
 

 

ABSTRACT 

DRAUGHN, GEORGE LOGAN. The Structures of Biofilm-Controlling Proteins from 
Acinetobacter baumannii and Bacillus subtilis Reveal Details of DNA-Binding Mechanisms 
and Illuminate Potential Therapeutic Targets. (Under the direction of Dr. John Cavanagh.) 
 

 These studies combine the analysis of bacterial two-component signal transduction 

systems with the continued development of small-molecule biofilm inhibitors. The anti-

infective molecule H10 is a representative member of a class of 2-aminoimidazole biofilm 

inhibitors and is evaluated for its therapeutic potential. H10 is non-bactericidal, acts 

synergistically with conventional antibiotics, and produces no apparent dermal irritation. 

Additional studies establish a potential mechanism of activity for 2-aminoimidazoles that 

suggest a role in increasing membrane permeability and inducing physical membrane 

distortion. A previously identified target of 2-aminoimidazoles, the response-regulator 

protein BfmR in Acinetobacter baumannii, is characterized and represents a full-length 

structural model of a response-regulator protein in the absence of a bound DNA-substrate. 

Response regulators are intrinsically dynamic and tend to require the presence of DNA or 

other post-translational modifications that limit their flexibility for suitable structural 

characterization. Using complimentary structural techniques including X-ray crystallography, 

solution nuclear magnetic resonance, mass-spectrometry, and molecular docking, a model of 

full-length BfmR was assembled in the absence of a DNA-substrate to provide initial details 

of its DNA-binding mechanism. Finally, a full-length model of SinR, the master regulator of 

biofilm formation in the model organism Bacillus subtillis is presented along with a potential 

model for the mechanism by which its antagonist, SinI, binds and inhibits SinR function. 
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1 Introduction 

1.1 Signal Transduction: General Concepts 

 A necessary function for a living organism is the ability to sense and respond to its 

environment. Signal transduction is defined as the process by which an environmental 

stimulus is transformed from one chemical form to another [1]. Within a cell, this process is 

accomplished using complex networks of proteins and small molecules that work in concert 

to control numerous cellular functions and responses. These signaling networks are primarily 

responsible for the wellbeing of the cell and, when altered, produce abnormalities in cell 

function or lead to cell death. The origin of many human diseases such as cancer, diabetes, 

and various auto-immune syndromes, are the result of mutations in signaling proteins that 

affect their function [2]. Consequently, there are numerous ongoing research efforts that seek 

to explore and understand these signaling pathways in depth across all cell types. 

 Cells are remarkably adept at gathering and integrating information from various 

stimuli to initiate an appropriate response at the correct time. The molecules that affect signal 

transduction pathways, or first messengers, are as diverse as they are numerous and inform 

the cell by either diffusing across the plasma membrane or binding to extracellular receptor 

proteins [3]. First messengers that bind to receptors include small molecules such as 

hormones, fatty acids, and neurotransmitters, as well as large peptides and proteins that range 

in mass from a few daltons up to large megadalton protein complexes [4]. Because first 

messenger molecules are usually unable to passively diffuse across the plasma membrane of 
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a target cell, cell-surface receptor proteins bind these signal molecules and transduce their 

chemical signals across the plasma-membrane. The corresponding intracellular signal, or 

Second messenger, relays the message to a specific subcellular target and initiates a change 

in cell behavior [3]. A cell simultaneously presents a multitude of receptors on its surface that 

makes it susceptible to numerous extracellular stimuli. It is common for multiple signal 

transduction pathways to be activated at once by these receptors, allowing signal networks to 

function synergistically or compete with one another to illicit an appropriate response [1].  

 The discovery of protein phosphorylation in the 1950’s established the first known 

versatile mechanism for intracellular signaling in eukaryotes [5]. Kinases represent a crucial 

class of enzymes that catalyze the covalent attachment of phosphoryl groups to their targets. 

While many types of biomolecules can be phosphorylated by kinases (proteins, nucleotides, 

lipids, etc…), protein kinases are by far the most common. In eukaryotes, protein kinases 

phosphorylate at Ser/Thr or Tyr residues and are estimated to account for 2% of all proteins 

encoded by the cell [6]. These ubiquitous post-translational modifications serve as reversible 

intracellular signaling currencies that modify protein behavior within signaling networks.  

 The existence of protein phosphorylation in prokaryotes was not investigated until 

decades later due to speculation that protein phosphorylation had recently evolved as a means 

to meet the specific signaling needs of eukaryotic multi-cellular organisms [7]. Evidence of 

phosphorylation in bacteria was first presented in the late 1970’s and continued on to 

crucially establish that bacterial signaling relied almost exclusively on a different class of 

protein kinases known as histidine kinases [8-10]. Histidine kinases typically catalyze their 

own autophosphorylation at a conserved histidine residue upon receipt of a stimulus. The 
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signal is propagated when the phosphate is then transferred from a histidine kinase to a 

cognate cytosolic protein known as response regulator at conserved aspartyl residue. This 

signaling module is commonly known as a bacterial two-component signal transduction 

system. Though they perform similar catalytic functions, histidine kinases do not structurally 

or sequentially resemble the more common eukaryotic Ser/Thr or Tyr kinases. Nevertheless, 

there are limited cases in which His-Asp phosphotransfer systems are observed in eukaryotic 

organisms [11-14] and Ser/Thr or Tyr kinases are observed in prokaryotes [7, 15]. An 

important similarity that exists between each phosphorylation scheme is that both 

prokaryotes and eukaryotes commonly use them to regulate the expression of specific genes. 

Prokaryotic two-component systems typically contain a transcription factor that is 

specifically involved in gene regulation whereas eukaryotic two-component pathways tend to 

regulate others pathways with specific regulatory outputs further downstream [16].  

 The following sections contain background information about specific signaling 

mechanisms used in bacteria that are the subject of studies in this dissertation: two-

component signal transduction and the pursuit of small molecule therapeutic intervention of 

bacterial two-component systems. 

1.2 Two-Component Signal Transduction 

 Bacteria are routinely exposed to innumerable extracellular stimuli and must 

constantly monitor their environment to specifically sense and appropriately respond to 

important signals. In many cases, this response is mounted through transcriptional regulation 

of genes encoding protein products that act in accordance with the signal. To react 

specifically to stimuli, bacteria have evolved an elegant signaling module known as a two-
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component system that mediates its adaptive responses. From their first description decades 

ago to the present, researchers have discovered hundreds of two-component systems in both 

gram-positive and gram-negative Eubacteria, Archaea, and a small number of eukaryotic 

organisms [17]. For the most part in bacteria, all physiological states and metabolic responses 

are controlled by two-component signal transduction schemes. The record of known process 

involvement is extensive and continues to grow to include citrate uptake and catabolism, 

aerobic respiration, osmoregulation, stress-induced sporulation, nitrate metabolism, nitrogen 

regulation, phosphate regulation, chemotaxis, quorum sensing, and host recognition for 

pathogen invasion [18-22].  

 The evolutionary versatility of these ancient signaling pathways is largely due to the 

modularity of proteins within two-component system [18, 21]. The prevalence of modular 

protein building blocks, known as domains, enables mutational events to dramatically 

rearrange protein composition in a process known as domain shuffling [23]. A domain is the 

smallest functional unit of a protein and can exist on its own as a single domain, or in 

combination with other domains to form complex multi-domain proteins. A minimum of 

three required domains exist for successful two-component phosphotransfer; a kinase 

domain, an H-box, and a response-regulator receiver domain. These domains are homologous 

and are generally well-conserved even among distantly related bacterial species [21]. 

Histidine kinases often exist as multi-domain proteins that contain variable transmembrane 

sensory domains in addition to the conserved kinase and H-box phosphotransfer domains. 

Response regulators commonly contain unique effector domains that are unique to individual 

two-component systems and determine their specificity and function.  
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 Two component signal transduction systems can be generally described as two 

modular proteins that act in concert to form an ‘on-off’ circuit. The prototypical scheme 

contains a signal ‘transmitter’, or histidine kinase, and a signal ‘receiver’ which corresponds 

to a response regulator protein (Figure 1.1) [16, 24]. An environmental stimulus triggers the 

kinase to catalyze an autophosphorylation reaction at a conserved histidine residue in an 

ATP-dependent fashion. The resulting high-energy phosphoryl group is then readily 

transferred in a reversible fashion to a conserved aspartate residue within the N-terminal 

receiver domain of a response regulator protein. Phosphorylation of the response regulator 

protein causes a conformational change which, in turn, propagates the signal to the output or 

effector domain of the response regulator, allowing it to perform its output function. Two 

component systems also known referred to as a histidyl-aspartyl (His-Asp) phosophotransfer 

systems due to the order in which the phosphotransfer mechanism occurs.  

 

 

 

Figure 1.1 General model of two-component systems. The prototypical two-component system contains a histidine kinase 
and a corresponding response regulator protein. A signal is sensed within the input domain of the histidine sensor kinase 
which triggers autophosphorylation at a conserved histidine residue within the kinase transmitter domain. The phosphoryl 
group is then transferred to the receiver domain of the response regulator protein which modulates the output. The 
phosphotransfer is reversible and bi-directional. Adapted from Kakimoto, 2003. 
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 In practice, two-component systems can be simplistic, as described above, or can be 

modified to form more elaborate signaling pathways that meet diverse signaling needs. These 

pathways can assemble into cellular networks and allow crosstalk between individual 

pathways. The complexity of two-component signal transduction seems to build on the 

relatively concise EnvZ/OmpR signaling scheme in Escherichia coli (Figure 1.2a) which 

should be noted for its similarity to the canonical model in Figure 1.1 [25]. In addition to the 

traditional His-Asp phosphotransfer system, a more complex phosphorelay system can be 

created by utilizing additional intermediate transmitter and receiver domains. Two-

component systems can often communicate within other phosphorelays to form 

interconnected networks [26]. A typical phosphorelay differs from two-component systems 

by transferring the phosphoryl group in a His-Asp-His-Asp fashion. In the well-studied 

model organism Bacillus subtilis, the KinABCDE/Spo0A phosphorelay contains an 

intermediate response regulator (Spo0F) and his-containing phosphotransfer protein (Spo0B) 

to carry out sporulation initiation (Figure 1.2b) [27]. In other phosphorelays, histidine sensor 

kinases may be fused with intermediate response regulators and phosphotransfer proteins 

(Figure 1.2c) as in the E. coli ArcB/ArcA redox control system [28]. In more rare cases, two-

component systems feature soluble cytosolic histidine kinases as in the case of CheA E. coli 

(Figure 1.2d). CheA is involved in cellular chemotaxis and phosphorylates two accompanied 

response regulators CheY and CheB which are central to cell motility regulation [29]. E. coli 

also utilizes a more complex example of two-component signaling involves phosphotransfer 

between three proteins; a histidine kinase with a fused receiver domain (RscC), a membrane-



 

 7 

associated phosphorelay protein (RscD), and finally the terminal response regulator RscB 

(Figure 1.2e) [30].  

 

 

Figure 1.2 The modular nature of representative two-component systems. His-containing signal domains are depicted as 
ovals and Asp-containing receiver domains are depicted as octagons. Dotted arrows depict the direction of phosphotransfer. 
Adapted from Stock, 2000. 
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 In addition to the two-component system proteins themselves, an emerging class of 

proteins known as two-component system connectors serve to modulate the activity of two-

component systems post-translationally [31]. Simply referred to as ‘connectors’, these 

proteins establish external regulatory links between discrete two-component systems using a 

variety of mechanisms. For example, typical DNA-binding response-regulator proteins tend 

to bind their substrates with higher affinity when phosphorylated [10]. The protein PmrD 

from Salmonella enterica links the PmrA/PmrB and PhoP/PhoQ two-component systems, 

thereby allowing the genes that are activated by  PmrA to be initiated under conditions that 

activate PhoP (Figure 1.3) [31, 32]. PmrD functions to stabilize activated response regulator 

proteins by binding to those proteins to protect against dephosphorylation. In addition to 

connector proteins like PmrD, protein phosphatases modulate the signaling abilities of two-

component systems through the removal of phosphate and subsequent ‘inactivation’ of 

response regulator proteins (the relationship between phosphorylation and activity in 

response regulators is discussed in greater detail in Chapter 4). There are many distinct 

variations within two-component systems besides those briefly described here. The purpose 

of this section is to highlight the immense versatility and complexity of these modular 

signaling pathways, highlighting the need for directed efforts to understand bacterial 

signaling nuances. 
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Figure 1.3 Two-component signal integration via two-component system connector protein. The PhoQ/PhoP and 
PmrB/PmrA two-component systems are linked by the PmrD connector protein. PmrD binds to phosphorylated PmrA to 
stabilize PmrA-P, preventing PmrB phosphatase activity. PmrA-P, in turn, inhibits transcription of PmrD as a negative 
feedback within the pathway. This system allows genes encoded for by PmrA to be stimulated by signals that act on the 
PhoQ/PhoB two-component system. Adapted from Mitrophanov and Groisman, 2008. 

 

1.2.1 Histidine Sensor Kinases 

 Constituting the first half of a typical two-component system, histidine sensor kinases 

are responsible for initiating signal propagation within these pathways. Histidine kinases 

respond to an array of stimuli and contain diverse sensory domains (often spanning the 

plasma membrane via transmembrane domains) in addition to their more conserved kinase 

domains which are responsible for phosphotransfer [16, 33]. These proteins are functional as 

homodimers and act in concert with corresponding response regulator proteins to transfer a 

phosphoryl group from a conserved signal domain to a conserved response-regulator receiver 
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ATP to a conserved histidine residue, the subsequent transfer of phosphate from a conserved 

histidine to a conserved response regulator aspartyl residue, and finally the  

 

 

Figure 1.4 General overview of histidine kinase structure and autophosphorylation mechanism. a.) Histidine kinases 
are functional as homodimers and contain a unique sensory domain along with two catalytic subunits, the DHp dimerization 
domain and nucleotide binding catalytic active site CA. This diagram depicts the general mechanism for two-component 
phosphotransfer. b.) The dimeric (monomers in cyan and blue) crystal structure of HK853 from Thermatoga maritima (PDB 
2C2A). ADPβN molecule and phosphoacceptor His260 are shown in stick representation and colored red and magenta 
respectively. Adapted from Stewart, 2010 and Marina, 2005. 
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dephosphorylation (phosphatase activity) of response regulators [33]. While there are two 

major classes of histidine kinases present in two-component systems, membrane-bound 

members belonging to class I represent the majority within this family of proteins [34]. A 

second class of soluble histidine kinases represents around 25% of all known histidine 

kinases, a notable example of which is the histidine kinase CheA from E. coli (Figure 1.2d) 

[35, 36]. Class II histidine kinases deviate from the prototypical model discussed in this sub-

section and will not be discussed in greater detail. 

 A recent review by Richard C. Stewart focuses on the active site structures of 

histidine kinases and their regulatory mechanisms, paying special attention to the structural 

characteristics of conserved catalytic and dimerization domains [33]. A typical histidine 

kinase contains a variable amino-terminal sensor domain that spans the plasma membrane 

and tends to couple ligand binding with transmembrane signaling [37]. Tethered to the sensor 

domain within the cytoplasm, a conserved dimerization and histidine phosphotransfer (DHp) 

domain includes the necessary H-box (conserved histidine) element where 

autophosphorylation and homodimerization occurs [37, 38]. DHp catalytic domains are 

formed by two extended helices that, upon dimerization, form a four-helix bundle structure 

[39]. A second catalytic and ATP-biding (CA) domain is connected by a short linker region 

to the carboxy-terminal end of the DHp domain and binds ATP prior to autophosphorylation 

(Figure 1.4a) [40]. Each of the two catalytic domains are flexible with respect to the other. 

Phosphorylation of the conserved histidine (Figure 1.4b in magenta) is believed to occur as 

the nucleotide-loaded (Figure 1.4b in red) CA domain approaches the H-box within the DHp 

domain. A conformational change resulting in the interaction of the two catalytic domains, 
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DHp and CA, establishes an active site conformation that is compatible with an 

autophosphorylation-competent state (Figure 1.4b dashed arrow) [38]. A recent crystal 

structure of an EnvZ/HK853 chimeric histidine kinase displays a dimeric histidine kinase in 

an asymmetric conformation where one of its ligand-bound CA subunits rotates 56.6˚ 

compared to the ligand-free state to construct the active site and phosphorylate a single 

conserved histidine within the DHp domain [38]. The kinase mechanism is believed to be 

generally conserved in histidine kinases, however, much less is known about the regulatory 

role of extracellular sensor domains due to a lack of available full-length structures and the 

difficulties of working with transmembrane proteins. 

1.2.2 Response Regulators 

 Response regulator proteins constitute the second necessary half of two-component 

systems and are typically defined by a conserved receiver domain and a variable 

output/effector domain. Receiver domains interact with histidine kinases to catalyze 

phosphotransfer to a conserved aspartyl residue which, in turn, regulates the activity of its 

attached effector domain. The enormous variety displayed in known effector domains allows 

for a proportional number of output responses within a cell. Most response regulators 

typically couple a receiver domain with one (or more) effector domains, however, 

approximately 17% of known response regulators appear to exist as lone receiver domains, 

including the earliest known response regulator CheY in E. coli [36, 41].  

 Most receiver domains do not directly elicit a cellular output response, but instead 

modulate the activity of an attached effector domain. Receiver domains tend to be 

approximately 120 residues in length and exhibit a doubly-wound α/β fold with a central 
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five-stranded β-sheet and five surrounding α-helices (Figure 1.5a) [36, 42]. In solution, 

receiver domains typically exist in a dynamic equilibrium between two conformational states, 

active and inactive, lending them switch-like properties that can be modulated by 

phosphorylation to stabilize an activated form (Figure 1.5b) [43, 44]. Regions surrounding 

receiver domain active sites specifically interact with histidine kinases to catalyze 

phosphotransfer [45, 46] while also possessing the ability to autodephosphorylate themselves 

[47]. A divalent cation, often Mg2+, is necessary to add or remove a phosphate from the 

active site (Figure 1.5b, yellow sphere). This provides response regulators with an efficient 

mechanism to temper their own activity in vivo. Phosphorylation tends to drive a structural 

rearrangement within the receiver domain at the α4-β5-α5 protein surface that has been 

shown to be an important interface for protein-protein interactions and facilitate dimerization 

between response-regulator receiver domains [47, 48].  
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Figure 1.5 Crystal structure of two-component response regulator receiver domain PhoB. a.) Inactivated form of PhoB 
(blue) in an unphosphorylated state (PDB 1B00). b.) Structural superimposition of ‘inactive’ PhoB (Blue) with ‘activated’ 
PhoB (magenta) in complex with a beryllofluoride phosphoryl mimic (green/cyan) and coordinated Mg2+ (yellow) in the 
active site. (PDB 1B00 and 1ZES). Adapted from Gao, 2009. 

 

 Several recent examples of ‘atypical’ response regulators appear to have evolved a 

more elaborate and unconventional domain organization. These few examples are widely 

distributed among phylogenetically diverse organisms and do not seem to require 

phosphorylation to drive their activation and output [49, 50]. Gene disruptions within several 

atypical response regulators cause severe phenotypic defects or are necessary for growth and 

survival of the cell, highlighting the need for targeted individual study [51-53].  

 In the case of effector domains, there is considerable diversity in structure and 
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domains often participate in transcriptional regulation (both pre- and post-translationally) and 
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can possess enzymatic, DNA-binding, and protein/ligand binding domains [36]. It is no 

surprise that Approximately 63% of all response regulator effector domains contain DNA-

binding domains and are believed be involved in transcriptional regulation. DNA-binding 

effector domains are further characterized by representative members that display distinctive 

folds, including winged-helix domains (OmpR/PhoB), helix-turn-helix domains (FixJ/NarL), 

AAA+ ATPase domains (NtrC/DctD) several other less-common domain architectures 

(Figure 1.6) [36, 54-56]. An important problem in transcriptional regulatory domain 

characterization is that sequential similarity does not necessarily translate to function, making 

classification of proteins within annotated genomes very difficult and, at best, an imperfect 

pursuit [57].  
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Figure 1.6 Comparison of common response-regulator DNA-binding effector domains. The majority of all bacterial 
response regulator proteins contain DNA-binding effector domains that possess known three-dimensional structure. a.) 
Representative member OmpR (E. coli) from the OmpR/PhoB family of effector domains which constitutes 30.1% of 
known response regulators (PDB 1GXP). b.) Representative member NarL (E. coli) from the NarL/FixJ family of effector 
domains which constitutes 16.9% of known response regulators (PDB 1EJ8). c.) Representative member AgrA 
(Staphylococcus aureus) from the LytR/AgrA family of effector domains which constitutes 3.0% of known response 
regulators (PDB 3BS1). d.) Representative member MarA (E. coli) from the YesN/AraC family of effector domains which 
constitutes 1.6% of known response regulators (PDB 1BL0). Adapted from Galperin, 2010. 
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Structures of a full-length protein as well as DNA-bound receiver domains have revealed 

details of the precise-DNA binding details and have also been used to extensively compare 

changes in conformation due to protein phosphorylation [42, 58, 61-63]. Though these 

proteins share significant similarities in fold, they display notable differences in their 

mechanisms, particularly in how their structures and activity are affected by phosphorylation 

[64]. 

