL· j purified by Anna de Regt 

from both LuxS· and LuxS+ E. coli expression strains were thennally denatured at 75°C 

for 10 minutes. Protein aggregates were pelleted by centrifugation and the supernatant 

was saved for use in the bioassay. 
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Vibrio harveyi Bioluminescence Assay 

The V harveyi bioluminescence assay used in this study is a modified version of 

an assay designed by Schauder and Bassler to screen for bacteria with the ability to 

synthesize AI-2 by testing cell-free cultures62 To prepare the reporter, autoinducer 

bioassay (AB) medium (0.2% w/v casamino acids, 50 mM MgS04 • 7 H20, O.3M NaCI, 

I mM L-arginine, 1% v/v glycerol, 10 mM potassium phosphate pH 7.0) was inoculated 

with V harveyi MM32 from a frozen stock. The culture was grown overnight (14 hours, 

OD595 ~0.7-1.2) at 30°C with shaking at 160 rpm. Following overnight growth, the 

culture was diluted I :5000 using fresh AB medium. 

Wells consisting of 90 ilL diluted V harveyi MM32 culture and 10 ilL protein 

supernatant were prepared in a black 96-well microtiter plate. Protein supernatants 

prepared from aRbsB and hRbsB were measured as experimental samples, while protein 

supernatants from S. typhimurium LsrB expressed in LuxS+ and LuxS· cells were used as 

positive and negative controls, respectively. Samples were prepared in triplicate, and light 

production was measured every 30 minutes over the course of nine hours at 490 run using 

a Wallac 1420 Victor2 luminometer. 

RESULTS 

aRbsB and hRbsB do not bind a detectable amount of AI-2 

aRbsB, hRbsB, and LsrB were denatured by placing samples in a heat block at 

75°C for 10 minutes, apparent by the appearance of opaque white precipitates in all 

samples. Protein aggregates were pelleted by centrifugation, leaving behind the protein 

supernatant containing any released soluble ligand. 
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Figure 4.1. The parallel AI-l and AI-2 pathways converge at the LuxU phosphorelay 
protein. V harveyi reporter strain MM32 lacks LuxN, eliminating the AI-I-mediated 
pathway, and LuxS, abolishing the the reporter's ability to produce AI-2 on its own. 
Figure from Reference 22. 

The V harveyi MM32 reporter strain used in this experiment lacks the both AI-l 

reporter LuxN and the AI-2 synthase LuxS, eliminating the AI-l pathway and ensuring 

that lux operon-mediated bioluminescence is only induced when exogenous AI-2 is added 

to the cell culture (Figure 4.1)63 Thus, the measured light production can be directly 

attributed to any AI-2 released into the protein supernatants upon denaturation. 

The level of AI-2 activity measured in this experiment is reported as the fold 

change in V harveyi MM32 light production relative to measurements of cultures 

supplemented with a buffer baseline (25 mM Tris pH 8.0, 150 mM NaCl). Luminescence 

was first observed in wells corresponding to LsrB LuxS+ samples, the positive control, 

approximately five hours after addition of protein supernatant (Figure 4.2). Light 

production in LsrB LuxS+ samples increased dramatically after this point, while neither 

aRbsB nor hRbsB showed signs of induction over the duration of the experiment. 
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Figure 4.2. AI-2-dependent V harveyi MM32 bioluminescence induction profile for 
protein supernatants, relative to MM32 supplemented with buffer (25 mM Iris pH 8.0, 
150 mM NaCI). All samples were prepared in triplicate and measured using a Wallac 
1420 Victor2 luminometer. 

On average, LsrB LuxS+ samples triggered a maximum ofa 1.08*104 ± 1.9*103
-

fold increase in light production compared to the buffer sample, several orders of 

magnitude greater than in the LsrB LuxS' negative control supernatants, which produced 

a 7.15 ± 1.1-fold induction on average. In contrast, no light was produced in protein 

supernatants from aRbsB and hRbsB expressed in a LuxS+ strain, producing only 2.08 ± 

0.31-fold and 2.66 ± 0.45-fold inductions, respectively. 

DISCUSSION 

In light of our inability to locate electron density corresponding to AI-2 in the 

crystal structure of aRbsB, we used the V harveyi bioassay presented in this chapter as an 
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alternative method for detecting AI-2. Since the highly ordered and tightly packed crystal 

lattice does not reflect realistic conditions in a true biological system, it is possible that 

aRbsB could bind AI-2 in the solution phase but not as a crystal, releasing AI-2 as the 

protein is incorporated into the lattice. In contrast, this bioassay is designed to screen 

ligands released directly from protein solutions, a condition much closer to the aqueous 

cell environment. 

The assay exhibited little to no activity above baseline in any of the samples over 

the first five hours. After this point, luminescence rapidly increased in the LsrB LuxS+ 

positive control through the remaining duration of the experiment; this is consistent with 

the time scale for induction of AI-2-dependent V harveyi bioluminescence in similar 

bioassays.17.26 MM32 cultures supplemented with aRbsB and hRbsB supernatants were 

able to produce a maximum of only 2.08 ± 0.31 and 2.66 ± 0.45-fold increases in light 

production relative to cultures with buffer added, respectively after nine hours. This is 

even less than the induction achieved with LsrB expressed in LuxS· cells that are unable 

to synthesize AI-2, suggesting that no AI-2 was released from aRbsB or hRbsB. Since the 

experiment was terminated after nine hours, while the luminescence in LsrB LuxS+ 

samples was still sharply rising, the true difference in maximum induction of the positive 

control from the RbsB proteins is likely even greater than observed here. 

There exists the possibility that AI-2 is bound weakly enough by aRbsB and 

hRbsB that the ligand is lost or washed away with the various buffers used throughout the 

purification process. However, given the observation that a 104-fold induction could be 

produced with purified LsrB LuxS+, it would be difficult to imagine that a truly 

functional receptor would lose all bound AI-2 in purification and ultimately yield no 
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detectable light. In a future experiment, 6xHis-aRbsB and 6xHis-hRbsB could be applied 

to a nickel column, washed with an AI-2 solution to promote binding by RbsB followed 

by an AI-2-free wash to remove unbound ligand, and eluted using a minimal amount of 

buffer to test this hypothesis with the same bioassay. However, all of the evidence that I 

have assessed so far seems to suggest that aRbsB and hRbsB are not suitable AI-2 

receptors. 
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Chapter 5: Expression and Purification of Escherichia coli LsrR 

At low cell densities and low levels of AI-2, the LsrR protein represses transcription of 

the lsr operon genes, IsrACDBFGE, in E. coli and S. typhimurium 27 In these two species, 

LsrK phosphorylates AI-2 upon internalization of the signal by the Lsr ABC-type 

transporter27
,28 Phospho-AI-2 subsequently binds to and inactivates LsrR, resulting in the 

transcription and expression of the lsr operon genes, encoding for proteins required for 

further processing of AI_2 27
,29,3o It has also been shown that dihydroxyacetone phosphate 

(DHAP) or a derivative triggers transcriptional repression of the lsr operon28 One theory 

suggests that DHAP could compete with phospho-AI-2 for binding with LsrR, causing 

LsrR to remain as an active repressor28 This chapter details the cloning, expression, and 

purification of LsrR, the transcriptional repressor of the lsr operon from E. coli for use in 

future studies of the potential interaction between LsrR and DHAP, 

MATERIALS AND METHODS 

Cloning and Expression ofN-terminal deleted IsrR 

The N-terminal deleted (residues 53-317) IsrR gene was previously cloned into 

the pENTR entry vector (Gateway System, Life Technologies) by Sebastian Kyllmann, 

The gene was then transferred from pENTR into the pDEST-HisMBP plasmid using the 

Gateway LR Clonase kit (Life Technologies), The vector was then transformed into E. 

coli TOPI0 cells (Life Technologies) for maintenance and propagation and E. coli BL21 

cells for expression, 

LB medium (Difco) supplemented with 1 mg mL-1 ampicillin (GoldBio) was 

inoculated with a frozen stock of E. coli BL21 containing the pDEST-HisMBP-IsrR 
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construct and grown to saturation overnight (16 hours) at 37°C with shaking at 160 rpm. 