1.3 Two-Component Systems as Therapeutic Targets 

 Conventional antibiotic treatment is a foundational practice in modern medicine. The 

global use of antibiotics has significantly reduced childhood mortality rates, increased life-

expectancies, and dramatically improved the outcomes of invasive surgical procedures and 

wound-maintenance in the clinic. However, the widespread benefit of antibiotic use is rapidly 

becoming compromised with the rise of multi-drug resistant bacteria worldwide [65]. 

Underscoring the severity of the issue, in 2015 the World Economic Forum designated 

antibiotic resistance to be among the greatest threats to the global economic infrastructure, 

and cause an estimated 25,000 deaths in Europe and an additional 23,000 deaths in the 

United States [66-68]. Bacteria can possess intrinsic resistance to antibiotic treatment or can 

develop multiple resistance strategies including those that actively decrease intracellular 

antibiotic concentrations (small molecule efflux pumps), modify antibiotic target molecules 

either post-translationally or through genetic mutation, and chemically inactivate the 

antibiotic via hydrolysis or other chemical modification [65, 69-71].  

 Traditional antibiotics often target key proteins or complexes within bacteria that are 

responsible for catalyzing essential processes that are important for cell viability. The routine 
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use of antibiotics imposes continuous selective pressure on bacteria, accelerating the rise of 

multi-drug resistant mutants. For this reason, two-component signal transduction pathways 

have garnered intense interest as therapeutic targets due to their critical role in gene 

regulation. By transitioning the drug target from the current limited number of downstream 

proteins to an upstream transcriptional regulatory protein, a single therapeutic can disarm 

multiple functional pathways within the cell. Two-component signal transduction systems are 

perfect candidates for therapeutic development because they are often critical for control over 

cell survival and virulence mechanisms [72]. It is also advantageous that there are no 

analogous signaling pathways in mammals, reducing the risk of off-target therapeutic binding 

[73]. In addition to their roles in virulence, two-component systems often control quorum 

sensing, a process that mediates cell-cell communication and often dictated pathogenicity 

[74]. Recent efforts have been successful in inhibiting two-component systems, however, 

they tend to focus on the histidine-kinase sensory domains and rarely display the specificity 

required of a typical therapeutic drug [75]. There is a current need to explore inhibitors that 

that are ‘generally-specific’, and target conserved structural elements in two-component 

systems rather than single proteins within two-component systems in specific organisms.  

 

1.4 Aim of This Work 

 The studies presented in this dissertation were performed as four distinct, but related 

projects. Two chapters of this work outline the therapeutic potential of a representative 

member from the 2-aminoimidazole group of anti-biofilm/anti-infective small molecules that 

have been the focus of Drs. Christian Melander and John Cavanagh for a number of years 
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[76, 77]. It has been shown previously that molecules within this class potentially target and 

may inhibit two-component signal transduction systems [78]. The study in chapter 2 outlines 

the unique ability of this representative molecule to inhibit biofilm formation and work 

synergistically with existing antibiotics to inhibit bacterial growth. It also explores the 

potential application of this molecule as a topical therapeutic by evaluating its dermal 

toxicity in vivo. Chapter 3 is specifically focused understanding the effects of the 2-

aminoimidazole class of small molecules on cellular growth and development. Chapter 4 

represents an effort to structurally characterize the two-component system response regulator 

BfmR from Acinetobacter baumannii, a proposed target of the 2-aminoimidazoles. The 

fourth and final study in Chapter 5 outlines current progress in our efforts to structurally 

characterize the transcriptional regulator SinR and its antagonist SinI, the master biofilm 

regulators in Bacillus subtilis, This work describes the development of a high-resolution 

structural model of the protein SinR outlines a potential repression mechanism by its 

antagonist SinI that is still under current investigation. 
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2 Evaluation of a 2-aminoimidazole variant as 
adjuvant treatment for dermal bacterial 
infections 

 

Draughn, G. L., Allen, C. L., Routh, P. A., Stone, M. R., Kirker, K. R., Boegli, L., 

Schuchman, R. M., Linder, K. E., Baynes, R. E., James, G., Melander, C.,  

Pollard, A., and Cavanagh, J. 

Drug Design Development and Therapy, 2017. 11, 153-162. 

 

2.1 Abstract 

 2-Aminoimidazole (2-AI) based compounds have been shown to efficiently disrupt 

bacterial biofilm formation, disperse existing biofilms, and re-sensitize numerous multidrug-

resistant bacteria to antibiotics. Using Pseudomonas aeruginosa and Staphylococcus aureus, 

we provide initial pharmacological studies regarding the application of a 2-AI as a topical 

adjuvant for persistent dermal infections. In vitro assays indicated that the 2-AI H10 is non-

bactericidal, re-sensitizes bacteria to antibiotics, does not harm the integument and promotes 

wound healing. Furthermore, in vivo application of H10 on swine skin caused no gross 

abnormalities or immune reactions. Taken together, these results indicate that H10 represents 

a promising lead dermal adjuvant compound. 
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2.2 Introduction 

 Bacteria have the ability to switch between a free-living, planktonic state to a surface-

attached, multicellular sessile state known as a biofilm. To complicate the growing trend of 

antibiotic resistance and a seemingly inevitable post-antibiotic era [79], bacteria in a biofilm 

are remarkably more resilient than their planktonic counterparts [80]. In the biofilm state, 

bacteria display differential gene expression and are at least 1000-fold more resistant to 

antibiotics and host immune responses [81-83]. Moreover, biofilms are directly involved an 

estimated 65% of all nosocomial infections [84]. Because bacteria spend approximately 80% 

of their time in the biofilm state and exist ubiquitously nature [81, 85], it is imperative that 

the involvement of biofilms in antibiotic resistance and pathogenesis is more fully 

understood.  

 Approximately 80 % of all bacterial infections involve biofilms; they account for the 

persistent colonization of indwelling medical devices, and are ultimately liable for the 

mortality and morbidity of nearly all cystic fibrosis (CF) patients [84, 86-88]. CF patients are 

frequently plagued with Pseudomonas aeruginosa biofilms that colonize the pleural 

membrane and 80% of adults with CF are burdened with chronic P. aeruginosa infections 

[85, 88-90]. While it accounts for a smaller surface area than the lungs, the skin is considered 

the largest organ in the body and is the first physical barrier encountered by pathogens, thus 

acutely susceptible to biofilm colonization. When wounds become colonized with biofilm-

forming bacteria, the ability to heal is compromised and they can become very difficult to 

treat [91]. Leg ulcers, a common chronic wound often found in immunocompromised 

patients [92], are predominantly colonized by P. aeruginosa (88%) and Staphylococcus 
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aureus (33%) [81], two of the most prevalent species found in chronic wound biofilms [93, 

94]. Furthermore, resistance to the antibiotics routinely used to treat biofilms only augments 

the crisis. In 2011, for example, nearly 80,500 people acquired methicillin-resistant S. aureus 

infections in the United States, and a total of 11,300 people died as a result of methicillin-

resistant S. aureus infections, which is more than the number of people who die annually 

from human immunodeficiency virus/ acquired immune deficiency syndrome, salmonella 

poisoning, kidney infection, influenza, acute bronchitis, and Hodgkin’s lymphoma combined 

[95].  

 The current standard of care for chronic wounds are large doses of antibiotics, 

mechanical debridement, manual irrigation, and the application of specialized dressings on 

the affected area [96]. However, following initial treatment, these wounds often relapse [81]. 

While they persist on biotic surfaces, biofilms can also inhabit nutrient-poor abiotic surfaces 

such as catheters and prosthetic devices like joints and heart valves [97, 98]. One reason for 

relapse is the existence of persister cells, which lay dormant under the protective EPS coating 

of the biofilm [99]. Another reason for delayed wound healing could be secretion of 

bioactive compounds by the biofilm bacteria, which can be isolated as biofilm-conditioned 

media (BCM). Marano et al. established that BCM from both P. aeruginosa and S. aureus 

inhibited cellular proliferation [100]. These two species are members of the ESKAPE family 

of pathogens that have highly documented resistance and thus have threatening potential for 

transmission and pathogenicity [101]. 

 Following an essentially 40-year halt in new antibiotic deployment, resistance was 

rapidly developed to the two new narrow-spectrum antibiotics released in the early 2000s 
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[102]. Within the many classes of antibiotics, vancomycin and the polymyxins are often 

drugs of last resort but remain at the forefront of antibiotic therapy; however, resistant strains 

of even these drugs are appearing [103-105]. As an alternative to traditional 

bacteriostatic/bactericidal antibiotics, a class of small molecules has been developed that re-

sensitizes bacteria to current antibiotics [76] as well as inhibits and disperses pre-formed 

biofilms [77, 106, 107]. These small molecule inhibitors contain a 2-aminoimidazole (2-AI) 

moiety that is the minimum core pharmacophore in the bromoageliferins, which the Agelas 

conifera marine sponge utilizes to minimize biofilm colonization by marine bacteria such as 

Rhodospirillum salexigens [108, 109].  

These small molecule inhibitors are cell permeable and bind a class of bacterial 

proteins called the response regulators (RRs) [110]. More specifically, pull-down assays 

identified the master controller of biofilm formation, BfmR, as a RR binding partner of a 2-

AI in A. baumannii, another ESKAPE pathogen [110]. RRs play an integral role in a signal 

transduction pathway called the two-component system (TCS), and the majority of RRs are 

DNA-binding proteins [111-114]. Within a TCS, a membrane-bound histidine kinase detects 

and integrates extracellular signals to phosphorylate the appropriate RR, and for DNA-

binding RRs, this either activates or represses gene transcription [16]. Beyond providing 

environmental surveillance and controlling survival responses, TCSs are essential elements 

of the virulence, biofilm formation and antibiotic resistance responses of bacterial pathogens 

[115-118]. 

 Controlling the activities of TCSs for therapeutic advantage has garnered 

considerable interest [119, 120], but nearly all medicinal efforts thus far have focused on 
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affecting the TCS histidine kinases [75, 121-123]. A representative RR-associated compound 

from the 2-AI family, 2-amino-N-undecyl-H-imidazole-5-butanamide (H10; Figure 2.2, 

inset), a “reverse amide” class of antibiofilm agents, was chosen for topical application [106, 

107]. These compounds have previously functioned synergistically with conventional 

antibiotics to eradicate bacteria within a biofilm state and have re-sensitized multidrug-

resistant planktonic bacteria to numerous antibiotics [76]. The goal of studies presented in 

this chapter was to demonstrate the non-bactericidal nature of H10, assay its biofilm 

inhibition ability, establish any synergism and determine its suitability as a topical biofilm 

treatment via histopathological characterization following dermal application to swine skin. 

2.3 Methods 

2.3.1 Antibiofilm activity assays 

Overnight cultures of P. aeruginosa PAO1 and S. aureus ATCC BAA-44 to be used in 

growth inhibition assays were diluted to an OD600 of 0.01 in the appropriate biofilm growth 

media (10% brain-heart infusion broth with 5% fetal bovine serum for P. aeruginosa and 

TSB with 0.5% glucose for S. aureus). H10 was added to a series of bacterial suspensions to 

achieve final concentrations of 25, 50, 75, and 100 µM from a 100 mM stock in 100% 

DMSO. The resulting suspensions were transferred into 96-well PVC plates (100 µL per 

well) that were covered with self-sealing plastic wrap (Glad Press’n Seal, The Clorox 

Company, Oakland, CA) prior to incubation at 37 °C. P. aeruginosa and S. aureus were 

incubated for 6 and 24 h, respectively. Following incubation, the media was discarded and 

the plates were rinsed with water to remove any planktonic or loosely attached bacteria. 
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Crystal violet (110 µL of 0.1%) was added to each well and the plates were incubated at 

room temperature to stain the remaining biomass. The plates were then rinsed and air-dried. 

Ethanol (150 µL) was added to each well to solubilize the remaining crystal violet, and 150 

µL of the solubilized crystal violet was transferred to a new plate to measure the OD540. Each 

H10 concentration was assessed using two rows of eight wells. An average OD540 was 

determined for each individual row. Then, the average of the two rows for each H10 

concentration was determined, and the percent inhibition was determined by comparing this 

average to the OD540 of the untreated wells. 

2.3.2 Growth Curves 

 Overnight cultures of Pseudomonas aeruginosa PAO1 and Staphylococcus aureus 

ATCC BAA-44 diluted to an OD600 of 0.02 in fresh LB or TSB, respectively. The bacterial 

suspensions were treated with 12.5 and 50 µM H10 for S. aureus and P. aeruginosa, 

respectively, using a 10 mM stock solution (prepared in 100% DMSO). For the growth 

control, the additional bacterial suspension contained an equal volume of DMSO. The test 

cultures were transferred into a 96-well plate (200 µL per well, each column containing a 

different test sample). OD600 measurements were collected and the plates were then shaken 

(180 rpm) at 37 °C. The plates were briefly removed from the shaker at 1, 2, 4, 6, 8, 24, and 

32 h for subsequent OD600 measurements. 

2.3.3 Single-species drip-flow reactor assays 

 Previously published drip-flow reactor (DFR) protocols were used to grow biofilms 

for the evaluation of H10 [124, 125]. The DFR (Biosurface Technologies, Belgrade, MT) 
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was equipped with hydroxyapatite (HA)-coated glass slides (Clarkson Chromatography, 

South Williamsport, PA) and autoclaved to ensure sterility. The DFR was initially placed in a 

37°C incubator under aerobic conditions and attached to a medium reservoir. Approximately 

20 min before inoculation, the reactor was placed in a horizontal position for sterile medium 

(1% brain-heart infusion broth; Thermo Fisher Scientific, Waltham, MA) to be dripped in 

and collect over the coupons to form a conditioning layer on the surface of the HA-coated 

slide. Next, each of the four channels of the reactor was inoculated with 1 mL of an overnight 

culture (approximately 108 CFU/mL) of either S. aureus 29213 (ATCC, Manassas, VA) or P. 

aeruginosa mPAO1 (www.genome.washington.edu/UWGC, University of Washington, 

Seattle WA). The reactor was then raised to a 10° angle and sterile medium was dripped 

through the reactor at a total rate of 40 mL/h (10 mL/h per coupon) for 72 h. 

 After 3 days of growth, the biofilms were treated with H10, which was provided by 

Agile Sciences as a 100 mM stock in DMSO (100%; Sigma-Aldrich, St. Louis, MO) and 

stored at −20 °C until use. Prior to treatment, the stock solution was diluted to 100 µM with 

sterile phosphate-buffered saline (PBS), and fresh solutions were prepared for every 

experiment. For treatment, flow to the reactor was halted and the reactor placed in a 

horizontal position. The cover over each channel was removed and 25 mL of each treatment 

solution (PBS or H10) was applied and then incubated at 37°C for 24 hours. After treatment, 

the solutions were drained and each channel of the reactor was rinsed with PBS (20 mL) to 

remove any planktonic bacteria. 

 Viable plate counts were obtained by placing the treated HA-coated slides in 50 mL 

conical vials and then removing the biofilms from the slide surface by first repeatedly rinsing 
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and scraping the biofilm from the slide using a sterile Teflon policeman into 10 mL of PBS 

and disaggregating the bacteria using a sequence of vortex (30 s), sonicate (2 min), and 

vortex (30 s) to produce a bacterial suspension. The suspension was then serially-diluted with 

PBS and plated on tryptic soy agar (TSA; Thermo Fisher Scientific, Waltham, MA).  The 

plates were incubated at 37 °C for 24 h and the number of colony forming units (CFU) 

counted.  The number of CFU per unit area (cm2) was calculated based on the dilution and 

surface area of the slide. 

2.3.4 DFR experiment with penicillin/streptomycin and H10 

 A single-species DFR experiment was constructed as described in the previous 

paragraph, using S. aureus 29213. As before, H10 (100 µM) was added after a 3-d growth 

period, but here it was administrated in combination with penicillin/streptomycin (P/S; 100 

U/mL and 100 µg/mL, respectively; Thermo Fisher Scientific). Control solutions included 

PBS alone and P/S alone. Viable plate counts were obtained and analyzed as before. 

2.3.5 Human fibroblast cell culture 

 Human foreskin fibroblasts (hFFs) were isolated from newborn foreskin using 

previously described methods [126] and in accordance with the University of Washington 

Institutional Review Board. Cells were maintained in DMEM supplemented with 10% NCS 

and P/S. All cultures were maintained in a humidified 5% CO2 incubator at 37 °C, and the 

control experiments were conducted identically but without P/S.  
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2.3.6 Biofilm-conditioned medium 

 Biofilm-conditioned medium (BCM) was produced by using the S. aureus biofilms 

previously grown using DFRs for the analysis of a single species. After the 3-d growth period 

and the addition of either PBS or H10 for an additional 24-h growth, each medium was 

centrifuged at 4700 rpm to remove bacterial cells. These BCMs were filtered to remove any 

remaining cells, adjusted to pH 7.4, sterile filtered (0.22 µm), labeled “BCM” and 

“BCM+H10”, respectively, and stored at −20 °C until further use. Prior to experimental use, 

each BCM was thawed and supplemented with 10% newborn calf serum (NCS; Sigma, St. 

Louis, MO).  

2.3.7 Scratch migration/closure 

 Scratch-closure assays using hFFs and were grown in 24-well plates (30,000 

cells/well) for 2 d, after which 80-90% confluence was reached. The cultures were then 

scratched with a 200-µL plastic pipette tip, washed twice with PBS, and supplied with 300 

µL of either BCM or BCM+H10. The scratched cultures were then imaged to obtain the 

initial scratch area. Then, the hFF cultures were incubated in a humidified 5% CO2 incubator 

at 37 °C. Every 24 h, the cultures were imaged and returned to the incubator, and the assay 

was terminated after 72 h (4 total images). Control hFF cultures were exposed to standard 

culture medium instead of BCM, and all conditions were tested in quadruplicate. All scratch 

images were captured using a 4× objective on a Fisher Scientific Micromaster™ light 

microscope. The images were analyzed and percent scratch area closed was calculated for 

each time point using the Metamorph® image analysis software (Molecular Devices, 
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Sunnyvale, CA). The scratch assays were performed in duplicate, and each set of 

experiments used BCM generated from separate DFR runs. Data are presented as the mean ± 

the standard deviation (s.d.). Statistical significance was determined using ANOVA with a 

Tukey’s HSD post-hoc test where  a=0.05 and p≤0.05 were considered significant. 

2.3.8 Human fibroblast viability evaluation 

 The viability of hFFs were assayed following BCM exposure and were assessed using 

2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT; Sigma, St. 

Louis, MO). After the final scratch closure assay image (72 h) was obtained, the culture 

medium was removed and replaced with 300 µL of fresh DMEM (without phenol red; Life 

Technologies, Carlsbad, CA) and 60 µL of XTT. After 4 h, the A450 was measured. Control 

hFF cultures (+ control) were exposed to standard culture medium, and blank, cell-free 

samples containing only cell culture medium and XTT were used as the negative control. All 

cultures were evaluated in quadruplicate. Data are presented as the mean ± the standard 

deviation (s.d.). Statistical significance was determined using ANOVA with a Tukey’s HSD 

post-hoc test where  a=0.05 and p≤0.05 were considered significant. 

2.3.9 Porcine skin irritation assay 

 According to a North Carolina State University Institutional Animal Care and Use 

Committee (IACUC)-approved protocol (13-088-B), two 30-50 lb sibling female weanling 

pigs with maximal dorsal surface area were obtained. After a 4 d minimum environmental 

acclimatization period to the College of Veterinary Medicine facilities, each pig dorsum was 

clipped 1 d prior to the initial dose. Each dorsum included 3 controls (1 positive, 2 negative) 
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in Hill Top chambers (Hill Top Research, St. Petersburg, FL): poloxamer 407 (P407) only (− 

control), EtOH only (− control), and P407+20% SDS (+ control). The remaining dorsal area 

contained 3 Hill Top chambers for 5 mM doses of H10 that were administered in 24 h 

increments for the first 72 h of the experiment. Each dosing schedule began at 0 h and the 

chambers remained in continuous contact with the skin until the end of the experimental 

period (Figure 2.1). 

 

 

Figure 2.1 Swine skin dosing and histology schedule. Doses (represented by ℞) of H10 (5 mM) were administered to all 
test sites at 0 h (Day 0). After 24 h, another dose was administered to all sites. On Day 2, another dose was given to all sites 
except “48 h”, which was imaged, biopsied, closed and sealed (represented by ☤). On Day 3, a final dose was administered 
for “168 h”, while “72 h” was imaged, biopsied, closed and sealed. Finally, after 7 days, the final “168 h” site was 
examined. 