The culture was diluted 1: 100 and growth was continued until OD595 ~ 0.5, when the 

temperature was reduced to 20°C to improve protein solubility64 At OD595 ~ 0.9, 

expressIOn was induced with the addition of 0.1 mM isopropyl-~-D-1-

thiogalactopyranoside (IPTG, GoldBio). Growth was continued under these conditions 

for an additional 20 hours post-induction, after which the cells were harvested by 

centrifugation. 

Purification ofC-LsrR 

Pelleted cells were thawed on ice and resuspended in 20 mL lysis buffer (50 mM 

sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, l.4 mM ~-mercaptoethanol) 

supplemented with 10 Ilg mL·
j 

DNase I (Sigma) and 10 Ilg mL·
j 

leupeptin (CalBioChem) 

per liter of original culture. Resuspended cells were lysed using an M-11OY 

microfluidizer (Microfluidics) and the lysate was cleared by centrifugation. 

After lysis, the lysate supernatant was flowed twice over a nickel nitrilotriacetic 

acid (Ni-NTA) Agarose resin (Qiagen) preequilibrated with lysis buffer. The matrix was 

washed with five bed volumes of wash buffer (50 mM sodium phosphate pH 8.0, 300 

mM NaCl, 20 mM imidazole, l.4 mM ~-mercaptoethanol) to reduce nonspecific binding. 

6xHis-MBP-C-LsrR was eluted from the column in 1 mL fractions with elution buffer 

(50 mM sodium phosphate pH 8.0, 300 mM NaCl, 250 mM imidazole, l.4 mM ~

mercaptoethanol) and pooled. Protein was analyzed by SDS_PAGE49 and quantified by 

UV-Vis absorbance at 280 nm (Abs 0.1% ~ l.08 for 6xHis-MBP-C-LsrR, ExPASy 
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ProtParam)48 Pooled fractions were buffer swapped into 25 mM Tris pH 8.0, 150 mM 

NaCl, 1 mM DTT, 5% v/v glycerol using a G25 Sephadex column. 

After Ni-NTA purification, the 6xHis-MBP tag was cleaved with 1 mg TEV 

protease per 150 mg 6xHis-MBP-C-LsrR for 4 hours at 4°C. At this point, the digestion 

mixture was buffer swapped into lysis buffer supplemented with 5% v/v glycerol using a 

G25 column and flowed over the nickel column to remove cleaved tag, remaining uncut 

6xHis-MBP-C-LsrR, and TEV protease. C-LsrR was further purified by size exclusion 

chromatography on an S75 column (GE Healthcare) run with 25 mM Tris pH 8.0, 150 

mM NaCl, 1 mM DTT, 5% v/v glycerol. Fractions were analyzed by SDS-PAGE and 

protein quantified using A280 measurements (Abs 0.1 % ~ 0.268 for C-LsrR, ExPASy 

ProtParam). 

RESULTS 

C-LsrR can be expressed and purified as a soluble MBP fUsion protein 

Previous studies on full-length LsrR have reported poor solubility37.65 The N-

terminal deleted construct (C-LsrR, residues 53-317), expressed as glutathione S-

transferase (GST) fusion by Ha et aI., demonstrates improved solubility over the full-

length protein, but additional measures are still necessary to stabilize C-LsrR throughout 

h ·fi· 65 t e pun lcatlOn process. 

Expression of insoluble or marginally soluble proteins using an MBP fusion tag 

has previously been demonstrated to significantly enhance solubility and promote proper 

folding of the passenger protein66
.
67 Soluble expression of 6xHis-MBP-C-LsrR was 

achieved in bacterial cultures by dropping the growth temperature to 20°C once OD595 ~ 
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0.5 was reached, followed by induction of expression with IPTG at OD595 = 0.9 (Figure 

5.1). At this reduced temperature, below the typical E. coli growth temperature of 37°C, 

the accumulation of protein in inclusion body aggregates decreases68 and the activity and 

expression of E. coli chaperones that promote proper folding such as GroELIES is 

enhanced, ultimately increasing the amount of soluble, well-folded protein that can be 

recovered.69 

1. Preinduction 
2. Postindnction 
3. Lysate peDet 
4. Lysate supernatant 
S, Ni-NTA tlowthrough 
6. Ni-NTA wash 
7. Elution 1 
8. Elution 2 
9. Elution 3 
lO. Elution 4 
11. Elution S 
12. MW Ladder 
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Figure 5.1. SDS-PAGE analysis of expression and Ni-NTA purification of 6xHis-MBP
C-LsrR. Expression of was induced by the addition of 0.1 M IPTG for 16 hours. A 
significant amount of insoluble 6xHis-MBP-C-LsrR is seen in the pellet, but enough 
remains in the supernatant to continue through Ni-NTA purification. 

Following cell lysis and clearing of cellular debris from the lysate by 

centrifugation, the vast majority of 6xHis-MBP-C-LsrR is found in the liquid phase even 

though some is still insoluble and present in the pellet (Figure 5.1). Quantification by 

UV-Vis A280 reveals that Ni-NTA purification following overexpression at 20°C yields 

roughly 30-35 mg of soluble 6xHis-MBP-C-LsrR per liter of expression culture, 

compared to about only 15 mg of 6xHis-MBP-C-LsrR per liter recovered from 

purifications performed following expression at 37°C. 
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Removal of the 6xHis-MBP fusion tag by TEV protease 

In this construct, the 6xHis-MBP fusion tag is linked to the carrier protein by a 

TEV protease cut site for easy removal of the tag. 70 However, a significant decrease in 

protein solubility was observed when attempting to cleave the tag, with small clumps of a 

solid precipitate appearing within several minutes of adding TEV protease to the protein 

solution. Even after the precipitate was filtered away using a 0.22-micron filter and TEV 

protease, uncut protein, and cut tag was removed by nickel affinity chromatography, 

these aggregates were observed to reappear within an hour. 

SDS-PAGE analysis of TEV digest samples taken before and after filtration 

(Figure 5.2) suggests that it is the cut 6xHis-MBP tag that aggregates even in the absence 

of TEV protease and is not a result of an incompatibility between C-LsrR and TEV 

protease. Supplementation of buffers used in the TEV digestion and subsequent steps 

with 5% v/v glycerol, a common cosolvent for stabilization of marginally soluble 

proteins,71 prevented aggregation during the TEV reaction (Figure 5.3) and throughout 

the remainder of the purification. 

6xHis-MBP-C-LsrR -
(-70 kDa) 
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2. Digest mix, filtered 
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C-LsrR
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100 kDa 
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50kDa 

'J7 kDa 
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Figure 5.2. Attempted TEV digestion of 6xHis-MBP-C-LsrR in 25 mM Tris pH 8.0, 150 
mM NaCI, 1 mM DTT with 1 mg TEV per 150 mg protein led to rapid aggregation. The 
reaction mix was filtered to determine the aggregating species; the 6xHis-MBP band is 
much less intense after filtration, suggesting the tag is precipitating. TEV protease is 
difficult to see here, as it is dilute (~5 Ilg/mL) and similar in size to C-LsrR. 
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Figure 5.3. SDS-PAGE analysis of TEV protease cleavage of 6xHis-MBP-C-LsrR. 
Protein was digested for 4 hours at 4°C in 25 mM Tris pH 8.0, 150 mM N aCI, 1 mM 
DTT with 5% glycerol, using 1 mg TEV protease per 150 mg 6xHis-MBP-C-LsrR. After 
digestion, the reaction mixture was flowed over a Ni-NTA matrix in an attempt to 
remove uncut protein, 6xHis-MBP, and TEV protease, but these components did not 
appear to stick to the resin under these conditions. 

Further Purification 

Following the digestion, residual uncut protein, cleaved 6xHis-MBP tag, and TEV 

protease, can be removed by Ni-NTA chromatography, as these components, all 

possessing 6xHis tags, are expected to stick to the resin while the tagless C-LsrR flows 

through. However, it initially appeared that all components flowed through the column, 

failing to achieve any significant separation of the cut protein (Figure 5.3). 

Size exclusion chromatography with a Sephadex 75 resin (GE Healthcare) was 

used in an attempt to separate these components. Unfortunately, C-LsrR (28 kDa) and 

6xHis-MBP (42 kDa) appear to elute in a single peak, unexpected due to the relatively 

large difference in molecular weight (Figure 5.4). 