 

For each collection time (48, 72, and 168 h), two patches were evaluated, where the patch 

was lifted, the dosed area was scored on the Draize [127] scale, the area was photographed 

and an 8-mm punch biopsy was taken from the direct center of the area. The duplicate doses 

were split across two animals. Any wounds were minimally treated (2 interrupted stitches) 

and covered with an empty Hill Top chamber. At the end of the study (7 days), the animals 
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were euthanized according to IACUC protocols, and remaining samples were taken at will 

from the surrounding areas. 

 

2.4 Results 

2.4.1 Preliminary Cytotoxicity  

 Using a 25-100 µM range of H10 (Figure 2.2, inset), S. aureus and P. aeruginosa 

were grown in compound-enriched media to establish the approximate concentration at 

which the inhibition of biofilm formation was most effective (Figure 2.2). For both species, 

25 µM H10 inhibited less than 40% of the biofilm-forming ability. However, for S. aureus, 

this inhibition increased dramatically at 50 µM and approached 95% at 75 µM. In contrast, 

the maximal P. aeruginosa inhibition did not occur until 100 µM H10. To further 

characterize its pharmacodynamics, the IC50 and EC50 values for H10 against each species 

were determined. In the context of these experiments, the IC50 is the H10 concentration that 

inhibits 50% of biofilm formation, while the EC50 is the H10 concentration that disperses 

50% of a pre-formed biofilm. For S. aureus, the H10 IC50 and EC50 values were 12 and 100 

µM, respectively, and 31 and 46 µM for P. aeruginosa (data not shown).  



 

 32 

 

 

Figure 2.2 Biofilm inhibition assay for H10 against S. aureus and P. aeruginosa. Inhibition assay performed to determine 
the working concentration for H10 in S. aureus and P. aeruginosa. Chemical structure of 2-amino-N-undecyl-H-imidazole-
5-butanamide (H10) (Inset). 

 

 Because imposing selective pressure on bacteria can result in adaptation to avoid cell 

death, it is important that the 2-AI compounds are not bactericidal. Therefore, concentrations 

of H10 near the IC50, 12.5 µM (S. aureus) and 50 µM (P. aeruginosa), were used to evaluate 

the ability of planktonic bacteria to grow in the presence of this compound. To allow for 

sufficient biofilm growth, P. aeruginosa and S. aureus were incubated for 6 and 24 h, 

respectively. In both cases, there was no significant decrease in growth compared to the 

controls (Figure 2.3).  
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Figure 2.3 Growth curves for S. aureus and P. aeruginosa in the presence of H10. Representative growth curves for S. 
aureus (light grey lines) and P. aeruginosa (dark grey lines) in the presence of H10 at a concentration greater than the IC50. 
Data are presented as the mean ± the standard deviation of each group. The open boxes represent the control values and the 
open circles represent treatment with H10 at the indicated concentration. Abbreviations: IC50, concentration at which 50% of 
biofilm formation is inhibited 

 

2.4.2 Biofilm Dispersion 

While these results were encouraging, this assay did not probe actual cell viability, which is 

better reflected by calculating the number of colony-forming units (CFUs). As an ASTM 

E2647-08 Standard Test Method [128], the DFR model afforded a low shear, high gas 

transfer environment for growing biofilms of both species [129, 130]. For CFU 

determination, the bacteria were grown with in concentration of H10 well beyond the IC50 

(100 µM). While there was no statistically significant difference between the control and the 

H10 experimental group for P. aeruginosa, there was a modest CFU decrease for S. aureus 

(Figure 2.4). 
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Figure 2.4 Pre-formed biofilms are dispersed in the presence of H10 with no significant decrease in viability. Viable 
cell counts of S. aureus and P.aeruginosa 3-day biofilms following treatment with H10 (24 hours), showing dispersion and 
survival of cells within a of a preformed biofilm. Abbreviations: CFU, colony-forming unit; SA, Staphylococcus aureus; 
PA, Pseudomonas aeruginosa. 

 

2.4.3 Synergism 

 Further viability studies were conducted to compare the observed decrease in the S. 

aureus log CFU count upon H10 addition with that of a clinically-relevant 

penicillin/streptomycin combination (P/S), as well as investigate how the compounds 

function in concert. While both H10 and P/S decreased the cell viability from 7.84±0.56 log 

CFU/cm2 to 5.98±0.19 and 6.46±0.07, respectively, the synergistic action of both compounds 

resulted in a marked decrease of almost 4 log CFU/cm2, effectively re-sensitizing antibiotic-

resistant S. aureus to antibiotics (Figure 2.5). 
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Figure 2.5 Synergism of H10 with antibiotic cocktail in S. aureus. When S. aureus is grown in a combination of H10 and 
a penicillin/streptomycin cocktail, the antibiotic-resistant S. aureus 29213 strain becomes re-sensitized to antibiotic 
treatment. The data are given as the mean ± SD, n=3. Abbrevations:  CFU, colony forming unit; P/S, 
penicillin/streptomycin; S. aureus, Staphylococcus aureus. 

 

2.4.4 Fibroblast Viability 

 A suitable topical adjuvant for biofilm-based infections must be able to treat the 

infection while leaving the surrounding tissues unharmed during treatment. Therefore, a 

fibroblast viability assay was conducted to determine if H10 had any negative consequences 

on eukaryotic cells. The hFF cultures exposed to BCM were significantly less viable than 

both the controls (p<0.001) and the BCM+H10-exposed cultures (p<0.0014) (Figure 2.6). 

Moreover, there was no statistically significant difference between the control and 

BCM+H10 cultures (p<0.2363), suggesting that H10 altered the S. aureus biofilm 

metabolism/compound secretion such that the deleterious effects of the BCM on hFFs were 

eradicated. 
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Figure 2.6 Human foreskin fibroblast (hFF) viability assay in BCM. In hFF cells, BCM from S. aureus grown in the 
presence of H10 (BCM + H10) does not exhibit the deleterious effects of S. aureus BCM. The asterisk indicates statistically 
significant difference from both the control and BCM + H10 (p≤0.002). Abbreviations: BCM, biofilm-conditioned medium; 
hFF, human foreskin fibroblast; S. aureus, Staphylococcus aureus. 

 

2.4.5 Scratch Closure 

 After ensuring that H10 did not affect fibroblast viability in vitro, a scratch closure 

assay was used to evaluate performance in a wound model that approximated an in vivo 

system. After 48 hours, the hFFs exposed to BCM from the untreated biofilm had begun to 

die and the scratch widened, and by 72 hours, most of the BCM-exposed cells were dead 

(Figure 2.7). In contrast, the cultures exposed to BCM from an H10-treated biofilm 

(“BCM+H10”) were healthy enough to proliferate and migrate to instigate scratch closure. 

Across all time points, there were no statistically significant differences in scratch closure 

between the control and the BCM+H10 cultures, whereas the last two “BCM” time points 

were markedly different (p≤0.001). 
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Figure 2.7 Percent scratch area closed for the in vitro scratch assay. Results are shown for two experimental groups, 
where hFFs were exposed to either antibiotic-resistant Staphylococcus aureus BCM or BCM from these cells grown in the 
presence of H10 (BCM + H10). The results for one control group are also shown. The data are given as the mean ± the 
standard deviation, n=4. Asterisk indicates values with significant difference from the other groups at the same time point 
(p≤0.001). Abbreviations: hFFs, human foreskin fibroblasts; BCM, biofilm-conditioned medium. 

 

2.4.6 Porcine Skin Irritation 

To expand upon the in vitro assays, swine skin was utilized in vivo model for human 

skin. In these experiments, 5 mM H10 was applied directly to the skin. Despite application at 

orders of magnitude greater than the therapeutic dose, H10 failed to produce any significant 

observable response by histopathological examination, even after 7 days of constant contact 

(Figure 2.1). Overall, H10 did not cause any gross abnormalities in the porcine skin model 

nor did it stimulate any significant immune reaction (Table 2.1). 
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Table 2.1 Histopathological evaluation of H10 epidermal/dermal toxicity 

Effects of acute dermal exposure to H10 in a swine model. Histopathology slides prepared from punch biopsies were 
scored for the presence of inflammatory cells on a Draize scale of 0-4, where 0=absent, 1=minimal, 2=mild, 3=moderate, 
and 4=marked. Duplicate doses were split across two animals, and the image included for each condition represents the 
photograph taken at the end of treatment, prior to biopsy. Abbreviations: E, eosinophils; L, lymphocytes; P407, poloxamer 
407; SDS, sodium dodecyl sulfate; EtOH, ethanol; DMSO, dimethyl sulfoxide. 

 

 

2.5 Discussion 

 To first establish that H10 inhibits biofilm formation, S. aureus and P. aeruginosa 

were exposed to varying concentrations of the compound. For both species, >90% biofilm 

inhibition was achieved. However, compound-induced eradication of biofilms could be due 

to compound toxicity. For application as an adjuvant, it is also important that H10 is not 

bactericidal, as this could induce resistance mechanisms. Growth curves for both species did 

not indicate H10 toxicity. However, the best way to determine cellular viability is to 
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determine log CFU/cm2. The DFR was the most suitable method to grow biofilms for CFU 

determination [130]. In both CF and chronic wounds, biofilms form at a liquid-air interface, 

which the DFR models well. It also approximates “plug flow”, where nutrient concentrations 

and cell densities change along the coupon, which can be directly applicable to catheters and 

the other aforementioned indwelling medical devices [131]. Similar to the growth curves and 

inhibition assays, P. aeruginosa exhibited no viability changes in the presence of H10, but 

there was a modest decrease in S. aureus log CFU/cm2. Therefore, H10 may treat infections 

containing P. aeruginosa more effectively, but suitability for treating S. aureus infections 

cannot be discredited. Nonetheless, H10 inhibits biofilm formation in a non-bactericidal 

manner. 

 An exciting prospect of adjuvants is that they may re-infuse the chemotherapeutic 

arsenal with highly effective antibiotics that are widely available and cost-effective. It was 

the sulfa drugs and penicillin in the 1930s and 40s, that brought infections from the cause of 

52.7% of all deaths in 1900 to only 2.7% in 2010 [79]. The drug cocktail tested against S. 

aureus 29213 herein was penicillin/streptomycin. A similar DFR model was used as with the 

single-species experiments, but a third experimental group received both H10 and 

penicillin/streptomycin. This combination therapy exhibited a synergistic effect, where 

considerably greater log reductions were observed for the combination than for either 

treatment alone. Thus, H10 re-sensitizes antibiotic-resistant bacteria to previously obsolete 

antibiotics. 
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After establishing that H10 is not toxic to its bacterial target(s), toxicity toward human cells 

must also be investigated; an adjuvant is useless if it cannot treat the infection without 

harming the surrounding tissues.  

 Fibroblasts are the principal dermal cells and are integral to the wound healing 

process [132]. Therefore, hFFs were used in a scratch closure assay, where the hFFs 

supplemented with BCM failed to close properly, as Kirker et al observed previously [133]. 

However, when fed BCM from bacteria grown in the presence of H10, the scratch closure 

was indiscernible from the control. Therefore, the effect of H10 on a growing S. aureus 

culture is enough to alter the BCM such that it promotes wound healing. Moreover, the 

aforementioned Marano et al report characterized the contents of BCM from S. aureus and 

found multiple protein components in the active fraction of the BCM [100]. Preliminary 

sequencing data was obtained to obtain the potential proteins and several of these 

components have been correlated with delayed wound healing [100]. While none of them 

were TCS proteins, their transcription may be controlled by upstream RRs.  

 The final step to establish this 2-AI variant as suitable adjuvant for dermal bacterial 

infections was to ensure that there were no major histopathological changes in an animal 

dermal model. Weanling pigs are an accepted animal model for approximating human skin, 

because they have a similar multi-layered epidermis and repeatedly exhibit comparable 

histological and biochemical properties [134, 135]. Using the appropriate controls, an 

epidermal/dermal response to topical compound application was elicited, but it was for SDS, 

not H10. H10 did not cause any gross abnormalities nor did it provoke significant immune 

reaction; therefore, H10 is not harmful in an in vivo topical application model.  
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aminoimidazole antibiofilm agents against 
Acinetobacter baumannii. 

 

Stowe, S. D., Thompson, R. J., Peng, L., Su, Z., Blackledge, M. S., Draughn, G. L., Coe, W. 

H., Johannes, E., Lapham, V. K., Mackenzie, J., Melander, C., and Cavanagh, J. 

Current Drug Delivery 2015. 12(2), 223-230. 

 

3.1 Abstract 

 Acinetobacter baumannii has quickly become one of the most insidious and prevalent 

nosocomial infections. Recently, the reverse-amide class of 2-aminoimidazole compounds 

(2-AI) was found both to prevent A. baumannii biofilm formation and also to disperse 

preexisting formations, putatively through interactions with cytosolic response regulators.  

Here we focus on how this class of antibiofilm agent traverses cellular membranes.  

Following the discovery of dosage-dependent growth rate changes, the cellular effects of 2-

AIs were investigated using a combination of molecular assays and microscopic techniques. 

It was found that 2-AI exposure has measureable effects on the bacterial membranes, 

resulting in a period of increased permeability and visible structural aberrations. Based on 

these results, we propose a preliminary model that describes how the structure of 2-AIs may 
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allow self-insertion into membranes, disrupting the membrane and creating an opportunity 

for increased membrane permeability. 

3.2 Introduction 

 The Gram-negative pathogen Acinetobacter baumannii has rapidly become one of the 

leading sources for multidrug-resistant nosocomial infections, especially in immuno-

compromised patients [136, 137].  Found in numerous environments in clinical settings, A. 

baumannii can persist for weeks without desiccating [138] and is able to readily infect 

patients through contact with contaminated surfaces and medical devices. Its persistence has 

been linked to its ability to form resilient biofilms on both biotic and abiotic surfaces [139-

141], a process known to be regulated in part by BfmR. The protein BfmR is a cytosolic 

response regulator within the two-component signal transduction module controlling pili-

dependent biofilm formation [142]. Two-component systems are ubiquitous methods by 

which bacteria interact with their surroundings and are highly sought after therapeutic targets 

in antimicrobial drug design [143].   

 Recently, we have developed a class of 2-aminoimidazole (2-AI) derivatives, referred 

to as the reverse-amides, which not only efficiently inhibit A. baumannii biofilm formation 

but also disperse previously formed biofilms [144, 145]. They have also been found to be 

non-toxic at working concentrations using both Caenorhabditis elegans and human 

keratinocytes [146]. In our previous work [110], we showed how one 2-AI representative 

(2AI-1, Fig.1) was able to penetrate the A. baumannii membrane barriers and interact with 

BfmR. It is well known that a significant chemical barrier for bacterial cells is the plasma 

membrane. In particular, the outer membrane of Gram-negative species offers a superb line 
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of defense against antimicrobial agents [147, 148]. The synergy of selective porins, efflux 

pumps, and a lipopolysaccharide coated surface significantly limits the diffusion of many 

compounds  

across the membrane layers into the cytoplasm [149-152]. Since many antibiotics are either 

hydrophobic or large hydrophilic molecules, there has been significant focus on increasing 

their permeation rates across the outer membrane. 

 In this chapter, we present evidence that the biomimetic structure of 2-AImolecules 

enables them to interact with the outer membrane of A. baumannii, disrupting its fluidity and 

easing the barrier’s restrictive nature. 

3.3 Methods 

 Acinetobacter baumannii (ATCC 19606) and E. coli strains (ML-35, ATCC 43827) 

used in this study were purchased from ATCC (Manassas, VA). Stock cultures were stored in 

glycerol stock media (65% v/v glycerol, 100 mM MgSO4, 25 mM Tris, pH 8.0) and grown 

until cultures reached mid-log phase (OD600 ~ 0.5) which were then stored and maintained at 

-80°C. Prior to use, each strain was subcultured twice on LB agar, once with 100 µg/mL 

ampicillin (Acros Organics) and then without any selective agent. 

 The compounds under investigation, referred to as 2AI-1 and 2AI-1F (Figure 3.1) 

were synthesized as previously described [110, 144]. 2AI-1 represents the leading antibiofilm 

agent from the reverse-amide library of 2-AI compounds, and 2AI-1F represents the 

fluorescein isothiocyanate (FITC)-labeled analog of 2AI-1 (A. baumannii biofilm IC50 = 21.7 

µM). 2AI-1 was stored as a 10 mM stock in DMSO at 4°C, while 2AI-1F was kept as a 100 
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mM stock in DMSO at -20°C. Prior to use, all solutions were diluted using ddH2O to the 

desired concentration. 

 

 

Figure 3.1 The structure of selected 2-aminoimidazole reverse-amides 1.)  2AI-1 is a current leading antibiofilm agent 
within the class of 2-AIs. 2.) 2AI-1 represents 2AI-1 fluorescently labelled using fluorescein isothiocyanate (FTIC).  

 

 The permeabilization ability of 2AI-1 was evaluated using a simple colorimetric 

assay modified for nitrocefin (EMD Millipore) in place of the original PADAC reagent [153, 

154].  E. coli ML-35 was grown in LB media without antibiotic selection at 37°C and 

harvested during mid-log phase (OD600 = 0.5) at 2,000xg.  The bacteria were washed once in 

PBS pH 7.5 (Amresco) and resuspended in PBS containing 50 µg/mL nitrocefin.  The 

mixture was added to serially diluted 2AI-1 (2-fold dilutions starting at 500 µM and ending 

at 488 nM) in a 96-well microtiter plate to a total sample volume of 100 µL/well.  Polymyxin 

B (PMB, Sigma-Aldrich) was used as a positive control.  During incubation at 25°C, the 

plate was scanned every 2 minutes at 486 nm, with a reference absorbance of 660 nm, for 1 
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hour using a TECAN® Sunrise plate reader (Tecan) and the endpoints for each concentration 

were recorded.  Each sample was run in duplicate, and three biological replicates were 

performed. 

 Four A. baumannii 19606 cultures were treated with 100 µM 2AI-1 at an OD600 of 0.5 

and incubated at 37°C and 160 rpm for 3 hours. The samples consisted of 1 mL from each 

culture that was treated with the BacLight™ LIVE/DEAD (LD) bacteria viability stain (Life 

Technologies) according to the manufacturer’s instructions. Prior to observation, 5 µL 

aliquots were mounted on a glass slide using #1.5 borosilicate coverslips (Fisher Scientific). 

For the 2AI-1F permeation images, both A. baumannii 19606 and 1605 were dosed with 10 

µM 2AI-1F and incubated in the dark at room temperature for 1 h. A. baumannii 19606 

biofilms were grown under static conditions on Nunc® Lab-Tek® II 8-well chambered 

coverglass (Fisher) using a 1:100 dilution from an overnight culture and incubated at 37°C 

for 24 to 30 hours. Media was exchanged every 8 hours to maintain viability. Prior to 

visualization, the wells were aspirated and extensively washed with PBS, pH 7.5 to remove 

any planktonic cells from the biofilm. The biofilms were stained with 0.01% (w/v) crystal 

violet solution to confirm presence of biofilm, LIVE/DEAD stain to confirm biofilm 

viability, or 12.5 µM 2AI-1F. All 2AI-1F stained samples were allowed to incubate at 37°C 

for 30 minutes and compared to a fluorescein control. All images were acquired using a Zeiss 

LSM 710 system attached to a Zeiss Axio Observer microscope (Carl Zeiss Microscopy, 

LLC). The cells were imaged using either a 40x 1.1 numerical aperture (N.A.) water 

immersion or a 63x 1.4 N.A. oil immersion objective; while, biofilm samples were imaged 

using either a 40x 1.1 N.A. or 63x 1.2 N.A. water immersion objective. The samples were 
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excited with 488 nm argon laser light. Fluorescence emission was collected between 493 – 

576 nm for FITC, 493 – 545 nm for SYTO9 and 605 – 690 nm for propidium iodide. Images 

were analyzed using both Zeiss Zen 2009 (Carl Zeiss Microscopy, LLC) and ImageJ (NIH).  

Adobe Photoshop (v. 13.0.4) was used to perform level adjustment and enhance the contrast 

on select images. 

 After removing the CLSM sample from each 2-AI-treated culture, the remaining 

culture was harvested at 2,000xg for 5 min and washed with PBS (pH 7.5).  The pellets were 

then resuspended in PBS with 3.0% (v/v) glutaraldehyde (Ladd Research) and fixed for 24 h 

at 4°C.  Following fixation, the samples were syringe-filtered onto a Nuclepore® membrane 

(Whatman) and washed three times with PBS to remove excess fixative.  The filters were 

then dehydrated using graded ethanol steps and subjected to critical point-drying.  

Immediately after, the filter was mounted on an aluminum stub (Ladd Research) and sputter-

coated with a layer of palladium-gold for analysis with SEM.  All images were taken using a 

JEOL JSM-5900LV scanning electron microscope at 15 kV. 

  A. baumannii 19606 was cultivated overnight in LB media with 100 µg/mL 

ampicillin at 30°C. The overnight culture was used to aseptically inoculate fresh LB media 

without a selective agent and incubated at 37°C and 160 rpm. For growth rate analysis, 

cultures were treated with varying concentrations of 2AI-1 (0, 25, 62.5, and 100 µM) when 

the cultures reached an OD600 of 0.5. After every hour of incubation time, a 500 µL sample 

was removed, and the OD600 was measured. In addition to OD readings, the CFUs for the 

untreated and 100 µM treated cultures were counted after the plates were incubated overnight 

at 37°C. The analysis was performed using three biological replicates. The linear growth 
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rates were defined as the change in OD600 over time (i.e. the slope of the linear regression) 

during log phase growth. The linear regression was performed using Excel™ (Microsoft). 