49 



123(~6789111111(11111 

6xHis- i\18P 
(-42 kDa) 

C-tsrR 
(- 28 kDa) 

27 28 

-

00 

29 30 

--

,~ 

32 33 L 
100 kDa 
~ kDa 

o kDa 

37 kDa 

- 25 kDa 

20 kDa 

Figure 5.4. FPLC Azoo chromatogram and 3D3-PAGE analysis of attempted 375 size 
exclusion separation of C-LsrR from TEV digest byproducts. Uncut 6xHis-1v1BP-C-LsrR 
is separated, but 6xHis-11BP and C-LsrR both elute in fractions 28-33. 

Recalling the successful Ni-NTA purification after lysis, a buffer swap into lysis 

buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 1.4 mM ~-

mercaptoethanol) with 5% glycerol performed using a G25 gel filtration resin (GE 

Healthcare) was able to solve this issue, yielding good separation of C-LsrR and 6xHis-

MEP by Ni-NTA affinity chromatography (Figure 5.5). C-LsrR was buffer swapped into 

25 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT, 5% glycerol and is stable up to a 

concentration of at least 10 mg rnL- 1 in this buffer. 
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Figure 5.5. SDS-PAGE analysis of C-LsrR Ni-NTA affinity chromatography post-TEV 
digest with buffer swap into lysis buffer (50 mM sodium phosphate pH 8.0, 300 mM 
NaCI, 10 mM imidazole, 1.4 mM ~-mercaptoethanol, 5% glycerol). A mixture of 6xHis
MBP and C-LsrR was loaded onto the column; C-LsrR flowed through while a 6xHis
MBP and a small amount of C-LsrR, evident in the elution, stuck to the column. A 
sample of the Ni-NTA agarose resin was run to ensure nothing remained on the column. 

DISCUSSION 

In E. coli, the LsrR transcriptional regulator binds to a consensus sequence in the 

promoter region of the lsr operon to prevent transcription in the absence of phospho-AI-

2.37 When phospho-AI-2 is present, it binds to LsrR and derepresses transcription of the 

lsr operon. Of particular interest is the proposed interaction with DHAP, thought to 

potentially compete with phospho-AI -2 for binding and "locking" LsrR into active 

repression of the lsr operon.28 In this experiment, a truncated form of LsrR (C-LsrR, 

residues 53-317), lacking the N-terminal DNA binding domain,65 was successfully 

cloned, overexpressed as 6xHis-MBP fusion, and purified for use in future studies. 

Previous studies of LsrR have reported problems with poor protein stability and 

aggregation.37,65 The truncated C-LsrR construct was designed by Ha et al. to improve 

solubility,65 but additional measures are still needed to ensure the protein remains happy 

throughout the purification process. 
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I chose to express C-LsrR as a 6xHis-MBP fusion protein, incorporating the 

6xHis tag for its use in nickel affinity chromatography and the MBP fusion for its well

established ability to improve the solubility of a passenger protein66
,70 The entire 6xHis

MBP fusion is linked to the N-terminus of C-LsrR by a TEV protease recognition site for 

easy removal of the tag70 Expression in E. coli BL21 was carried out at 20°C rather than 

the optimal E. coli growth temperature of 37°C, since expression at lowered temperatures 

reduces the sequestration of protein into inclusion bodies64 and increases the expression 

of molecular chaperones such as GroELIES that promote proper protein folding69 These 

measures allowed for the production of an acceptable amount of soluble protein to 

proceed with purification by nickel affinity chromatography. 

Further purification was possible with the addition of 5% v/v glycerol to all 

buffers used as aggregates formed rapidly in protein solutions upon the removal of the 

fusion tag by TEV protease otherwise. For the sake of caution, TEV digestion was 

performed at 4°C and kept short at 4 hours, compared to the 12-hour overnight digests 

used in the purifications of 6xHis-aRbsB and 6xHis-hRbsB which exhibit much better 

solubility and stability. 

Interestingly, neither uncut 6xHis-MBP-C-LsrR nor cleaved 6xHis-MBP tag 

appeared to stick to the Ni-NTA matrix when poured over the column after TEV protease 

digestion. This was fairly unexpected, as the same buffer system (25 mM Tris pH 8.0, 

ISO mM NaCI, I mM DTT) has previously been used successfully in a similar post-TEV 

digest nickel purification step in purifications of aRbsB and hRbsB (See Chapter 3). 