The generation times for the untreated and 100 µM treated cultures were determined using a 

standard geometric progression over the length of the exponential growth phase as observed 

in the OD600 growth curves and the CFU counts. 

3.4 Results and Discussion 

3.4.1 Permeabilization effects of 2-AIs 

 The cellular membranes enclosing bacterial cells serve as significant chemical 

barriers, especially for Gram-negative species, and offer superb lines of defense against 

antimicrobial agents [147, 148]. The goal of this study was to provide the first insight into 

how reverse-amide 2-AI molecules may potentiate A. baumannii biofilm eradication [144, 

155], affect bacterial membranes, and gain access to cytosolic targets as seen in our previous 

work [110]. Due to its amphipathic design, it was no surprise that 2AI-1 readily interacts 

with the bacterial membranes, but it was not clear how the compound overcame its 

membrane affinity. The first step was to determine whether the compound had any direct 

effect on the membranes. To this end, an assay was selected with the capability to 

demonstrate changes in both inner and outer membrane permeability. This assay was based 

on the levels of nitrocefin, a membrane impermeable molecule, that were hydrolyzed by the 

ß-lactamases sequestered in the cytosol of E. coli ML-35 as a result of the lack of permease 

in this strain. The hydrolysis reaction could only occur when the permeability of both the 

inner and outer membranes increased to allow nitrocefin access to the ß-lactamases and was 
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typically triggered by changes in the membrane structure or fluidity [154]. Based on this 

assay, 2AI-1 was found to be a moderate permeabilizing agent, and the permeabilization 

activity increased in direct relation to the increase in 2AI-1 concentration and approached a 

saturation point at 62.5 µM (Figure 3.2), indicating that the compound had reached 

maximum activity.  These results indicated that the accumulation of 2AI-1 was changing the 

permeability of the protective membrane layers.  As a biofilm inhibitor, 2AI-1 had an IC50 of 

26 ± 3 µM against A. baumannii and reduced biofilm formation by >95% at 100 µM[144].  

When combined, the nitrocefin and anti-biofilm data indicate that the permeabilization of the 

bacterial membranes may play a role in the activity of the compound against A. baumannii.  

 

 

 

Figure 3.2 Results of nitrocefin-based membrane permeabilization assay using RA-2AI-1. Average A486 values for the 
assay endpoints at each concentration of PMB, RA-2AI-1 and DMSO. Error bars were calculated with a=0.05. 
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3.4.2 Structural effects of 2-AI exposure 

 Because the nitrocefin assay revealed that 2AI-1 increased the permeability of A. 

baumannii membranes, a combination of confocal laser scanning microscopy (CLSM) and 

scanning electron microscopy (SEM) was used to elucidate the cellular effects of 2AI-1 and 

to correlate the changes in permeability with any changes in response to treatment. First, the 

2-AI-treated A. baumannii 19606 cultures were assessed using Live/Dead® (LD) staining 

and experienced a rapid increase in their propidium iodide uptake post treatment; in fact > 

95% of the samples were stained within an hour of incubation (Figure 3.3 A-C), indicating 

membrane disruption. LD stain is composed of two intercalating fluorescent dyes, SYTO9 

and propidium iodide. Because only SYTO9 was membrane permeable, this method quickly 

separated the cells with damaged membranes from the surrounding healthy cells and 

provided a simple way for monitoring the permeabilization of the bacteria in solution. Due to 

the small size of the bacterial cells (ranging from 0.5 µm to 1.2 µm, depending on 

orientation), the available CLSM technology was unable to offer the resolution necessary to 

observe any detailed cellular alterations caused by 2AI-1 treatment. Due to this lack of single 

cell resolution, the time course was repeated and combined with the resolving power of SEM 

to reveal the drastic emergence of membrane blebbing in response to treatment (Figure 3.3 

D-F). As quickly as 15 minutes post-treatment, the cells presented a variety of bleb 

morphologies that seemed to localize near the septa of couplets and the ends of long chains 

(Figure 3.3E). As the incubation progressed, these blebs increased in number and changed 

morphology to larger, rougher structures that localized towards the center of the cells (Figure 

3.3F). Membrane blebbing is a natural phenomenon in Gram-negative bacterial species, and 
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is typically generated in response to environmental stresses.  Because surface blebs were 

never detected under normal growth conditions in A. baumannii 19606, the appearance of the 

surface blebs can be ascribed to the effects of 2AI-1 on the bacteria, which coincides with the 

increased permeability of the cellular membranes. It remains unclear whether 2AI-1 directly 

causes the blebbing morphology through its interaction with the membranes or if it is the 

result of an unknown stress response. 

 

 

Figure 3.3 Effects of RA-2AI treatment of A. baumannii 19606 membrane.  (A) Untreated A. baumannii 19606 prior to 
treatment with 100 µM RA; (B) 15 minutes post-treatment showing a mixture of cells with increased PI uptake; (C) 1 hour 
post-treatment where the culture has reached maximum PI uptake.  SEM images were all taken at 7500x magnification.; (D) 
Untreated A. baumannii 19606 prior to treatment with 100 µM RA-2AI showing normal cell morphology; (E) 15 minutes 
post-treatment showing the development of small blebs around the septa between cells and along the terminal ends of long 
chains; (F) 1 hour post-treatment where the bleb morphology has transitioned into larger rough blebs in more central cellular 
locations. 
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3.4.3 Membrane Localization 

 In order to determine whether the molecule was localizing within the bacterial 

membranes prior to accessing the cytosol, CLSM was revisited using a low dosage of a 

fluorescein isothiocyanate (FITC) analog of the compound 2AI-1F (Figure 3.1). Previously, 

the FITC-analog had been shown to retain its biological function [110]. The cultures were 

treated with 10 µM 2AI-1F and imaged using CLSM. In order to confirm that 2AI-1 was 

responsible for any interactions, the samples were compared to a FITC-only control.  While a 

portion of the observed cells had the uniform distribution typical of complete compound 

permeation, there was large number of observed cells that were outlined by fluorophore that 

sequestered in the membranes rather than inside the cell (Figure 3.4 A, D).  These images 

also showed the appearance of the 2-AIhotspots around septa and specific regions of the cells 

as discussed in previous work [110].  To confirm that this localization was not unique, MDR 

A. baumannii strain (ATCC 1605) and the 19606 biofilm state were both visualized with 

2AI-1F and found to have the same outlining visualization (Figure 3.4B, E & C, F). The 

localization of the bleb formation on the cells in the SEM images also agreed with the 

“hotspots” seen during all of the CLSM studies.  Based on this agreement, the potential for a 

specific cellular target is currently being pursued. 
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Figure 3.4 Membrane localization of 2AI-1.  (A) A. baumannii strain 19606 treated with low dose of 2AI-1F with the inset 
(D) showing membrane localization; (B) A. baumannii MDR strain 1605 in planktonic state with the inset (E) showing a 
similar outlining as seen with 19606; (C) A. baumannii strain 19606 in biofilm state (orthogonal slices of 4 µm thick slab; 
center: x,y, bottom: x,z, right: y,z) with inset (F) showing the 2-AI localization. 

 

3.4.4 Growth rate response to RA-2AI 

 In previous studies, 2AI-1 triggered a bacteriostatic interval following dosage but 

lacked any antimicrobial activity based on the ability of the treated populations to become 

homeostatic with the untreated population [144]. After discovering that 2AI-1 was modifying 

the permeability of the bacterial membranes, it was important to determine if the compound 

growth effects could be correlated to the observed permeabilization using a series of 

Acinetobacter baumannii growth curves. A temporary interruption of observable growth was 

observed immediately after dosage, which corroborated the growth effects observed in the 
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initial biofilm inhibition studies [144]. The length of the disruption was directly related to the 

2AI-1 concentration, ranging from <1 hour at 25 µM up to approximately 3 hours at 100 µM 

(Figure 3.5A). Using standard linear regression to model the log-phase growth of the 

samples, the average growth rates were 0.58 AU/h for the control culture and 0.51, 0.18, and 

0.21 AU/h for the 25, 62.5, and 100 µM treatments, respectively (Figure 3.5B). Further, 2AI-

1 caused the growth rate to decrease by 65% (± 3%) at concentrations above 62.5 µM, 

coinciding with the plateaued permeation activity seen in the nitrocefin assays (Figure 3.2). 

To validate bacterial viability, colony forming unit counts (CFU/mL) were measured for the 

0 and 100 µM 2AI-1 treated cultures (Figure 3.6A).  After treatment, a 40-fold decrease was 

observed in the CFU/mL of culture, which consistently reached their lowest point around 

3.5x106 (± 1.05x106) CFU/mL after 30 minutes of exposure of 2AI-1 (Figure 3.6A).  The 

cells then entered a recovery period with a generation time of approximately 0.768 hour.  

When compared to the untreated generation time of 0.655 hour (Figure 3.6B), the treatment 

caused a 17.3% increase in the generation time of the recovering population, supporting the 

decrease in growth rate observed in the OD600 growth curves.  To confirm that the bacteria 

were not developing a RA-resistant phenotype, the recovered A. baumannii populations were 

used to seed new cultures that were re-treated under the initial conditions. These cultures 

exhibited the same growth effects after dosage as seen in the initial treatments (data not 

shown).  
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Figure 3.5 OD600 Growth Curve Analysis for RA-2AI-treated A. baumannii. (A) Comparison the effect of varying RA-
2AI dosages on the growth of A. baumannii 19606; (B) Comparison of the log phase growth rates for the dosed cultures (¨ 
= untreated control, R2 = 0.9929; n = treated with 25 µM, R2 = 0.9879; p = treated with 62.5 µM, R2 = 0.9893; = = treated 
with 100 µM, R2 = 0.9886) 
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Figure 3.6 Analysis for RA-2AI-treated A. baumannii.  (A) CFU/mL comparison of untreated A. baumannii 19606 and A. 
baumannii 19606 treated with 100 µM RA; (B) Comparison of exponential growth rates for the untreated and treated 
bacterial culture recovery using the CFU count results (¨ = untreated culture, R2 = 0.9612; = = treated culture, R2 = 
0.9893). 

 

 Through this study, the bacteriostatic interval was found to be the result of the 

widespread disruption of normal cellular growth and viability shortly after treatment as 

indicated by the drop in CFU/mL.  Despite the initial shock caused by 2AI-1, the population 

was able to gradually recover, but it experienced a significantly reduced growth rate and 

increased membrane permeability in the presence of the compound, suggesting signaling 

disruption by cytosolic 2AI-1.  The recovered cells from the 2AI-1 treated cultures did not 

exhibit any resistance phenotypes to the compound, lending credence to the belief that the 
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drop in viability was the result of localized saturation immediately after treatment.  Our 

current hypothesis for the entry mechanism is that the amphipathic nature of the molecule 

draws it to the LPS layer to escape the aqueous environment. At the LPS leaflet, the positive 

nature of the 2AI head group could allow it to interact with polyanionic moieties and the 

pendant chain would be able to insert itself into the outer leaflet, mimicking a fatty acid. 

Once in contact with the Lipid A portion of the LPS molecule, 2-AI would be capable of 

disrupting the crystalline packing either by displacing divalent cations bridging the LPS 

molecules or by interacting with the Lipid A fatty acids. The length of the 2-AI chain could 

play a role in the molecules’ interactions with the fatty acids in the outer membrane leaflet, 

which is supported by the decreased activity of 2-AIspecies with chains lengths outside the 

range of 11 and 14 carbons [155]. As the concentration of 2-AIincreases on the surface, the 

molecules would readily increase leaflet fluidity. 

3.5 Conclusion 

 The discovery that the 2-AI class of molecules can act as permeabilizing agents is an 

important step forward in the development of small molecules that can be used to control 

biofilm formation and also as adjuvants to overcome antibiotic resistance [156]. In addition 

to targeting regulatory proteins within the bacteria, future variations within the RA class that 

possess the ability to disrupt the membranes of Gram-negative bacteria may significantly 

increase the diffusion rate of therapeutic agents into the cell, thus increasing their efficacy. 

With this in mind, we are currently exploring the use of 2-AI molecules as a potential 

adjuvant therapy in a variety of systems. 
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4 The structure of the biofilm-controlling response 
regulator BfmR from Acinetobacter baumannii 
reveals details of its DNA-binding mechanism 

4.1 Abstract 

 The rise of drug-resistant bacterial infections coupled with decreasing antibiotic 

efficacy poses a significant challenge to global healthcare. Acinetobacter baumannii is a 

Gram-negative bacterial pathogen responsible for severe nosocomial infections aided by its 

ability to form biofilms. The two-component response regulator BfmR is the master regulator 

of biofilm initiation and is a tractable therapeutic target. Here we present the structure of A. 

baumannii BfmR using a hybrid approach combining X-ray crystallography, NMR, chemical 

crosslinking, and molecular modeling. We show BfmR binds to a potential DNA recognition 

sequence and propose a mechanism of DNA interaction using structural data, analysis of the 

protein-DNA complexes, and BfmR-dsDNA docking simulations. Our model offers the first 

insights into potential BfmR-DNA interactions in vivo and provides a better understanding 

of bfmRS promoter recognition with the ultimate goal of developing targeted anti-infective 

therapeutics. 

4.2 Introduction 

The bacterium Acinetobacter baumannii is a Gram-negative opportunistic human 

pathogen notorious for causing severe nosocomial infections. Its prevalence in hospitals is 
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often associated with patients in intensive care units and is responsible for causing urinary 

tract infections, blood-stream bacteremia, and acute pneumonia [157]. A. baumannii has also 

shown extensive multidrug-resistance to an array of traditional antibiotics making it a 

formidable adversary in clinical settings [158, 159]. The ability to readily form robust 

biofilms is central to the ability of A. baumannii to resist antibiotic treatment. Highly 

resistant A. baumannii biofilms are well-characterized and frequently accompany other 

cellular protection strategies such as virulence and quorum sensing [160-164]. Biofilm 

initiation and the regulation of drug-resistance mechanisms are often cross-regulated using 

protein two-component systems [165] making the latter very attractive targets for 

alternative/novel drug intervention [166]. A typical two-component system utilizes a set of 

membrane-associated histidine sensor kinases that transmit signals to downstream response 

regulators in response to environmental stimuli [73, 116]. In A. baumannii, the bfmRS two-

component system is a principal regulatory pathway controlling both biofilm development 

and virulence [167, 168].  

The response regulator BfmR is important for control of the A. baumannii csu operon 

genes which are primarily involved in facilitating attachment of biofilms to abiotic surfaces 

both in nature and in the clinic [167, 169]. The BfmRS two-component system regulates the 

chaperone-usher assembly system (csuA/BABCDE), which controls the expression of pili 

genes and cell motility machinery [170]. Recent work also suggests that BfmR plays a 

critical role in A. baumannii growth/survival in human ascites fluid and serum by mediating 

capsule-independent resistance to the antimicrobials meropenem and colisin [166]. These 

pivotal regulatory roles make BfmR a particularly attractive therapeutic target and support 
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the significance of recent studies suggesting BfmR is a specific target for 2-aminoimidazole 

based anti-biofilm agents [78]. 

Annotation of the BfmR amino acid sequence classifies it as an OmpR/PhoB-like, two-

domain response regulator. The N-terminal receiver domain contains a recognized site of 

phosphorylation/activation by a cognate histidine kinase, while the C-terminal effector 

domain contains a putative DNA-binding domain. Structural information for A. baumannii 

BfmR is incomplete. The highly conserved N-terminal receiver domain structure was 

recently determined using X-ray crystallography [166] however, no structural information 

exists for the full-length protein or even the more variable C-terminal DNA-binding effector 

domain. Two-domain response-regulators have proven to be particularly difficult to 

characterize structurally as full-length proteins due in large part to their innate flexibility 

[171]. As a consequence, only a few full-length response-regulator structures are available 

and more often structures of the two separate domains are characterized independently. In 

those cases, alternative methods must be employed in order to correctly orient the two 

domains with respect to one another to build a single full-length model.  

Here we provide a high-resolution structural model of BfmR from A. baumannii strain 

19606 (UniProt: Q2VSW6) determined using an approach combining X-ray crystallography, 

solution nuclear magnetic resonance (NMR), chemical crosslinking, mass spectrometry, and 

molecular modeling. We have used this method previously to build structures of challenging 

full-length multi-domain proteins and their complexes [172]. We also provide direct evidence 

of BfmR interacting with an inverted repeat sequence located in the putative bfmRS promoter 

site [167] and characterize preliminary details of its DNA-binding mechanism in vitro. We 
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find that BfmR binds DNA in a 1:1 stoichiometry as a homodimer but is also capable of 2:1 

stoichiometry, suggesting the possibility of multiple binding sites and/or a switch in binding 

mode. Finally, a mechanism of interaction is proposed using the structurally characterized 

domains of BfmR, biophysical characterization of the protein-DNA complexes, and 

molecular docking of BfmR with its dsDNA substrate. The model offers the first picture of 

potential BfmR-DNA interactions in vivo, providing an improved understanding of this two-

component system. Moreover, this new structural information will guide the refinement of 2-

aminoimidazole-based compounds as potent anti-infective therapeutics. 

4.3 Methods 

 The template gene encoding bfmR from A. baumannii strain 19606 was in the 

expression vector pET200. BfmRN, (residues 1-130) corresponding with the receiver 

domain, was amplified from the full-length construct and inserted into vector pET28a. 

BfmRC, (residues 130-238) corresponding with the DNA-binding effector domain, was 

amplified from the full-length construct and inserted into pET21b with a C-terminal His6 

affinity tag. The BfmRD58A mutant was generated with the Quickchange II site-directed 

mutagenesis kit (Agilent) and confirmed by sequencing (Eton Bioscience). All BfmR 

plasmid constructs were transformed into Escherichia.coli BL21(DE3)pLysS expression 

lines. Samples of BfmR, BfmRD58A, BfmRN, and BfmRC were prepared from 1 L cultures 

grown at 37 °C in LB media to OD600 of 0.6, briefly chilled at 4 °C, then shifted to 30 °C for 

4 hour induction with 1 mM IPTG before final harvest. Uniformly 13C/15N–labeled samples 

of BfmRC were prepared similar to those described previously [173] with some minor 

adjustments. In brief, cell pellets were resuspended at 10 mL/g density in lysis buffer 
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containing 20 mM sodium phosphate (pH 7.3), 300 mM KCl, 5 mM imidazole, 1 mM DTT, 

and 0.02% NaN3 and sonicated to homogeneity. Cell lysates were clarified by centrifugation 

at 15,000 g and the soluble fractions incubated with Ni-NTA resin for 30 min at room 

temperature in a glass beaker with gentle stirring, before assembling the column apparatus 

and collecting the flow-through. Bound proteins were extensively washed with lysis buffer 

before eluted with a linear gradient of 5 to 400 mM imidazole. SDS-PAGE assessed for 

purity by on 12% tricine-polyacrylamide gels, before pooled together and dialyzed into an 

appropriate buffer for biophysical analysis and concentrated using Centricon Plus-70 filters 

(EMD Millipore).  

 For X-ray crystallography experiments, purified BfmRN was concentrated to 8 mg 

mL-1 (~300 µM) in buffer containing 20 mM Tris (pH 7.5), 500 mM NaCl, 1mM DTT, 

0.02% (w/v) NaN3 and 125 mM imidazole, and screened against the JCSG Core I-IV and 

JCSG+ Suites using a Gryphon liquid handling robot (Art Robbins Instruments) to establish 

preliminary crystallization conditions. Drops of 0.4 µL were set in CrystalMation Intelli-Plate 

96-2 crystallization plates (Hampton Research) by combining equal volumes of protein and 

screening solution. Crystals appeared after 3 days of incubation at 291 K and were 

subsequently optimized in 24-well Linbro plates using the sitting-drop vapor-diffusion 

method in which 2 µL of protein was mixed with 2 µL of reservoir solution. The best 

crystals, selected by their size and appearance, were harvested from wells containing 0.1 M 

Bis-Tris propane (pH 8.0) and 20% (v/v) MeOH. Crystals were cryoprotected in mother 

liquor to which 22% (v/v) glycerol had been added before flash-freezing in liquid nitrogen. 
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120° of diffraction data in 1° increments were collected at 100 K on the SER-CAT BM22 

beamline of the Advanced Photon Source and processed using HKL2000 [174].   

 The BfmRN structure was determined by molecular replacement with PHASER [175, 

176] using the coordinates of the N-terminal domain of M. tuberculosis MtrA as the search 

model [PDB ID: 3NHZ; [171]]. The structure was subsequently refined with REFMAC5 

[177], alternated with manual fitting using COOT [178]. Water molecules with appropriate 

hydrogen bond distances were included in later rounds of refinement and alternate 

conformations were modeled for some sidechains. All structure figures were produced using 

PyMOL (The PyMOL Molecular Graphics System, Delano W.L., 2002).  