Since the initial Ni-NTA purification following lysis was seen to work properly, the TEV 

digest mixture was swapped into 50 mM sodium phosphate, 300 mM NaCI, 10 mM 
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imidazole, 1.4 mM ~-mercaptoethanol, 5% glycerol, the lysis buffer with added glycerol, 

before reattempting nickel purification - for unknown reasons, separation was achieved 

using this modified buffer system. 

In this chapter, I have presented a protocol for the expression and purification of 

soluble C-LsrR that can be used for future studies on LsrR and its ligand interactions. 

Though the truncated C-LsrR construct lacks the N-terminal DNA binding domain that is 

present in full length LsrR, it still includes the C-terminal domain that recognizes and 

binds phospho-AI-2. If DHAP does indeed compete with phospho-AI-2 for binding in the 

same pocket, C-LsrR should be appropriate to use in DHAP binding assays and 

crystallographic studies that seek to trap DHAP in the phospho-AI-2 binding pocket. 
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Chapter 6. Conclusions and Future Directions 

Previous studies have claimed that RbsB from A. actinomycetemcomitans 

(aRbsB) and H aemophilus injluenzae (hRbsB) function as receptors capable of 

recognizing and binding the AI-2 quorum sensing signal to mediate intercellular 

communication. 31
,36 However, all of the evidence that I have observed and assessed in 

this series of experiments suggests the contrary - that aRbsB and hRbsB have little to no 

affinity for AI-2, 

Sequence and structural alignments of PHYRE-predicted structures demonstrated 

that aRbsB and hRbsB exhibit low sequence identity to both Salmonella typhimurium 

LsrB and Vibrio harveyi LuxP proteins and poor structural homology with LuxP, The 

RbsB proteins do share a very similar fold with LsrB, but the LsrB residues previously 

identified to hydrogen bond with the R-THMF form of AI-2 are poorly conserved in 

RbsB26 However, this evidence can only be suggestive, as the aRbsB and hRbsB 

structures are predicted and alignments were only computed; additional physical evidence 

is needed to draw any concrete conclusions, 

This evidence was presented for aRbsB in the form of three crystal structures, 

solved from crystals prepared with and without the addition of exogenous DPD; 

crystallization of hRbsB is still in progress, A well-resolved electron density determined 

to closely fit the six-membered ribopyranose ring, rather than any active form of AI-2, 

was found in every aRbsB structure solved, suggesting that aRbsB is likely to function in 

exactly the capacity for which it had had been annotated - as a predicted ribose binding 

protein homologous to E coli RbsR Nevertheless, it is important to consider the fact that 

proteins in a crystal lattice do not necessarily behave as they would in solution, 
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In order to study aRbsB and hRbsB AI -2 binding ability in an aqueous 

environment, solutions of the purified proteins were thermally denatured to release any 

bound ligand into solution and added to a V harveyi reporter, which produces light in the 

presence of AI -2. However, protein supernatants prepared from aRbsB and hRbsB, 

though purified from a LuxS+ expression strain capable of producing AI-2, were unable 

to induce V harveyi bioluminescence, suggesting little to no AI-2 was actually bound 

when the proteins were denatured. It is possible for AI-2 to be washed away and lost in 

the purification process if binding affinity is weak; however, this is unlikely as the LsrB 

positive control was purified in a similar manner and was able to cause over a 104-fold 

greater light induction. A future experiment could involve rerunning the bioassay on 

purified RbsB washed with an AI-2 solution while immobilized on a column to minimize 

the amount of buffer washing between exposure to AI-2 and the bioassay. 

Furthermore, a new technique in development by our collaborators that may be 

relevant to this project involves observing the rate of flow of a solution containing a 

protein of interest through an immobilized AI-2 resin. In such an experiment, a protein 

with receptor function and an affinity for AI-2 would be expected to elute with a longer 

retention time than one that does not interact with the stationary phase through AI -2 

binding. 

Finally, I present optimized expression and purification protocols for C-LsrR, an 

N-terminal deleted construct of the transcriptional repressor of the lsr operon from E. coli 

for use in future in vitro binding assays and crystallographic studies on the potential 

interaction between DHAP and LsrR. Characterization of this proposed interaction could 
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potentially serve to draw connections between AI-2-mediated bacterial communication 

and central metabolism. 
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SUPPLEMENTAL INFORMATION 

Table S1. Amino acid sequences used in BLAST sequence alignments and structural 
predictions, obtained from UniProt (www.uniprot.org). 