 All NMR experiments were collected on uniform 13C/15N-labeled BfmRC samples at 

298 K on Varian Inova 600 MHz and Bruker Avance 700 MHz spectrometers equipped with 

cryoprobes. Backbone, sidechain, and aromatic chemical shift assignments for BfmRC were 

completed previously[173] Double- and triple-resonance experiments were collected, 

processed, and analyzed as described previously [173]. Generation of preliminary Phi and Psi 

dihedral angle restraints was performed with Talos+ [179]. Generation of preliminary NOE 

restraints and initial structure calculations was performed with Cyana 3.0 [180]. Conformers 

with the lowest CYANA target function, RMSD, and violations were selected for further 

refinement using restrained energy minimization in implicit solvent in AMBER [181]. 

Residual dipolar couplings were measured on a 0.8 mM uniform 15N-labeled BfmRC sample 

prepared in a 6.0 mm to 4.2 mm radially-compressed 6% polyacrylamide gel prior to data 

collection on a Bruker Avance 700 MHz spectrometer using IPAP-HSQC experiments, and 

analyzed with REDCAT [182]. Quality of structures during refinement were assessed with 
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the Protein Structure Validation Software suite (PSVS version 1.5) [183], and analyzed 

visually with PyMOL (The PyMOL Molecular Graphics System, Delano W.L., 2002) to 

make structural images.  

Prior to AUC experiments, samples of purified BfmR proteins were dialyzed into 

buffer for sedimentation experiments containing 20 mM HEPES (pH 6.5), 100 mM NaCl, 5 

mM MgCl2, 0.5 mM DTT, and 0.02% (w/v) NaN3. Samples were prepared at 70 µM and 

those samples containing BfmR:DNA complexes were pre-incubated with 2 µM dsDNA. 

Samples were loaded into cell assemblies containing Epon charcoal-filled centerpieces and 

quartz windows then spun at 45,000 rpm in an An60 Ti rotor. All sedimentation velocity 

experiments were collected on an Optima XL-A analytical ultracentrifuge (Beckman Coulter) 

while monitoring absorbance at 280 nm. Scans were recorded every 8 min with 0.003 cm 

spacing at 20 °C. Sedimentation profiles were analyzed with SedFit (NIH) using buffer 

corrections determined from SednTerp (sednterp.unh.edu; University of New Hampshire). 

Plots of the resultant s20,w versus the normalized c(s) for each velocity dataset were made in 

Kaleidagraph, version 4.52 (Synergy Software). 

 To assess molecular weights of the individual proteins and potential protein 

complexes, an ACQUITY UPLCÓ H-Class system (Waters Corp.) equipped with an 

autosampler was used for all SEC experiments. Prior to SEC experiments, BfmR, BfmRN, 

and BfmRC samples were equilibrated by dialysis into mobile phase (20mM HEPES (pH 

6.5), 100 mM NaCl, 05 mM DTT, 5 mM MgCl2, 0.02% (w/v) NaN3). Dilute solutions (<50 

uM) were concentrated using Centricon PL-70 filters (EMD Millipore) to a final 

concentration of 1.6 mM. During concentration, six 200 µL samples were aliquoted that 
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ranged from 25 µM to the final 1.6 mM. All samples were filtered using 0.2 µm GHP 

Nanosep® MF Centrifugal Devices (Pall) and subsequently centrifuged at 13,500 rpm for ten 

minutes prior to analysis for removal of potential contaminants. A 150 mm BEH SEC 125 Å 

(Waters Corp.) column was equilibrated with 10 column volumes of mobile phase buffer 

prior to each initial injection. An autosampler was used to inject 10 µL of each protein 

sample onto the column at a flow rate of 0.3 mL/min. All experiments were performed at 

ambient temperature with single wavelength UV monitoring at 280 nm. An SEC filtration 

standard (BioRad) was used to generate a standard curve under identical conditions. Plots of 

the raw data and chromatograms were made in Kaleidagraph, version 4.52 (Synergy 

Software) 

 Double-stranded DNA (dsDNA) substrates were designed from the reported bfmRS 

promoter region described previously [167]. Oligonucleotides used for binding studies: 5'-

TGAACGCCTACTTGTTTACAATGTAAACGTGTGTATATTGCAATG-3' and the 

complement 5'-CATTGCAATATACACACGTTTACATTGTAAACAAGTAGGCGTTCA-

3' were synthesized and purified by high performance liquid chromatography purified 

(Integrated DNA Technologies). Lyophilized samples were suspended in TE buffer (20 mM 

Tris-HCl (pH 8.3) and 0.1 mM EDTA) and quantified spectrophotometrically using supplied 

extinction coefficients. Double-stranded DNA duplexes were annealed by suspending 

equimolar concentrations of both strands together in annealing buffer (20 mM HEPES (pH 

6.5), 100 mM NaCl, 2 mM MgCl2, and 10% v/v glycerol) and heating them at 95 °C for 10 

min before slow cooling to room temperature.  
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 Gel shift assays were carried out using samples of BfmR that were dialyzed into 

binding buffer containing 20 mM HEPES (pH 6.5), 50 mM NaCl, 5 mM MgCl2, 0.5 mM 

DTT, and 0.02% (w/v) NaN3, before being incubated with dsDNA for 10 minutes prior to 

loading onto 4 °C pre-chilled 8% native TBE-acrylamide gels. Gels were electrophoresed for 

approximately 90 minutes at constant 83 volts with 4 °C pre-chilled 1X TBE running buffer 

before 10-minute post-staining with ethidium bromide. Scans were made with Quantity One 

(Bio Rad) and the image files were processed with ImageJ (NIH).  

 ITC experiments were performed on a low volume NanoITC (TA Instruments) at the 

North Carolina State University Biological Core Facility. Samples of BfmR and dsDNA 

were extensively dialyzed into binding buffer containing 20 mM HEPES (pH 6.5), 50 mM 

NaCl, 5 mM MgCl2, 10% v/v glycerol, and 1 mM β-mercaptoethanol. Titrations were 

performed with 24 injections of 2 µL and a 0.5 µL initial injection separated by 300 sec 

spacing with continuous 250 rpm stirring at 20 °C. The syringe titrant contained 100 µM 

dsDNA and the cell titrate contained 20 µM BfmR. Reference titrations to account for the 

heat of dilution of the dsDNA into reaction buffer were subtracted from the experimental 

titrations. Isotherms were processed with Nano Analyze (TA Instruments) and extracted to 

Prism (GraphPad Prism 6 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com) for simulated curve fitting of a “one-site specific-binding” model to 

derive experimental binding constants and thermodynamic parameters. Errors are reported 

based on the goodness-of-fit (R2 = 0.9976) to an averaged binding isotherm generated from 

two separate representative titrations. Plots of the raw data and simulated isotherms were 

made in Kaleidagraph, version 4.52 (Synergy Software).  
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 Chemical activation of BfmR was carried out using purified BfmR samples by first 

dialyzing into buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5 mM DTT, 

0.02% NaN3, and 5 mM MgCl2 (a necessary step to facilitate coordination of a Mg2+ ion in 

the active site adjacent to BeF3
- in order to mimic phosphorylation in RRs) [184]. Dialyzed 

protein samples were concentrated to ~500 µM before introduced with 5 mM BeCl2 and then 

20 mM NaF, followed by immediate gentle mixing at room temperature and allowed to 

incubate undisturbed on the bench for two hours prior to assays.  

. BfmR samples to be modified with the BS3 crosslinking agent were first dialyzed 

into conjugation buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 

0.5 mM DTT, and 0.02% (w/v) NaN3. Solutions of 63 µM BfmR were incubated with 38- to 

144-fold excess of BS3 and allowed to react for 30 and 60 min at room temperature before 

quenching the reaction with 50 mM Tris-HCl (pH 7.5). Samples to be modified with 

BS(PEG)9 (Thermo Fisher) were dialyzed into conjugation buffer containing 50 mM sodium 

phosphate (pH 7.2), 150 mM NaCl, and 0.5 mM DTT. Freshly prepared stocks of BS(PEG)9 

were prepared at 25 mM in anhydrous DMSO from a master stock at 250 mM. Solutions of 

79 µM BfmR were incubated with 10-, 20-, and 50-fold excess BS(PEG)9 and allowed to 

react for 30 and 60 min at room temperature before quenching the reaction with 50 mM Tris-

HCl (pH 7.5). All crosslinked BfmR samples were purified by SDS PAGE using 10% tricine-

polyacrylamide gels and stained with Coomassie Brilliant Blue. Excised protein bands were 

suspended in milliQ water and submitted to the Duke Center for Genomic and Computational 

Biology at Duke University Medical Center for LC-MS/MS analysis. Following data 

acquisition, all spectra were searched against the NCBI Acinetobacter database with 
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BS(PEG)9 and BS3 as a variable modification. Mass Matrix (www.massmatrix.com) was 

used to search for cross-linked peptides. 

 Generation of a full-length BfmR model was performed with HADDOCK v2.1 [185, 

186]. To create the initial full-length BfmR model two BfmRC monomers were visually 

oriented to a single dimeric BfmRN. BfmRN residues missing due to a lack of electron 

density were inserted and joined to their corresponding C-terminal domains by creating a 

peptide bond within each linker region in PyMol. Default HADDOCK parameters were used 

throughout the docking procedure [185] with the following exceptions: non-crystallographic 

and C2 symmetry restraints were used for the dimerization of the N-terminal domains, non-

crystallographic symmetry of the two monomeric C-terminal domains, and non-

crystallographic symmetry of the overall full-length BfmR dimer. From the initial model, two 

PDBs were created for each monomeric unit of full-length BfmR (residues 1-238 and 1'-238' 

(prime denotes residues of the other monomeric subunit)). Successfully identified crosslinks 

were used as intramolecular restraints to orient a single C-terminal monomer with respect to 

its corresponding N-terminal domain. Unambiguous Cα to Cα restraints were generated for 

the following residues based on chemical crosslinking MS data: K127 to K222, K227, and 

K233 for both monomers. To account for the length of each lysine sidechain (approximate 

distance from Cα to terminal Nζ is 5.8 Å) within each distance restraint, 11.6 Å was added to 

the BS3 spacer arm length (11.4-Å) to yield a distance range of 12.0-23.0 Å. Since identical 

crosslinks were identified with BS(PEG)9, only BS3 crosslinks were used for the model. 

Intramolecular Cα to Cα distances within each N- and C-terminal domains were calculated 

and utilized as restraints to ensure retention of globular protein shapes. The same restraints 
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were then utilized as intermolecular interactions within between each full-length monomer to 

re-establish the a BfmR dimer at the N-terminal dimerization interface. Interactions within 

the BfmRN X-ray crystal structure were used to bring the two full-length monomeric 

subunits together in the final docking process. Ambiguous restraints and definition of passive 

or active residues were not used. One thousand structures were generated for the first 

iteration (rigid docking), 200 were generated for the second iteration (semi-flexible docking), 

and 200 lowest energy structures were water refined. The Cα RMSD values of the complexes 

were calculated using ProFit (Martin ACR. ProFit V3.1 edit. SciTech Software; 1992). A 

cluster analysis was then performed on the final docking solutions using a minimum cluster 

size of four. The RMSD cutoff for clustering was manually determined to be 7.5 Å. The 

RMSD matrix was then calculated over the backbone atoms of the interface residues of the 

proteins. The lowest energy structure from the molecular docking within the highest 

populated cluster was further analyzed by visually inspecting the resulting atomic 

coordinates file to ensure no interaction between C-terminal domains. PSVS was used to 

confirm stereochemical quality of the final protein structure [183]. 

4.4 Results 

4.4.1 Oligomeric state of BfmR in solution 

 To investigate the multimeric state of the full-length BfmR we used sedimentation 

velocity analytical ultracentrifugation (AUC). This revealed the presence of a single 

monomeric species in solution with a homogenous 2.6 S distribution (Figure 4.1a) and 

estimated mass of an approximately 34 kDa protein [187]. This result agrees with a 
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theoretical mass of 31 kDa for BfmR and is consistent with other reports on two-domain 

monomeric response regulators [188]. Furthermore, size exclusion chromatography (SEC) 

experiments using ultra performance liquid chromatography (UPLC) found that monomeric 

BfmR elutes as an apparent 26.6 kDa monomer over a broad concentration range (Figure 

4.1b). Similar SEC experiments were conducted to assess the multimeric states of the N- and 

C-terminal constructs of BfmR (termed BfmRN and BfmRC, respectively). In both cases, the 

domains eluted with apparent molecular weights of 15.5 kDa and 17.9 kDa, respectively, 

consistent with monomers in solution (Figure 4.2). 
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Figure 4.1 Sedimentation velocity analysis of BfmR. a.) Sedimentation coefficient distribution of full-length BfmR 
collected at 20 °C as a function of s20,w. b.) Size exclusion chromatogram of full-length BfmR (solid black line). Three 
stacked BfmR peaks moving from bottom to top correspond to low (50 µM), medium (220 µM) and high (900 µM) 
concentrations of injections. Standards peaks (grey solid line) from left to right correspond to Thyroglobulin (670 kDa), g-
globulin (158 kDa), Ovalbumin (44 kDa) and Myoglobin (17 kDa), respectively and are displayed for reference. 
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Figure 4.2 Size exclusion chromatography of BfmRC and BfmRN. a.) BfmRC with a retention time corresponding to an 
apparent molecular weight of 18.0 ± 0.4 kDa monomer. Injections are as follows: 1.6 mM (dark-green), 550 µM (teal), 215 
µM (magenta), 40 µM (purple). b.) BfmRN with a retention time corresponding to an apparent molecular weight of 15.5 ± 
0.2 kDa monomer: 1.6 mM (lime), 600 µM (orange), 150 µM (cyan), 60 µM (yellow). While BfmRN does not readily form 
dimers, a small peak that corresponding to a dimer is visible at high protein concentrations suggesting that dimerization is 
possible while not favored. Standards are depicted in grey in each panel and listed from earliest to latest retention time in 
minutes: thyroglobulin (670 kDa), bovine γ-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17.5 kDa), 
and vitamin B12 (1,350 Da). 
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4.4.2 Crystal structure of the N-terminal receiver domain reveals a conserved 

dimerization interface. 

 The BfmRN structure was solved by molecular replacement using the N-terminal 

domain of M. tuberculosis MtrA as a search model [PDB ID: 3NHZ; (Barbieri et al., 2010)] 

and refined at 2.0 Å resolution to a crystallographic Rwork of 0.202 and Rfree of 0.227 (Table 

4.1). The protein crystallized in the same P65 space group as the previously solved structure 

(PDB Code: 5E3J), but under different crystallization conditions [166]. There are two 

molecules in the asymmetric unit, where each molecule adopts an alternating α/β-fold 

consisting of 5-helices and 5-strands (Figure 4.3a). This folding motif is highly conserved in 

response regulators, particularly in the OmpR/PhoB-like family [47]. The interface between 

molecules involves interactions between the α4-β5-a5 face of each molecule (Figure 4.3b) 

and the same arrangement was also observed in the previously solved structure (PDB code 

5E3J). A net buried surface area of 977.6 Å2 per monomer resulting in 15.0% of each 

monomer excluded from exposed solvent is consistent with this interface being 

physiologically relevant. Subsequent analysis of the residues at the interface revealed three 

major salt bridges between E98 and R112 or R119 (2.8-3.6 Å), D102 and R124 (3.0-4.0 Å), 

and D103 and R117 (2.9 -3.9 Å). Several additional sets of hydrogen bonds and hydrophobic 

interactions appear at the interface (Table 4.2).  
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Figure 4.3 X-ray crystal structure of BfmRN. a.) Cartoon structure of BfmRN showing monomeric subunits colored 
individually (blue and green), with N- and C-termini highlighted. b.) Residues at the BfmRN dimer interface indicative of 
intermolecular contacts via salt bridges (interactions highlighted in yellow). c.) Sequence alignment of BfmRN with eight 
top Dali hits, highlighting conserved residues involved with making intermolecular contacts highlighted in red. Conserved 
aspartate residues at D58 and D65 the putative site of phosphorylation are highlighted in green. 
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Table 4.1 Refinement Statistics for X-ray crystal structure of BfmRN 

  BfmRN (5HM6) 

Data collection:  
Space group P65 
Cell dimensions: a, c (Å) 51.8, 197.6 
Resolution range (Å) 45.0 - 2.00 (2.03-2.00) 
Rmerge (%) 10.1 (61.7) 
Completeness (%) 99.9 (99.6) 
Redundancy 7.0 (5.5) 
I/σI 20.8 (2.1) 
No. of unique reflections 20,165 (986) 

Refinement:  
Resolution (Å) 45.0 - 2.0 
No. of water molecules 34 
Rcryst/Rfree (%) 0.202/0.227 
RMS deviations from ideal stereochemistry:-  

bond lengths (Å) 0.009 
bond angles (o) 1.43 

B factors:  
Mean B factor (main chain) (Å2) 29.0 
RMS. deviation in main chain B factors (Å2) 1.1 
Mean B factor (side chains & waters) (Å2) 33.2 
RMS deviation in side chain B factors (Å2) 1.8 

Ramachandran plot:  
Residues in most favored region (%) 93.7 
Residues is disallowed region (%) 6.3 
Residues in generously allowed regions 0.0 
Residues in disallowed regions 0.0 
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Table 4.2 Table of hydrogen bonds and salt bridges present in dimer interface of BfmRN crystal structure. 

 

Hydrogen bonds 
No.  Monomer A Monomer B Distance (Å) 
1 A:HIS-78[O] B:ARG-124[NH2] 2.82 
2 A:ASP-90[OD1] B:GLN-110[NE2] 3.73 
3 A:GLN-93[OE1] B:ARG-117[NH2] 2.83 
4 A:LEU-97[O] B:ARG-123[NH1] 2.92 
5 A:LEU-97[O] B:ARG-123[NH2] 2.85 
6 A:GLU-98[OE1] B:ARG-119[NH2] 2.77 
7 A:GLU-98[OE2] B:ARG-119[NE ] 2.75 
8 A:GLU-98[OE2] B:ARG-112[NH1] 3.49 
9 A:GLU-98[OE2] B:ARG-112[NH2] 3.37 

10 A:ALA-101[O] B:ARG-123[NH1] 2.76 
11 A:ASP-103[OD2] B:ARG-117[NH1] 2.92 
12 A:TYR-104[O] B:ARG-117[NH2] 2.71 
13 A:GLN-110[NE2] B:ASP-90[OD2] 3.04 
14 A:ARG-112[NH2] B:GLU-98[OE2] 3.22 
15 A:ARG-112[NH1] B:GLU-98[OE2] 3.27 
16 A:ARG-117[NE] B:GLN-93[OE1] 3.43 
17 A:ARG-117[NH1] B:GLN-93[OE1] 3.02 
18 A:ARG-117[NH2] B:ASP-103[OD1] 2.97 
19 A:ARG-117[NH1] B:TYR-104[O] 2.58 
20 A:ARG-119[NH1] B:GLU-98[OE2] 3.06 
21 A:ARG-123[NH2] B:LEU-97[O] 2.68 
22 A:ARG-123[NH2] B:ALA-101[O] 2.71 
23 A:ARG-124[NH1] B:ASP-102[O] 2.94 

Salt bridges 
No.  Monomer A Monomer B Distance (Å) 
1 A:GLU-98[OE1] B:ARG-119[NE] 3.32 
2 A:GLU-98[OE1] B:ARG-119[NH2] 2.77 
3 A:GLU-98[OE2] B:ARG-119[NE] 2.75 
4 A:GLU-98[OE2] B:ARG-119[NH2] 3.63 
5 A:GLU-98[OE2] B:ARG-112[NH1] 3.49 
6 A:GLU-98[OE2] B:ARG-112[NH2] 3.37 
7 A:ASP-102[OD1] B:ARG-124[NE ] 3.18 
8 A:ASP-102[OD1] B:ARG-124[NH2] 3.78 
9 A:ASP-102[OD1] B:ARG-124[NH1] 2.95 

10 A:ASP-102[OD2] B:ARG-124[NE ] 3.99 
11 A:ASP-102[OD2] B:ARG-124[NH2] 3.32 
12 A:ASP-102[OD2] B:ARG-124[NH1] 3.64 
13 A:ASP-103[OD2] B:ARG-117[NH1] 2.92 
14 A:ASP-103[OD2] B:ARG-117[NH2] 3.88 
15 A:ARG-117[NH2] B:ASP-103[OD1] 2.97 
16 A:ARG-117[NH1] B:ASP-103[OD1] 3.78 
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 To assess the degree of conservation at the interface, the Dali structural similarity 

server [189] was utilized, returning more than 100 structures with Z-scores above 20.0 using 

the BfmRN crystal dimer as a query. The structure with highest similarity was MicA from 

Streptococcus pneumoniae (Z-score of 23.6 and root mean squared deviation (RMSD) of 0.9 

Å). The sequences of all hits with Z-scores >22.0 from the non-redundant Dali server output 

were sequence aligned with other known response regulator receiver domain structures that 

also form homodimers. A high degree of sequence homology was found across selected 

structures among residues responsible for making salt bridges and/or contacts at the α4-β5-

a5 homodimer interface. These residues are also conserved in BfmRN (Figure 4.3). Our 

observation that BfmRN exists predominantly as a monomer in solution but crystallizes as a 

homodimer in the absence of activating agents is a well-known phenomenon in the response 

regulator arena [47, 166, 184, 190]. The N-terminal receiver domains of unphosphorylated 

response regulators are known to exist in equilibrium between their inactive and active-like 

dimer states [43, 44]. A small dimer population of BfmRN is seen in sizing data (Figure 

4.2b). Crystallization conditions and the requisite high protein concentrations often 

encourage functional dimer formation [191]. 