,and Strain A~;nn Acid 
QDTIALTVSTLDNPFFVSLKEGAQKKADELGYKLVVLDSQNDPAKE 
LANVEDLLVRGAKVLLINPTDSEAVSNAVAIANRNKIPVITLDRGA 

A. actinomycetemcomitans HK1651 RbsB 
AKGEVVSHIASDNVAGGKMAGDFIAQKLGANAKVIQLEGLAGTSAA 
RERGEGFKQAVAEHKFDVLANQPADFDRTKGLNVMENLLATKGTVQ 
AVFAQNDEMALGALRALSAANKKVLVVGFDGTDDGMKAVKSGKMAA 

'""HL~ 
LANVEDLTVRGAKILLINPTDSEAVGNAVAIANRKHIPVITLDRGA 

H. influenzae 86-028NP RbsB 
AKGNVVSHIASDNIAGGKMAGDFIAQKLGDNAKVIQLEGIAGTSAA 
RERGEGFKQAIDAHKFNVLASQPADFDRTKGLNVTENLLASKGDVQ 
AIFAQNDEMALGALRAVKAANKKVLIVGFDGTDDGVKAVKSGKMAA 

LANVQDLTVRGTKILLINPTDSDAVGNAVKMANQANIPVITLDRQA 

E. cali K12 RbsB 
TKGEVVSHIASDNVLGGKIAGDYIAKKAGEGAKVIELQGIAGTSAA 
RERGEGFQQAVAAHKFNVLASQPADFDRIKGLNVMQNLLTAHPDVQ 
AVFAQNDEMALGALRALQTAGKSDVMVVGFDGTPDGEKAVNDGKLA 

SVVYPGQQV!~~VRNIASFEKRLYKLNINYQLNQVFTR;~~DIKQ 
QSLSLMEALKSKSDYLIFTLDTTRHRKFVEHVLDSTNTKLILQNIT 

V. harveyi LuxP 
TPVREWDKHQPFLYVGFDHAEGSRELATEFGKFFPKHTYYSVLYFS 
EGYISDVRGDTFIHQVNRDNNFELQSAYYTKATKQSGYDAAKASLA 
KHPDVDFIYACSTDVALGAVDALAELGREDIMINGWGGGSAELDAI 
QKGDLDITVMRMNDDTGIAMAEAIKWDLEDKPVPTVYSGDFEIVTK 
ADSPERIEALKKRAFRYSDN 
AERIAFIPKLVGVGFFTSGGNGAQEAGKALGIDVTYDGPTEPSVSG 
QVQLVNNFVNQGYDAIIVSAVSPDGLCPALKRAMQRGVKILTWDSD 
TKPECRSYYINQGTPKQLGSMLVEMAAHQVDKEKAKVAFFYSSPTV 

S. typhimurium L T2 LsrB TDQNQWVKEAKAKISQEHPGWEIVTTQFGYNDATKSLQTAEGIIKA 
YPDLDAIIAPDANALPAAAQAAENLKRNNLAIVGFSTPNVMRPYVQ 
RGTVKEFGLWDVVQQGKISVYVANALLKNMPMNVGDSLDIPGIGKV 

Table S2. List of primers used to amplify and add restriction enzyme cut sites to rbsB 
genes from A. actinomycetemcomitans and H. injluenzae genomic DNA. 4 adenosine 
bases were added to the 5' ends to improve restriction digest efficiency. Primers were 
ordered from Sigma-Aldrich. 

Primer Name Sequence Tm("C) 
AA5'BamHI (forward) 5' - aaaaggatcccaggacacgatcgcc - 3' 75.7 
AA3 'EcoRI (reverse) 5' - aaaagaattcttcgctgatgactttgagatctac - 3' 70.4 
HI5'BamHI (forward) 5' - aaaaggatcccaagacacaatcgctt - 3' 70.8 
HI3'EcoRI (reverse) 5' - aaaagaattcttattcacttattactttcaaatctactggaatt - 3' 68.9 
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Table S3. Data collection and refinement statistics for the best structure from an aRbsB 
crystal grown in 23% PEG-3350, 0.1 M Bis-Tris pH 6.5, 10% PEG-400 with no 
exogenous DPD added (Structure I, data set "STM 1205"). 