4.4.3 Solution NMR structure of the C-terminal DNA-binding domain reveals 

highly conserved structural motifs. 

 The BfmRC protein structure was characterized using restraints derived from Phi/Psi 

dihedral angles, nuclear Overhauser effects (NOEs), manually-derived hydrogen bonds, and 

amide backbone 1HN-15N residual dipolar couplings (RDCs) (Table 4.3). The final ensemble 

of the 10 lowest energy conformers has a low Cα RMSD of backbone (0.19 ± 0.10 Å) and 



 

 77 

heavy (0.61 ± 0.05 Å) atoms for all ordered residues (Figure 4.4a). The structural ensemble 

also has no distance restraint violations >0.2 Å, dihedral violations >5 degrees, and close 

contacts <1.6 Å for hydrogens or <2.2 Å for heavy atoms. The structure of BfmRC adopts 

the canonical winged helix-turn-helix (wHTH) motif present in the effector domain of many 

OmpR/PhoB-like RRs (Figure 4.4a). The three-helix bundle is composed of residues 162-174 

(α1), 181-188 (α2), and 199-211 (α3), where an unstructured loop motif (L1) separates 

helices α2 and α3 at residues 189-198. Residues within L1 (R198) and α3 (R206) represent 

the major contributors to DNA binding in similar response-regulator wHTH motifs. In 

addition to the L1 and α3 helix, the C-terminal sheet (sheet-2 comprised of strands β6 and 

β7) includes several electropositive residues (K219, R220, K222, R225, K227, and K233) 

and two aromatic residues (Y229 and F231). This relatively high local concentration of basic 

amino acid residues creates a large electropositive surface patch on the L1-α3-(sheet-2) face 

of BfmRC (Figure 4.4b), which presumably would accommodate a negatively-charged DNA 

substrate.  

 Based on available structures within the Protein Data Bank (PDB), the structure of 

BfmRC is most similar to the DNA-bound RstA crystal structure (PDB Code: 4NHJ) from 

Klebsiella pneumoniae (kpRstA), with a Dali Z-score of 13.8 and Cα RMSD of 2.3 Å (Figure 

4.4c) [192]. Sequence and structural alignments between the two proteins revealed strong 

identity in the L1-α3-(sheet-2) face including several residues critical for DNA binding. Two 

residues of high significance, R198 (located in L1) and R206 (located in α3), are homologous 

to kpRstA residues R199 and R207, respectively (Figure 4.4b). In the previously 

characterized kpRstA:DNA interaction, these residues were responsible for making base-
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specific intercalations [192]. Conserved residues R181 (α2), R189 (L1), R208 (α3), R225 

(loop between β6 and β7), and Y229 (β7) of BfmRC (Figure 4.4b) are homologous to kpRstA 

residues R182, R190, R209, R226, and Y230, respectively. In the characterized 

kpRstA:DNA interaction, these residues make nonspecific contacts with the dsDNA 

backbone [192]. Furthermore, several conserved residues (A163, S199, V202, S205, T223, 

and S226 homologous to kpRstA residues A164, S200, V203, S206, T224, and N227, 

respectively) potentially exhibit nonspecific backbone interactions with the dsDNA. 

Superimposition of BfmRC with kpRstA shows that free BfmRC maintains a fold that is 

similar to the bound kpRstA effector domain (Figure 4.4c) with minor differences in the 

position of a2 and adjacent L1 which non-specifically interact with the DNA substrate. 
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Figure 4.4 Solution Nuclear Magnetic Resonance structure of BfmRC. a.) Cartoon structure of the BfmRC monomeric 
ensemble with the N- and C-terminus highlighted. b.) Adaptive Poisson-Boltzmann Solver (ABPS) electrostatic surface 
potential of BfmRC in the same 130°-rotated position showing electropositive charge highlighted in blue, electronegative 
charge highlighted in red, and neutral charge highlighted in white. Conserved residues involved in DNA intercalation are 
highlighted using green spheres with passively interacting residues highlighted using blue spheres. c.) Structural overlay of 
BfmRC (cyan) with DNA-bound RstA (red) from K. pneumoniae rotated to show interaction with major groove of a 
potential DNA substrate.  
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Table 4.3 Refinement statistics for solution NMR structure of BfmRC.  

 BfmRC (2NAZ) 
Restraints  

Distance constraints 1444 
Total NOEs 305 
Intra-residue (i=j) 312 
Sequential (|i−j| = 1) 294 
Medium-range (|i−j| < 4)  533 
Long-range (|i−j| > 5)  60 

Hydrogen bonds   
Dihedral angle constraints 40 
Phi  40 

Psi  72 
Residual dipolar couplings  0.625 

Q-factor  14.38 
Number of constraints per residue  4.80 

Number of long range constraints per residue   
  

Water Refinement and Structure Statistics -5036.01 ± 14.05 
Mean AMBER energy (kcal/mol)  0 
Distance constraints (> 0.2 Å)  0 
Dihedral angle constraints (> 5.0 °)   

MolProbity Ramachandran statistics* 85.1 
Most favored regions (%)  14.2 
Additionally allowed regions (%)  0.7 

Disallowed regions (%)   
Global quality scores (Raw/Z-score)* 0.39/-1.12 
Verify3D  0.78/0.54 
ProsaII  -0.51/-1.69 
Procheck (Phi-Psi) -0.62/ -3.67 
Procheck (All) 20.64/ -2.02 

MolProbity clash score  
Close contacts*  0 
Hydrogen atoms < 1.6 Å 0 

Heavy atoms < 2.2 Å  
Deviations from ideal geometries* 2.4 
RMSD for bond angles (°) 0.014 

RMSD for bond lengths (Å)  
Average Cα RMSD (Å)* 0.19 ± 0.10 
Backbone  0.61 ± 0.05 

Heavy 2NAZ 
PDB code  

* Calculated with PSVS version 1.5 for ordered residues 136-190, 200-214, 217-221, and 227-232. 
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4.4.4 Characterization of a BfmR recognition sequence within the bfmRS 

promoter 

 A 45 bp blunt-ended duplex DNA substrate that spans the putative promoter site with 

the sequence 5'-TGAACGCCTACTTGTTTACAATGTAAACGTGTGTATATTGCAATG -

3' was designed based on previous work describing a putative bfmRS promoter sequence 

[167]. Centrally positioned within this substrate is a 14 bp perfect inverted repeat sequence 

separated by a single bp spacer (Figure 4.5a). Electrophoretic mobility shift assays (EMSA) 

with full-length BfmR and the dsDNA substrate resulted in a single distinct band (Figure 

4.5b). Using a fixed concentration of dsDNA at 2 µM, a distinct shifted complex is stabilized 

at a 10:1 molar ratio of protein to dsDNA is observed.  

 

 

Figure 4.5 Identification of a BfmR recognition sequence from the bfmRS promoter. a.) Design of the 45 bp dsDNA 
duplex sequence derived from the putative bfmRS promoter [167]. The inverted repeat elements are underlined with the 
single bp spacer centered in-between. b.) Electrophoretic mobility shift assay of BfmR with the 45-mer at 2 µM showing a 
complete shift at a 10:1 protein to dsDNA molar ratio. 
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 To further assess this shifted species, isothermal titration calorimetry (ITC) was 

performed on the BfmR:45-mer (bfmRS promoter) substrate to evaluate the energetics of the 

interaction. ITC titrations resulted in a highly reproducible signal with negative changes in 

both enthalpy and entropy (Figure 4.6) with stoichiometries of n ~0.5 which correlates with 

one dsDNA binding two copies of BfmR, i.e. consistent with one BfmR homodimer bound 

per DNA duplex. Subsequently, fits were made using a single-site specific-binding model 

and resulted in an observed Kd of 13.16 ± 0.13 µM. The interaction was found to be 

exothermic (ΔGobs = -6.56 ± 0.06 kcal/mol) and enthalpy-driven based on a large change in 

enthalpy (ΔHobs = -5.35 ± 0.05 kcal/mol) relative to entropy (TΔSobs = 1.21 ± 0.01 kcal/mol). 

Although this affinity is modest compared to the nanomolar affinities observed for other 

response regulators (Kd = 10.1 ± 2.5 nM for PhoP from Mycobacterium tuberculosis) [193], 

it is comparable with the binding of kpRstA for dsDNA (Kd = 8.17 ± 0.54 µM) [192].   
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Figure 4.6 Isothermal Titration Calorimetry measuring BfmR DNA-binding energetics with a 45 bp bfmRS promoter 
substrate. Plots of the raw change in heat rate and the normalized heat change for a representative titration of dsDNA 
injected into BfmR showing a stoichiometry of n ~0.5, consistent with a single dsDNA duplex bound per BfmR homodimer. 
Thermodynamic parameters extracted from simulated fits of the isotherm to a one-site specific-binding model include: an 
equilibrium dissociation constant, Kd = 13.16 ± 0.13 µM; observed enthalpy change ΔHobs = -5.35 ± 0.05 kcal/mol; free 
energy change ΔG = -6.56 ± 0.06 kcal/mol; and the temperature-dependent entropy change TΔS = 1.21 ± 0.01 kcal/mol. 

 

 While ITC data support a binding model consisting of two BfmR molecules (i.e. a 

single homodimer) interacting with a single dsDNA, at higher concentrations of BfmR, a 

super-shifted band was observed through EMSA (Figure 4.5b). The site of phosphorylation 

in all homologous response-regulator proteins occurs at a conserved aspartate residue within 

the regulatory domain [194]. BfmR Asp-58 was mutated to an alanine to produce an inactive-
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state mimic that is non-phosphorylatable [48]. Both the initial (10x protein excess) and super-

shifted species were observed in the BfmRD58A mutant:dsDNA interaction (Figure 4.7b). By 

contrast, in an effort to mimic phosphorylation of BfmR and theoretically drive an increase in 

observable binding affinity, BfmR was incubated with phosphomimetic analogue beryllium 

fluoride (BeF3
-) [192, 195]. In this BfmR-BeF3

-:dsDNA interaction, similar relative 

abundances of both free and shifted dsDNA (Figure 4.7c) were observed compared to that of 

native BfmR (Figure 4.7a) and BfmRD58A (Figure 4.7b), though a higher concentration of 

protein was needed to see a complete shift to the bound species. Assays with BfmRC resulted 

in a nearly undetectable DNA-binding affinity by EMSA (Figure 4.7d). This behavior is in 

contrast to the C-terminal effector domain of kpRstA that was shown to bind DNA of the 

RstA box without aid of the N-terminal domain [192].  
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Figure 4.7 Electrophoretic mobility shift assays show evidence of a higher-order complex. EMSAs of the bfmRS 45-mer 
duplex at 2 µM with: a.) full-length BfmR, b.) BfmRD58A, c.) BeF3

--activated BfmR, and d.) BfmRC. Panels (a-c) show clear 
evidence of both a single shift at ~10:1 protein to dsDNA molar ratio and a super-shift at ~50-100:1 molar ratio. Panel d.) 
shows negligible weak binding for BfmRC. Panel e.) Sedimentation coefficient distributions of 2 µM bfmRS 45-mer 
saturated with 35:1 of full-length BfmR (thick solid black), and BfmRD58A (solid black) as a function of s20,w. 
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 Analytical ultracentrifugation (AUC) was used to investigate the nature of the super-

shifted species from the EMSAs (Figure 4.7a,b) through sedimentation behavior. Raw 

sedimentation data revealed a much faster moving particle fit to a calculated c(s) distribution 

with a distinct baseline-separated peak at 7.0 S (Figure 4.7e). This species is larger than that 

observed for a PhoP-DNA complex using a similar length dsDNA substrate [193]. In the case 

of BfmR and BfmRD58A, the 7.0 S species is more consistent with an estimated molecular 

mass of 130 kDa [187], which closely correlates with the theoretical weight of two BfmR 

dimer molecules bound per dsDNA. Taken together, these observations suggest that BfmR 

recognizes dsDNA as a dimer and undergoes a transition from a 1:1 complex (one 

homodimer to one DNA duplex) to a 2:1 complex (two homodimer molecules to one DNA 

duplex) suggesting multiple binding sites on the DNA, and/or a possible switch in binding 

modes.  

4.4.5 Chemical crosslinking and mass spectrometry of full-length BfmR 

 Chemical crosslinking studies between pairs of primary amines (lysines) were used to 

help characterize the orientation N- and C-terminal domains within the full-length BfmR 

protein. Specifically, two chemical crosslinkers were employed: (i) 

bis(sulfosuccinimidyl)suberate (BS3), with a spacer arm length of 11.4 Å and (ii) PEGylated 

bis(sulfosuccinimidyl)suberate (BS(PEG)9), with a spacer arm length of 35.8 Å. Figure 4.8 

shows the crosslinked complexes analyzed with 10% SDS-PAGE. Two species were 

identified and selected for further characterization. Those with molecular masses greater than 

~54 kDa were considered aggregation artifacts and not further analyzed. A band with a 

molecular weight of ~54 kDa, similar to a dimeric BfmR, was enriched as a result of 
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crosslinking and contains potential intra- and inter-molecular crosslinked amines. To observe 

crosslinks within a single BfmR polypeptide, monomeric bands at ~27 kDa were selected 

that contain potential intramolecular crosslinks between the N- and C-terminal domains. 

Each sample band corresponding to both a BfmR monomer (~27 kDa) and dimer (~54 kDa) 

were isolated and analyzed by liquid chromatography tandem mass spectrometry (LC-

MS/MS) separately. Lysine 127, 219, 222 and 227 were among the highest scored identified 

crosslinks. These specific crosslinks were commonly observed over duplicate runs/samples 

and were consequently utilized in molecular docking protocols to assemble a full-length 

BfmR model (discussed in greater detail in the next section). 

 

 

Figure 4.8 . SDS PAGE gels of chemically-crosslinked BfmR with BS(PEG)9 and BS3.  SDS-PAGE analysis 
of BfmR dimer crosslinked complexes. The molecular weight marker is shown in lane 1 (far left) followed by 
control samples of uncrosslinked BfmR and the crosslinked complexes using BS(PEG)9, and BS3 in subsequent 
lanes.  



 

 88 

4.5 Discussion 

The combined evidence from sedimentation analysis and gel-filtration chromatography 

strongly suggests that full length BfmR is a monomer in solution as are the individual 

domains of BfmRC and BfmRN. This hypothesis is consistent with previous 

characterizations of response regulators where proteins prefer to exist in solution as 

monomers with little evidence to suggest otherwise [188, 196]. However, it is proposed by 

others that response regulators can potentially exist in both activated (dimer) and inactivated 

(monomer) states prior to a canonical phosphorylation event [197]. It is thought then, that 

phosphorylation is the “energetic gateway” by which the cell regulates DNA-binding; first 

stabilizing the formation of a dimer to later enhance the DNA-binding affinity of the complex 

[64]. We show that both ‘inactive’ unphosphorylated and BeF3
- -activated BfmR have similar 

DNA-binding affinities (Figure 4.7 a-c). This observation suggests that BfmR dimer 

formation is potentially enhanced by exposure to a DNA substrate.  

 Based on the biophysical characterization of BfmRN and BfmRC in solution, together 

with the crystal structure of the BfmRN dimer and solution NMR structure of the BfmRC 

monomer, we generated a structural model of a full-length BfmR homodimer using in vitro-

derived inter- and intra-molecular crosslinking restraints and molecular docking. Figure 4.9a 

highlights the LC-MS/MS identified crosslinks that were selected for docking with residue 

K127 crosslinked to K233, K222, and K227 respectively. In our recapitulated model, we 

show full-length BfmR in a canonical ‘active’ dimeric conformation in the absence of 

phosphorylation. Because of this, we prefer to consider this model in an ‘active-like’ state 

that maintains the ability to bind DNA (observed by gel-shift in Figure 4.7b and by AUC 
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Figure 4.7e) while lacking the phosphorylation event that many consider necessary for DNA 

binding. Indeed, the dimerization of all response regulators occurs by intermolecular contacts 

between N-terminal receiver domains where the individual C-terminal effector domains are 

tethered via a flexible linker region. This configuration gives the effector domains 

considerable flexibility relative to the rest of the protein in preparation for specific DNA base 

recognition. Our ‘active-like’ model of BfmR exhibits the effector domains positioned for 

DNA-binding in a symmetrical fashion [198]. Curiously, the C-terminal DNA-binding 

domain demonstrates a loss of DNA-binding activity (Figure 4.7d) in the absence of the N-

terminal domain. This suggests that receiver domain-mediated dimerization is vital for 

localizing and properly orienting two BfmRC effector domains for site-specific (or sequence-

specific) DNA recognition. This claim is further supported by the fact that BfmRC clearly 

exists as a monomer, evidenced by both SEC (Figure 4.2) and NMR (Figure 4.4).  
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Figure 4.9 Full-length model of BfmR shows orientation of receiver and effector domains from chemical crosslinks 
and then docked to bfmRS promoter dsDNA. a.) Cartoon structure of BfmR dimer with the N-terminus colored in dark-
green and dark-blue and the C-terminus colored in light-green and light-blue. The right side of the panel highlights the 
observed crosslinks and their respective positions with regard to intra- or inter-molecular distance. The C-terminus is 
highlighted in the right panel to show inherent flexibility while still satisfying the MS crosslinking data. The conserved 
DNA recognition helix (red) shows considerable flexibility relative to the N-terminal domain. b.) Cartoon structure of BfmR 
dimer and its interaction with dsDNA through visual docking. c.) In light of the super-shifted band seen in Figure 6, two 
dimers of BfmR were visually docked to dsDNA. In both panels b and c, the inverted repeat sequence is highlighted using 
spheres. 
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 We observe that BfmR dimerizes using the α4-β5-a5 surface of the N-terminal 

receiver domain (Figure 4.3), a phenomenon well-known in the response regulator field [47]. 

However, we do not observe a secondary interface involving the α1-β2-a2 surface proposed 

by Russo, et al., which speculated that dimerization at this interface may be responsible for 

the repression of DNA binding activity[166]. The proposed interface was described using 

interface prediction software PISA available from the European Bioinformatics Institute 

(EMBL) and calculates the structural properties of macromolecular interfaces (buried surface 

area, space group, symmetry number, etc...) [199]. We used the same PISA interface 

prediction tool on a variety of structurally similar response regulators and found, in each 

case, that the α4-β5-a5 surface was identified as the primary interface. There was no 

consistency in the next most popular surface predicted to be involved in intermolecular 

contacts (Figure 4.10). This suggests that the previously identified α1-β2-a2 surface in 

BfmRN would have minor biological relevance and is more likely the result of crystal 

packing.  
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Figure 4.10 Survey of receiver domain crystal structures similar to BfmRN. a.) A comparison of the top two 
PISA-derived interfaces for nine structurally similar PDB depositions. The top nine structures were selected 
from a Dali output using BfmRN as a query structure. The majority of interfaces with the largest buried surface 
area (sq. Å) occurred within the asymmetric unit. Secondary interfaces all occurred between symmetry mates 
that fall outside of the major asymmetric unit. b.) Superimposition of dimers with the highest buried surface 
area (Interface 1) generated from structures within Table S2A. c.) Superimposition of dimers with the second-
highest buried surface area (Interface 2) generated from structures within the table in panel a. 

 

 There is direct evidence that BfmR binds an inverted-repeat-containing sequence 

element within the bfmRS promoter. The BfmR-DNA complex was investigated using a 45 

bp duplex and characterized using a combination of gel-shift assays, AUC, and ITC 

experiments. While data strongly supports a mechanism where BfmR recognizes dsDNA as a 

dimer and binds in 1:1 moderate affinity binding mode (Figure 4.6), we also observe 2:1 

BfmR-dimer:dsDNA complexes by AUC. As a means of visualizing this interaction, we 

modeled a BfmR-DNA complex using our dimeric BfmR structure together with the 45 bp 
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duplex (Figure 4.9b). Further modeling based on AUC data indicates that BfmR is capable of 

binding this 45 bp substrate in a higher-order stoichiometry of precisely two dimers per DNA 

duplex, suggestive of multiple binding sites and/or a switch in binding mode. Similar 

behavior has been reported for the response regulator Spo0A [200]. In the case of BfmR, the 

high-affinity 1:1 binding site could initially be populated by a single BfmR dimer bound on 

the inverted-repeat sequence. Then, when sufficiently high protein concentration is reached, 

an ensuing low-affinity binding event could occur where a second BfmR dimer binds the 

inverted repeat in such a way that displaces the first BfmR dimer and sterically forces it to 

slide along the dsDNA backbone. Such a mechanism would require the two dimers to share 

the recognition bases of the inverted repeat (Figure 4.9c).  

 Not entirely dissimilar from the mechanism proposed for Spo0A, this model would 

suggest that BfmR may also interact with DNA adjacent to the 14 bp inverted repeat. A 

series of dsDNA substrates were screened starting with the full 45bp substrate that contained 

truncated flanking sequences on either end of the inverted repeat. None of these sequences 

were capable of producing gel-shifts by EMSA under the current experimental conditions 

(data not shown) (Figure 4.11). This suggests that while BfmR may predominantly contact 

dsDNA at the inverted-repeat, the flanking sequences may also be necessary for interactions 

along the phosphate backbone, and/or for site-/sequence-specific base recognition. DNA-

binding proteins often undergo one-dimensional diffusion (sliding) along DNA-substrates 

preceding arrival at the sequence-specific target site where they transition from non-specific 

to specific base interaction [201]. Such a phenomenon could explain the ability of a relatively 

short DNA sequence to accommodate two BfmR homodimers. The proposed model hints at a 
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large BfmR footprint on the DNA of the bfmRS promoter and must be further tested 

experimentally.  

 

 

Figure 4.11 Sequences of trimmed bfmRS substrates showing no binding from BfmR by electrophoretic 
mobility shift assay at 2 µM dsDNA. a.) Inverted repeat 21-mer trimmed to include 3 bp handles. b.) Inverted 
repeat 31-mer including 5’-end of TG-rich strand. c.) Inverted repeat 35-mer including 3’-end of TG-rich 
strand. 

 

 In conclusion, we have provided the first structural model for full length BfmR from 

the insidious bacterial pathogen Acinetobacter baumannii. We have confirmed the protein 

binds to a DNA substrate derived from the bfmRS promoter. Based on these studies, we 

propose that BfmR possesses the ability to bind its DNA-target in two distinct modes. This 

switch in binding mode may have physiological relevance similar to the multiple modes 

previously described in Spo0A [200, 201].  
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5 The structures of SinR/SinI reveal potential 
details of the SinR regulatory mechanism in vitro 

5.1 Abstract 

 Bacteria have developed numerous ways to protect themselves in hostile 

environments, but the most robust method has proven to be the formation of a protective 

biofilm. The Gram-positive bacterium, Bacillus subtilis, has quickly become a leading model 

organism to better understand the regulatory networks directing biofilm matrix production 

and biofilm initiation. The transition to a B. subtilis biofilm phenotype is regulated by the 

activity of the transcriptional repressor, SinR, through its inactivation by its primary 

antagonist, SinI. In this work, we characterize the solution NMR structures of the individual 

domains of SinR and present a structural model of full-length tetrameric SinR constructed 

using a combination of chemical-crosslinking, mass-spectrometry and molecular docking 

approaches. We also present the first full-length dimeric solution structure of its antagonist 

SinI and probe the structural details of their interaction using a combination of analytical 

ultracentrifugation. With this work, we present evidence SinI utilizes a residue replacement 

mechanism to block SinR multimerization, resulting in disrupted repressor activity. 

5.2 Introduction 

 One of the most significant advances in our understanding the relationship between 

bacteria and their environment has been the rapid increase in our knowledge of biofilm 
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formation.  Biofilms are highly resistant, complex organizations of bacterial subpopulations 

[202-204].  Within these structures, bacteria are shielded from harsh environmental 

conditions by the secretion of a dense extracellular polymeric substance (EPS) and stratify 

into various phenotypes that aid in the division of labor amongst the various cell populations 

[204-206].  Because these defense mechanisms are effective against a vast range of 

environmental hazards, it is not surprising that it has become the leading source of antibiotic 

resistance and life-threatening persistent infections in immune-suppressed patients [207-211].  

This protective aspect not only has ramifications in the clinical world, but also extends into 

the industrial sector. Bacterial biofilms are the source of costly biofouling on shipping 

vessels, cause crippling cooling problems in the power industry and significantly impair food 

processing equipment [203, 212, 213].  Yet, some bacterial biofilms have the potential to be 

beneficial under the right conditions. Much effort is being directed towards their 

development as agricultural anti-infective agents, bioremediation tools, and as a potential 

source of alternative fuels[214-216].  Consequently, a complete understanding of the 

molecular control mechanisms behind biofilm formation, specifically the transcriptional 

regulation of biofilm-related genes, is essential for a diverse array of potential biofilm 

applications. 

 One of the most studied model organisms for biofilm formation is the Gram-positive 

bacterium Bacillus subtilis.  This non-pathogenic bacterial species has offered much insight 

into bacterial phenotypic transitions for over a century[217] and has provided a glimpse into 

the delicate balance governing environmental stress responses, ranging from competence to 

sporulation[218].  During the last decade however, B. subtilis’ ability to form robust biofilms 
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has become the subject of increased debate [219, 220], and concomitantly, our understanding 

of the varying cellular phenotypes and the critical components for the transition into the 

biofilm state has grown significantly (refs?).  Of all the proteins involved in the B. subtilis 

biofilm transition, SinR is perhaps regarded as the most important for the initiation of biofilm 

formation.  

 Acting as a gatekeeper to biofilm initiation, SinR is a constitutively expressed 

transcriptional repressor that maintains a vegetative planktonic by repressing the matrix-

related operons (epsA – O and tapA-sipW-tas) [221, 222].  While various orientations of the 

SinR operator have been identified, SinR has previously shown a preference for inverted 

DNA repeats (e.g. GTTCTCTAAAGAGAAC) [223]. In addition to providing a physical 

barrier that prevents RNA polymerase interaction, binding to these upstream sequence 

elements results in a deviation from standerd B-form DNA conformation and is believed to 

restrict access to the target DNA sequence by inducing a DNA-loop within the operon [223, 

224].  SinR is a 111-residue protein composed of two distinct domains: a N-terminal DNA-

binding domain containing a canonical helix-turn-helix and a C-terminal multimerization 

domain that serves as a site for multiple protein-protein interactions[223, 225].  The repressor 

activity of SinR is dependent on its ability to adopt a tetrameric quaternary arrangement that 

is composed of two SinR protein dimers (a dimer of dimers) through multimerization within 

the c-terminal domain [223, 225, 226].   

 The primary SinR antagonist is SinI, a 57-residue protein that forms a stable 

homodimer and, like SinRC, contains a helical hook domain [226].  Unlike the ubiquitous 

basal expression of SinR in all B. subtilis cells, only certain subpopulations are capable of 
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producing SinI and initiate EPS production [227, 228].  The interaction between SinR and 

SinI is part of a complex epigenetic switch [221, 229] that results in a dramatic quaternary 

rearrangement, transitioning from a stable SinR tetramer to form an inactived SinR:SinI 

heterodimer [225, 226]. Because of this, SinI is considered a primary anti-repressor of SinR.  

In addition to SinI, SinR also interacts a number of other proteins within this complex 

regulator circuit. SlrR, is a regulatory protein that is homologous to SinR and possesses the 

ability to interact with SinR via a conserved C-terminal helical hook domain [221].  SlrR 

represents another major component of biofilm initiation where a SinR:SlrR complex 

repurposes the function of SinR, binding a different set of genes that initiate biofilm 

formation rather than repress it [229].  The central role that SinR plays in this critical 

regulatory circuit makes it the cornerstone of biofilm regulation in B. subtilis and, thus, an 

attractive target for potential biofilm manipulation. 

 Recently, several X-ray crystal structures have been released of individual domains of 

SinR in free and in complex to either SinI or a double-stranded DNA substrate [223-225].  

These structures provide insight into the possible mechanism that direct SinR DNA-binding 

function. However, there has yet to be a full-length structure of SinR solved .  Additionally, 

the available structures offer little insight into the mechanism underlying the ability of SinI to 

disrupt the formation of functional SinR tetramers.  In this work, we present a full-length 

solution structure SinI, in addition to the solution structures of the individual SinR domains. 

We also present a structural model of tetrameric SinR constructed using a combination of 

chemical-crosslinking, mass-spectrometry and molecular docking approaches. Using this 

model, we further investigate the inhibitory mechanism of SinI using a combination of site-
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direct mutagenesis, size exclusion liquid chromatography (SELC) and analytical 

ultracentrifugation (AUC). 

5.3 Methods 

 The template gene that encodes full-length sinR from B. subtilis was graciously 

provided by Professor Richard Losick at Harvard University. The sinR gene was inserted into 

the expression vector pET20b previously. A construct corresponding to the amino-terminal 

domain of SinR (SinRN residues 1-69) was generated using the QuickChange II site-directed 

mutagenesis kit (Agilent Technologies) to introduce a stop-codon immediately following 

residue E69. The carboxy-terminal domain construct (SinRC residues 74-111) was amplified 

from the full-length construct and ligated into the expression vector pET28a with a thrombin-

cleavable N-terminal His6 affinity tag. The template gene that encodes sinI was graciously 

provided by Dr. Daniel Kearns at Indiana University. The sinI gene was amplified from the 

provided template construct and cloned into pET-28a and contains a thrombin-cleavable N-

terminal His6 affinity tag. A mutant version of SinI (SinIquad) was generated using the 

QuickChange II site-directed mutagenesis kit (Agilent Technologies) to make the following 

mutants: K34E, L38Y, K41W, and S42R. The SinIquad construct remained in the pET-28a 

expression system with a thrombin-cleavable N-terminal His6 affinity tag and all mutations 

were confirmed by sequencing (Eton Bioscience).  

All Sin protein constructs were transformed into Escherichia coli BL21(DE3)pLysS 

expression lines by heat-shock for three minutes at 37˚C. Samples of SinR, SinRN, and 

SinRC, were prepared using 1L of LB media and cultured at 30˚C to OD600  of ~0.7 before 

overnight induction using 0.1 mM IPTG and final harvest. Samples of SinI and SinIquad were 
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prepared from 1L cultures grown at 34˚C to OD600 of ~0.7 before a six-hour induction using 

1mM IPTG before final harvest. Uniformly labelled 13C/15N samples of SinR, SinRN and 

SinRC were prepared using a previously described method [230]. Briefly, bacterial cell 

pellets of full-length SinR and SinRN were resuspended to a final ~10 mL/g density in a lysis 

buffer containing 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 

0.1 % v/v Triton X-100, 0.02 % w/v NaN3, and 0.3 mM DTT (added fresh). The suspension 

was sonicated to homogeneity and clarified by centrifugation at 15,000 g where the soluble 

fractions were passed over a column containing SP-sepharose (GE Healthcare Life 

Sciences™) which was pre-equilibrated using lysis buffer. Bound protein was extensively 

washed with lysis buffer before elution with a buffer containing 20 mM Tris-HCl (pH 8.5), 

700 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 0.3 mM DTT, and 0.02 % w/v NaN3. Fractions 

were assessed for purity by SDS-PAGE on 12% tricine polyacrylamide gels, pooled, and 

subsequently dialyzed into a low-salt buffer containing 20 mM Tris-HCl (pH 8.5), 150 mM 

NaCl, 10 mM MgCl2, 1 mM EDTA, 0.3 mM DTT, and 0.02 % w/v NaN3. Pooled fractions 

were passed over a pre-equilibrated column containing Heparin Sepharose (GE Healthcare 

Life Sciences™), washed extensively with low-salt dialysis buffer, and eluted using the 

previously described elution buffer. In the case of SinRC, a single pass over an affinity 

purification column immediately following centrifugation using Ni-NTA agarose (QIAGEN) 

resin and eluted with a linear gradient from 10 mM to 300 mM imidazole. All final elution 

fractions were assessed for purity by SDS-PAGE on 12% tricine polyacrylamide gels, pooled 

together, and extensively dialyzed into either NMR-buffer containing 20 mM MES (pH 6.0), 

200 mM NaCl, and 0.02% NaN3 and were concentrated using Centricon Plus-70 filters 
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(EMD Millipore). SinI and SinIquad samples were resuspended to a final ~10 mL/g density 

using a lysis buffer containing 50 mM Tris-HCl (pH 8.5), 300 mM NaCl, and 0.02 % NaN3, 

sonicated to homogeneity, and clarified by centrifugation at 15,000 g. The supernatants were 

immediately passed over a pre-equilibrated column containing Ni-NTA agarose (QIAGEN) 

and washed with 50 mL lysis buffer, 50mL of lysis buffer containing 10 mM imidazole, and 

finally eluted into 10 mL fractions using lysis buffer 300 mM of imidazole. All 

SinI/SinIquad/SinRC samples were cleaved overnight using 200 units of thrombin (Merck 

Millipore) overnight and assessed for successful removal of His6 affinity tag be SDS-PAGE 

before final dialysis and concentration. 

 To probe for transitions in oligomeric state for each sample, a Waters Acquity H-

Class UPLC was utilized to carry out analytical size-exclusion liquid chromatography 

(SELC). Prior to injection, each construct was equilibrated into an identical mobile phase 

buffer (identical to NMR buffer conditions) containing 20 mM MES (pH 6.0), 200 mM 

NaCl, and 0.02% NaN3. Individual samples were diluted to a final concentration of 250 µM 

in a volume of 200 µL and 25 µL applied to a pre-equilibrated BEH-125 SELC column 

(Waters) using an autosampler under a constant 0.02 mL/min flow rate. Absorbance at 280 

nm was continuously measured and the data processed and analyzed using Empower 3.0 

software (Waters). Retention times were recorded for each species and plotted against a 

standard curve generates using a mixture of Gel Filtration Standards (BioRad) to obtain an 

apparent molecular weight for each sample. Molecular weights of proteins complexes were 

evaluated using an identical method. Two complexes were evaluated with each conaining 
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200 µM of SinR mixed with slight molar excesses of both SinI (250 µM) and SinIquad 

(250µM). 

 Backbone, sidechain, and aromatic chemical shift assignments for SinRN and SinRC 

were completed previously by Dr. Sean Stowe (Appendix 1 and 2) (unpublished work). The 

double and triple-resonance NMR experiments for SinI were performed at 298 K on either a 

Varian Inova 600 MHz or a Bruker Avance 700 MHz, both equipped with cryoprobes. 

Backbone chemical shifts were assigned in a sequential manner from the following 

experiments: 15N-HSQC, 15N-TROSY-HSQC, HNCO, HN(CA)CO, CBCA(CO)NH, 

HNCACB, and C(CO)NH (15 and 18 ms). Sidechain proton chemical shifts were assigned 

using the following experiments: HBHA(CO)NH, H(CCO)NH (12 and 18 ms), 15N-

TOCSY-HSQC (50 and 75 ms), and 15N-NOESY-HSQC (80 ms). Data were processed 

using NMRPipe [231] and analyzed using NMRView [232]. The generation of preliminary 

dihedral angles were calculated using the program TALOS+[233]. Preliminary NOE 

restraints were derived for all proteins from 15N-NOESY-HSQC (75 and 100 ms), 13C-

NOESY-HSQC (100 and 120 ms), and 13C aromatic NOESY experiments (80 ms). 

Identification of residues involved in the the dimerization interface was accomplished 

through a 13C-filtered, 12C-edited NOESY-HSQC (100 ms) by combining 13C-labeled SinI 

(or SinRC) combined with natural abundance SinI (or SinRC) in a 1:1 ratio. 

 For all structures, initial models were calculated using NOE-derived distance 

restraints with CYANA v.3.1 (noeassign)[234-236] along with TALOS+[233] predicted 

backbone dihedral angle restraints. For SinI and SinRC, both of which are multimeric 

models, noncrystallographic symmetry restraints were utilized to keep the Cα atoms of the 
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monomers superimposable, and distance symmetry potential was used to ensure that the 

relative orientations of all Cα atoms within respective monomers were symmetrical. SinRC 

was originally calculated as a dimeric protein with removal of known tetramer-forming 

NOEs. The final step in the CYANA calculation of SinRC was a manual run composed of 

the upper-limit and aco files of the dimer, duplication of the dimeric files, and 

noncrystallographic symmetry restraints for generation of the tetrameric structure. The final 

100 CYANA conformers with the lowest target function values were subjected to restrained 

energy minimization in implicit solvent in AMBER [237]. The lowest 10 energy structures 

calculated through AMBER were analyzed, examined for further violations, and ultimately 

submitted to the protein data bank (PDB) (Table 5.1). Molecules were visualized and aligned 

with PyMOL [238]. The structure was further analyzed by PSVS validation suite to confirm 

stereochemical quality of a protein structure [183, 239]. The solution structures for SinRN, 

SinRC, and SinI were deposited in the RCSB PDB and can be accessed using PDB ID 5TN0, 

5TN2, and 5TMX, respectively. 

 Equivalent volumes of serially diluted amine-to-amine crosslinkers BS3, DSG and 

BS(PEG)5 (Thermo Scientific) were incubated in 100 µl reaction volumes containing a fixed 

100 µM concentration of purified full-length SinR. The reactions took place under ambient 

conditions and proceeded for 0.5 h before being quenched using 50 mM Tris. The reaction 

mixtures were then separated by1D-SDS-PAGE using a single-percentage 12 % tricine gel. 

Following separation, the molecular mass region corresponding to a SinR tetramer (~52 kDa) 

(Figure 5.1a) was excised and subjected to an in-gel reduction, iodoacetamide alkylation, and 

trypsin digestion as previously described [240]. Extracted peptides were lyophilized to 
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dryness and then resuspended in 20 µl of 2% acetonitrile and 0.1% formic acid prior to liquid 

chromatography tandem mass spectrometry (LC-MS/MS) analysis. Chromatographic 

separation was performed on a Waters NanoAcquity UPLC equipped with a 1.7 µm BEH130 

C18 75 µm ID × 250 mm reversed-phase column. The mobile phase consisted of (a) 0.1% 

formic acid in water and (b) 0.1% formic acid in acetonitrile. Following a 4-µl injection, 

peptides were trapped for 5 min on a 5-µm Symmetry C18 180 µm ID × 20 mm column at 5 

µl/min in 99.9% A. The analytical column was then switched in-line and a linear elution 

gradient of 5% B to 40% B was performed over 60 min at 400 nl/min. The analytical column 

was connected to a fused silica PicoTip emitter (New Objective, Cambridge, MA) with a 10-

µm tip orifice and coupled to a Waters Synapt G2 Quadrupole Time-of-Flight mass 

spectrometer through an electrospray interface. The instrument was operated in data-

dependent mode of acquisition with precursor mass spectrometry scans from m/z 50–2000 

and the top three most abundant precursor ions being subjected to MS/MS fragmentation. For 

all experiments, charge-dependent CID energy settings were employed and a 120-s dynamic 

exclusion was employed for previously fragmented precursor ions. 
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Figure 5.1 Chemical crosslinking and peptide identification by mass spectrometry. a.) Protein samples were crosslinked 
and separated by SDS-PAGE. Bands corresponding to a molecular weight that is consistent with SinR tetramers (red arrow) 
were excised and submitted for analysis. b.) Peptide scoring matrix based on confidence and relative abundance to identify 
significant N-to C-terminal chemical crosslinks using BS3 and DSG. A single false-positive (orange) artifact was returned in 
the control experiment (no crosslinker). 
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 Raw LC-MS/MS data files were processed in Mascot distiller (Matrix Science) and 

then submitted to independent Mascot database searches (Matrix Science) against a 

SwissProt (taxonomy B. subtilis) database (4290 forward sequences, updated December 

2012) appended with the reverse sequence of all forward entries. Search tolerances were 10 

ppm for precursor ions and 0.04 Da for product ions using trypsin specificity with up to two 

missed cleavages. Carbamidomethylation (+57.0214 Da on C) was set as a fixed 

modification, whereas oxidation (+15.9949 Da on M) and hydrolyzed DSG (+114.031694 Da 

on K) or hydrolyzed BS3 (+156.0786 Da on K) were considered as variable modifications. 

All searched spectra were imported into Scaffold (Proteome Software), and protein 

confidence thresholds were set using a Bayesian statistical algorithm based on the 

PeptideProphet and ProteinProphet algorithms that yielded a peptide and protein false 

discovery rate of <1% [241, 242]. Mascot distiller was utilized to identify crosslinked 

species. MGF files were submitted to MassMatrix (v 2.4.2, February 2012) searches against a 

forward/reverse SwissProt database (taxonomy B. subtilis) of SinR [243]. Search mass 

tolerances and modifications were as described for Mascot searches, with the “advanced 

search” option enabled to allow for interpeptide or intrapeptide crosslinking of DSG 

(+96.0211 Da) and BS3 (+138.0681 Da). Specificity of the BS3 and DSG cross-linkers was 

initially confined to lysine–lysine. A secondary search was then performed for each 

crosslinking reagent replacing lysine with glycine to allow for the mapping of crosslinked 

sites to the protein N-terminal primary amine. Trypsin rules were set to not allow cleavage at 

a crosslinked modified residue and only one crosslink per peptide pair was allowed. A 

peptide match within MassMatrix was only considered if peptide scoring thresholds (Figure 
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5.1b) were above that required for a matching probability less than p-value of <0.05. All 

crosslinked MS/MS spectra were manually inspected for adequate fragment ion coverage. 