Resolution range (A. ... ) 22.76 - l.433 (l.484 - l.433) 
Space group P212121 

Unit cell 6l.9 63.72 146.22 90 90 90 
Total reflections 202638 (18522) 
Unique reflections 105837 (10159) 
Multiplicity l.9 (l.8) 

Completeness (%) 99.ll (96.27) 

Mean I1sigma(I) 17.27 (7.71) 
Wilson B-factor 1l.34 

R-merge 0.02575 (0.07916) 
R-meas 0.03642 

CC1I2 0.998 (0.976) 
CC* 0.999 (0.994) 
R-work 0.1650 (0.1959) 
R-free 0.1862 (0.2259) 
Number of non-hydrogen atoms 50ll 
macromolecules 3943 
water 1048 

Protein residues 537 
RMS(bonds) 0.005 
RMS(angles) 0.98 

Ramachandran favored (%) 99 
Ramachandran outliers (%) 0.38 
Clashscore 2.6 

Average B-factor 16.8 
macromolecules 13.4 

solvent 29.6 
StatIstics for the hIghest-resolutIon shell are shown III parentheses. 
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Table S4. Data collection and refinement statistics for the best structure from an aRbsB 
crystal grown in 23% PEG-3350, 0.1 M Bis-Tris pH 6.5, 10% PEG-400 and soaked in 
23% PEG-3350, 0.1 M Bis-Tris pH 6.5, 10% PEG-400, 3.3 mM DPD prior to freezing 
(Structure 2, data set "STM 1152"). 

Resolution range (A. ... ) 27.64 - l.629 (l.687 - l.629) 

Space group P 21 21 21 

Unit cell 6163.47146.06909090 

Total reflections 141110 (13097) 

Unique reflections 71550 (6934) 

Multiplicity 2.0 (l.9) 

Completeness (%) 99.80 (98.33) 

Mean I1sigma(I) 10.58 (3.14) 

Wilson B-factor 15.77 

R-merge 0.03508 (0.1972) 

R-meas 0.04961 

CC1I2 0.996 (0.887) 

CC* 0.999 (0.97) 

R-work 0.1718 (0.2220) 

R-free 0.1896 (0.2489) 

Number of non-hydrogen atoms 4648 

macromolecules 3917 

water 711 

Protein residues 534 

RMS(bonds) 0.005 

RMS(angles) 0.95 

Ramachandran favored (%) 99 

Ramachandran outliers (% ) 0.38 

Clashscore 3.86 

Average B-factor 20.6 

macromolecules 18.3 

solvent 33.6 
StatIstics for the hIghest-resolutIon shell are shown III parentheses. 
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Table S5. Data collection and refinement statistics for the best structure from an aRbsB 
crystal grown in 23% PEG-3350, 0.1 M Bis-Tris pH 6.5, 10% PEG-400 with DPD added 
to the drop to a final concentration of3.3 mM (Structure 3, data set "STM 1209"). 

Resolution range (A. ... ) 56.38 - 1.7 (1.761 - 1.7) 

Space group P 21 21 21 

Unit cell 6l.06 63.74146.84909090 

Total reflections 117776 (10365) 

Unique reflections 61332 (5746) 

Multiplicity l.9 (l.8) 

Completeness (%) 96.02 (9l.32) 

Mean I1sigma(I) 12.38 (2.88) 

Wilson B-factor 18.05 

R-merge 0.03114 (0.2477) 

R-meas 0.04404 

CC1I2 0.998 (0.808) 

CC' 1 (0.945) 

R-work 0.1699 (0.2034) 

R-free 0.1936 (0.2480) 

Number of non-hydrogen atoms 4688 

macromolecules 3916 

water 752 

Protein residues 534 

RMS(bonds) 0.009 

RMS(angles) 1.21 

Ramachandran favored (%) 99 

Ramachandran outliers (% ) 0.38 

Clashscore 4.49 

Average B-factor 22.1 

macromolecules 19.2 

solvent 32.9 
StatIstics for the hIghest-resolutIon shell are shown III parentheses. 
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