 HADDOCK in combination with chemical cross-linking mass spectrometry was used 

to generate structural models for the SinR tetramer. Default HADDOCK parameters were 

used throughout the docking procedure [185] with the following exceptions: Non-

crystallographic and C2 symmetry restraints were used for each monomer. Semi-flexible 

residues were defined automatically via HADDOCK. Fully flexible residues were set to 

accommodate the mass spectrometry crosslinking data, BS3 has a 11.4-Å spacer arm and 

DSG has a 7.4-Å spacer arm. For defining the appropriate HADDOCK flexibility 

parameters, the following criteria were taken into account: the large distances of the 

crosslinking moieties, the dynamic nature of the protein, the symmetry of the tetramer, and 

the need to retain the identified multimeric state of both SinRN and SinRC at all 

concentrations. Lastly, ambiguous restrains were not included. One thousand structures were 

generated for the first iteration (rigid docking), 200 were generated for the second iteration 

(semi-flexible docking), and 200 lowest energy structures were water refined. The Cα 

r.m.s.d. values of the complexes were calculated using ProFit (SciTech Software). A cluster 

analysis was performed on the final docking solutions using a minimum cluster size of 4. The 

r.m.s.d. cutoff for clustering was manually determined to be 5.5 Å (lower than the default 7.5 

Å). The r.m.s.d. matrix was calculated over the backbone atoms of the interface residues of 

the proteins. The lowest energy structure from the molecular docking within the highest 

populated cluster was further analyzed by PSVS to confirm stereochemical quality of a 

protein structure [183]. 
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 Analytical ultracentrifugation was used to investigate the nature of an intermediate-

weight species formed by SinIquad and full-length SinR visualized by SEC. Sedimentation 

velocity experiments were carried out at 45,000 RPM on an Optima XL-A analytical 

ultracentrifuge using a An-60 Ti four-space analytical centrifuge rotor (Beckman Coulter) 

and Epon charcoal-filled centerpieces. Absorbance measurements were recorded at 280 nm 

every 8 minutes with 0.03 cm spacing.  Velocity profiles were processed and analyzed with 

SedFit (Peter Schuck, National Institute of Biomedical Imaging and Bioengineering, National 

Institutes of Health, Bethesda, MD).  Sedimentation coefficients were corrected for 

temperature and buffer composition using Sednterp (http://sednterp.unh.edu).  All 

experiments were carried out at 20 °C in Sin AUC buffer (20 mM MES, 300 mM NaCl, and 

0.02% w/v sodium azide at pH 7.0). 

5.4 Results 

5.4.1 Solution NMR structures of SinRN/SinRC/SinI 

 In order to investigate the multimeric state of full-length SinR, we used a combination 

of sedimentation velocity analytical ultracentrifugation (AUC) and size exclusion liquid 

chromatography. SEC data revealed that SinR exists predominantly as a tetramer in solution 

with an apparent molecular weight of ~62 kDa which is slightly higher than the expected 

theoretical mass of ~52 kDa. The observed increase is likely due to the dynamic nature of the 

SinR tetramer Figure 1.1. SinRN forms stable monomers in solution corresponding to an 

apparent moleculr weight of ~8 kDa. SinRC displays the ability to tetramerize in the absence 

of the N-terminal domain of SinR, eluting with an apparent moleculer weight of ~26 kDa.  
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The solution states of SinI and SinIquad  were evaluated using AUC and suggest the presence 

of both monomeric (1.2S) and homodimeric (1.8S) species in each sample in the conditions 

tested  

 

 

Figure 5.2 Size exclusion chromatography and previously predicted domain configuration of full-length SinR and 
individual domains SinRN and SinRC. a.) Full length SinR (black) elutes with an apparent molecular weight that is 
consistent with a predicted homotetramer. The amino-terminal domain of SinR, SinRN (residues 1-69), elutes with an 
apparent molecular weight of a predicted monomeric species. The carboxy-terminal domain of SinR, SinRC (residues 74-
111), elutes with a molecular weight that is consistent with a homotetrameric species, indicating that multimerization can 
occur independent of SinRN. b.) Cartoon representations of Sin proteins and theoretical molecular weights associated with 
individual domains and their complexes. Organization of the SinRFL tetramer (right side panel) was previously predicted 
and further evaluated in this work.   

SinRFL 
Tetramer

MW: 51,952 Da

SinRN MW: 
7835 Da

SinRC Monomer 
MW: 5301 Da

SinRC Tetramer 
MW: 21,204 Da

a.)

b.)



 

 110 

 

Figure 5.3 Size exclusion and Sedimentation Velocity Analytical Ultracentrifugation of SinI and SinIquad. a.) Size 
exclusion liquid chromatography data reveal that SinI and SinIquad show similar retention times and each form dimers in 
solution. b.) Sedimentation velocity experiments reveal that both SinI and SinIquad exist as a mixture of dimeric (1.8s) and 
monomeric (1.2s) species under the conditions tested.  
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 Wild-type full-length SinR has remained elusive to structural biologists largely due to 

the relative dynamics of the N- and C-terminal domains. Even in the presence of a bound 

DNA substrate that dramatically reduced its structural degrees of freedom, a full-length 

crystal structure of SinR was only able to confidently resolve a single domain bound to DNA. 

In our own studies, we observe NMR spectra of the wild-type SinR protein that results in two 

sets of peaks with drastically different intensities/volumes suggestive of a large dynamic 

movement difference (data not shown). Therefore, the wild-type SinR construct was split into 

its respective N- and C-terminal domains for individual structural characterization with the 

goal of full-length reconstitution of the SinR tetramer using chemical cross-linking and ESI-

MS/MS. Statistics for the 10 lowest energy structures of SinRN, SinRC and SinI are shown 

in Table 5.1.   
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Table 5.1 NMR refinement statistics for SinI (PDB 5TMX), SinRN (PDB 5TN0), and SinRC 
(5TN2). 

NMR refinement statistics SinIa SinRN SinRCa 
Restraints    

Distance constraints    
Total NOEs 594 (297) 1274 3956 (989) 
Intra-residue (i=j) 112 (56) 226 840 (210) 
Sequential (|i−j| = 1) 166 (83) 231 788 (197) 
Medium-range (|i−j| < 5 & |i−j| > 1)  154 (77) 416 968 (242) 
Long-range (|i−j| >= 5)  162 (81) 401 1360 (340) 
Intermolecular 149 N/A 1304 

Dimeric N/A N/A 1220(305) 
Tetrameric N/A N/A 84(42) 

Dihedral angle constraints    
Phi  42 (21) 40 100(25) 
Psi  42 (21) 42 100(25) 

Number of constraints per residue  11.77d 19.65 22.15 
Number of long range constraints per residue  7.77 5.81 7.23 

Water Refinement and Structure Statistics    
Mean AMBER energy (kcal/mol)  -3950.82 ± 7.70 -2254.97 ± 5.26 -8150.04 ± 4.37 
Distance constraints (> 0.2 Å)  0 0 0 
Dihedral angle constraints (> 5.0 °)  0 0 2 
MolProbity Ramachandran statistics     

Most favored regions (%)  94.8 89.5 93.8  
Additionally allowed regions (%)  4.8 10.2 6.2  
Disallowed regions (%)  0.5 0.3 0  

Global quality scores (Raw/Z-score)b    
Verify3D  0.17/-4.65 0.42/-0.64 0.55/1.44 
ProsaII  0.49/-0.66 0.86/0.87 1.03/1.57 
Procheck (Phi-Psi) -0.26/-0.71 -0.29/-0.83 0.01/0.35 
Procheck (All) -0.24/-1.42 -0.50/-2.96 -0.34/-2.01 
MolProbity clash score 1.16/1.33 25.58/-2.86 7.79/0.19 

Close contacts*     
Hydrogen atoms < 1.6  Å 0 0 0 
Heavy atoms < 2.2 Å 0 0 0 

Deviations from ideal geometries    
RMSD for bond angles (°) 2.0 2.5 2.0 
RMSD for bond lengths (Å) 0.014 0.014 0.014 

Average Cα RMSD (Å)c    
Backbone  0.35 ± 0.06 0.20 ± 0.10 0.24 ± 0.02 
Heavy 0.90 ± 0.06 0.57 ± 0.10 0.65 ± 0.03 

PDB code 5TMX 5TN0 5TN2 
aValues for monomers are given in parentheses bSinI residues: 20-31, 35-44, 20¢-31¢, 35¢-44¢. SinRN residues: 3-38 and 43-
66. SinRC residues: 12-24, 28-42, 12¢-24¢, 28¢-42¢, 12¢¢-24¢¢, 28¢¢-42¢¢, 12¢¢¢-24¢¢¢, and 28¢¢¢-42¢¢¢. 
cSinI residues: 20-44, 20¢-44¢. SinRN residues: 3-66. SinRC residues: 12-42, 12¢-42¢, 12¢¢-42¢¢, and 12¢¢¢-42¢¢¢. *Calculated 
with PSVS version 1.5 for ordered residues only.  
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 For SinRN, the structures were determined with a total of 1274 nuclear Overhauser 

enhancements (NOEs) of which 226 were intra-residue, 231 were sequential, 416 were 

medium range, and 401 were long range. Finally, 40 and 42 Phi/Psi angles were used. This 

resulted in 19.6 restraints per residue with 5.81 long-range constraints per residue. The final 

10 structures resulted in zero NOE and dihedral violations per structure at 0.2Å and 5°, 

respectively. The structural ensemble showed an average Cα root-mean-square deviation 

(r.m.s.d.) of 0.20 ± 0.10 Å for secondary structure (backbone atoms) and of 0.57 ± 0.10 Å for 

secondary structure (heavy atoms; i.e., all non-hydrogen atoms). PSVS (Protein Structure 

Validation Server), MolProbity, WHATCHECK, and PROCHECK were used to analyze the 

ensemble that was subsequently determined to be of good quality (Table 5.1 NMR 

refinement statistics for SinI (PDB 5TMX), SinRN (PDB 5TN0), and SinRC (5TN2).) [183, 

239, 244, 245]. Ramachandran analysis confirmed that 99.7% of residues lie within the 

additionally allowed or better conformational space. An overlay of the 10 lowest energy 

structures is shown in Figure 5.4a. The monomeric SinRN is composed of five α-helices 

between residues 4-13 (α1), 17-24 (α2), 28-36 (α3), 44-54 (α4), and 59-62 (α5) with four 

loop regions between residues 14-16 (L1), 25-27 (L2), 37-43 (L3), and 55-58 (L4).  
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Figure 5.4 Solution NMR structure of SinRN. a.) Ten lowest energy conformers of SinRN (red). b.) Structural overlay of 
SinRN (red) with crystal structure of SinRN (grey) (PDB 3QQ6). c.) Structural overlay of SinRN (red) with DNA-bound 
crystal structure SinRN (light blue) (PDB 3ZKC) rotated to show interaction with major groove of a potential DNA 
substrate.  

 

 For SinRC, the structures were determined with a total of, per monomer, 989 NOEs 

of which 210 were intra-residue, 197 were sequential, 242 were medium range, and 340 were 

long range. Finally, 50 Phi/Psi angles were used. This resulted in 22.15 restraints per residue 

with 7.23 long-range constraints per residue. The final 10 structures had zero NOE and 2 

dihedral violations per structure at 0.2Å and 5°, respectively. The structural ensemble 

a.) b.)

c.)
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showed an average Cα root-mean-square deviation (r.m.s.d.) of 0.24 ± 0.02 Å for secondary 

structure (backbone atoms) and of 0.65 ± 0.03 Å for secondary structure (heavy atoms; i.e., 

all non-hydrogen atoms). PSVS (Protein Structure Validation Server), MolProbity, 

WHATCHECK, and PROCHECK were used to analyze the ensemble that was subsequently 

determined to be of good quality (Table 5.1) [183, 239, 244, 245]. Ramachandran analysis 

confirmed that 100% of residues lie within the additionally allowed or better conformational 

space. An overlay of the 10 lowest energy structures is shown in Figure 5.5a. The monomeric 

SinRC (wild-type full length numbering) is composed of three α-helices between residues 

78-89 (α1), 93-108 (α2), 90-92 (loop 1 - L1), and relatively unstructured first 12 residues on 

the N-terminus. From this point on, residues in the other monomeric subunits will be 

identified by a prime superscript (′,′′, and ′′′). An extensive dimerization interface occurs 

between residues in α1 (70, 71, 73-75, 79, and 82-89) to residues in both α1′ and α2′ (71′-75′, 

79′, 83′-84′, 87′-88′, 93′, 97′, 100′, 104′, and 108′), α2 (93, 95-97, 99-100, 103-104, 107-018 

and 110) to residues in both α1′ and α2′ (79′, 82′, 85′-86′, 89′-92′, 95′-96′, 99′, 100′, and 103), 

L1 (90-92) to residues in α2′ (103′-104′ and 107′) as well as those same residues in α1′′, α1′′′, 

and α2′′′. A moderate tetramerization interface also occurs between residues in α2 (99) to α2′′ 

(102′′) and α2 (95, 98-99, 102, 105, and 106) to α2′′′ (95′′′, 98-99′′′, 102′′′, 105′′′, and 106′′′) 

(Figure 5.5 see inset) 
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Figure 5.5 Solution NMR structure of tetrameric SinRC. a.) Lowest energy conformers of the solution structure of SinRC 
with detailed illustration of the SinRC tetramer interface. b.) Structural superimposition of SinRC with the crystal structure 
of dimeric SinRC (2YAL) showing slight deviations in the individual helical pitches. 

 

 The solution structure of SinI was characterized using solution NMR spectroscopy, 

representing the first independent structure solved for the SinI dimer. Approximately 95% of 

the assignable backbone residues, 95 % of the sidechain carbons, and 85% of proton side-

chain assignments were completed (The missing assignments reside in the C-terminal 

residues 57-61, most likely due to conformational flexibility of this region)(Figure 5.6c). The 

structures were determined with a total of 297 NOEs per monomer, of which 56 were intra-

residue, 83 were sequential, 77 were medium range, and 81 were long range. Finally, 21 

Phi/Psi angles were used. This resulted in a total of 11.77 restraints per residue over ordered 

a.)

b.)
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residues with 7.77 long-range constraints per residue. The final 10 structures had zero NOE 

violations above 0.2 Å and zero dihedral violations >5˚. The structural ensemble displays an 

average Cα root-mean-square deviation (r.m.s.d.) of 0.35 ± 0.06 Å for secondary structure 

(backbone atoms) and of 0.90 ± 0.06 Å for secondary structure (heavy atoms; i.e., all non-

hydrogen atoms). PSVS (Protein Structure Validation Server), MolProbity, WHATCHECK, 

and PROCHECK were used to analyze the ensemble that was subsequently determined to be 

of good quality (Table 5.1) [183, 239, 244, 245]. Ramachandran analysis confirmed that 94.8 

% of residues lie within the additionally allowed or better conformational space. An overlay 

of the 10 lowest energy structures is shown in Figure 5.6a. Figure 5.6b depicts a structural 

overlay of the monomeric solution structure of SinI with the existing crustal structure of the 

SinR:SinI heterodimer (PDB 1B0N). 
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Figure 5.6 Solution NMR structure of dimeric SinI. a.) Structural ensemble of the ten lowest energy models as a result of 
SinI structure calculations. b.) Superimposition of SinI and the crystal structure of SinR:SinI complex (PDB 1B0N). c.) 
Representative 1H-15N HSQC of full length SinI.  

 

5.4.2 Establishment of critical residues in SinI tetramer inhibition 

 In order to provide additional evidence for the formation of different complexes 

between SinI and SinIquad with SinRFL, we explored the interaction by analytical 

sedimentation velocity.  We first performed experiments analyzing the distribution of 

multimeric states for each protein sample free in solution.  For both SinI and SinIQ, the 

a.)

c.)b.)
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distribution of sedimentation coefficients (c(s)) suggested both the presence of monomeric 

(1.2 S) and homodimeric (1.8 S) states in each sample under the conditions tested (Figure 

XX).  While gel filtration size-exclusion experiments suggested that the mutations introduced 

in SinIQ may favor disruption of the homodimer (data not shown), the velocity experiments 

suggest that dimers are still capable of forming at 72 µM.  However, for SinRFL, a uniform 

distribution of an apparent homotetramer (3.4 S) was observed in solution, consistent with 

the size-exclusion data (Figure 5.7 black solid line).  To then assess the extent of different 

complexes formed with SinRFL, we pre-incubated samples of SinI with SinRFL and SinIQ 

with SinRFL at 1:1 molar ratios (Figure 5.7 dotted blue and dotted red lines respectively).  

Strikingly, samples of SinI:SinRFL appeared to completely disrupt the SinRFL 

homotetramer and the c(s) revealed a broad 1.7 S distribution, possibly due to a mixture of 

both a SinI:SinRFL heterodimer, and SinI homodimers in solution.  On the other hand, while 

the SinIQ:SinRFL sample still disrupted the SinRFL homotetramer, the c(s) distribution was 

dominated by the presence of a 2.7 S species, strongly suggestive of an apparent 

heterotetrameric complex in solution. 
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Figure 5.7 Sedimentation velocity analytical ultracentrifugation of SinR/SinI/SinIquad complexes. Sedimentation 
velocity experiments confirm that that both SinI (solid blue) and SinIquad (solid red) exist as a mixture of dimeric (1.8s) and 
monomeric (1.2s) species respectively under the conditions tested. The sedimentation of full-length SinR (solid black) 
confirmed the presence of a stable tetrameric (3.45s) species under the conditions tested. Incubation of SinR with wild-type 
SinI (dotted blue) results in the formation species  

 

5.5 Discussion 

 Here, we present the first solution structures of SinRN and SinRC and present the 

first complete structure of the major SinR antagonist, SinI. One of the most important 

features of SinR is the free motion of the N-terminal domains via the long interdomain linker. 

While it is this freedom that is the most probable cause for unsuccessful attempts at 

crystalizing SinR, it is likely the source of its unique functional properties. Currently, there 

are three sets of x-ray crystal structures for the SinR domains in various states[223-225]. The 

first published structure depicted the SinR:SinI heterodimer (PDB ID 1B0N)[225]. This 
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structure remains the most complete x-ray crystal structure for this system and provides high-

resolution structural information about the conformations of SinR and SinI within the 

heterodimer. Yet, questions of how SinR:SinI dimers were formed formed and managed to 

sequester SinR from its role as a biofilm repressor remained unanswered for over a decade.  

 More recently, two crystal structures of SinRN (PDB ID 3QQ6 and 3ZKC) have been 

published that help to describe the structural mechanics involved in the formation of the 

SinR:DNA complex[223, 224]. SinRN has been extensively shown to be a monomer when 

free in solution, but the crystal structures for SinRN were characterized in a dimeric 

conformation in both the free and DNA-bound structures, leaving the question of whether 

this conformation was the result of crystal packing or a real part of the DNA-binding 

mechanism [223, 224]. With our SinRN monomer structure (Figure 5.4), a pairwise 

alignment of the DNA-bound dimer and the ligand-free monomer was performed and 

revealed very little conformational variation along the reported dimer interface (residue 40 – 

45), except for the position of Asn41 (most likely the result of the flexibility of the loop 

region between the α3 and α4 helices).  

 In addition to the SinRN structures, there was also one crystal structure for SinRC 

(PDB ID 2YAL). As mentioned earlier, the major concern with this structure was the large 

spread between the Rwork of 0.283 and the Rfree of 0.435 [223]. In order to validate this 

structure, SinRC was characterized through a combination of NMR and data-driven 

molecular docking. Based on a comparison of these structures, there was one key difference 

with the conformation of the α2 helix. In the crystal structure, both helices were depicted as 

rigid bodies, yet this is not the case in the solution structure, where the α2 helix was slightly 
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longer with a mild contour that represents a certain degree of flexibility (Figure 5.5). Any 

flexibility in this region could impact the stability of the interface between the dimers by 

altering the position of critical residues, particularly the aromatic moieties involved in the 

single pi-stacking interaction (Figure 5.5). The difference in the pi-stacking interaction seen 

in each structure was a result of the helix contour bringing Y101 and Y101´´ closer together 

and moving W104´´ out of range thus positioning R105´´ to form a second salt bridge with 

E97 (Fig. 3C). The dynamic nature of this region is believed to lead moments of self-

dissociation, providing an opportunity for SinI to disrupt SinR’s quaternary arrangement 

[224]. 

 When compared to the existing crystal structures of the domains, the solution 

structures of SinRN and SinRC did have minor deviations. The comparison between SinRC 

models show a higher pairwise backbone RMSD range (1.34 – 1.83 Å) than was expected. 

This divergence was caused by variations in the angles between the helices within the 

domain, the N-terminus of the α1 helix caused by the interdomain linker, and the C-terminal 

end of the α2 helices (L99 – E111), where SinRC has more contour than was observed in the 

previous crystal structures. While the global alignment had a higher RMSD than expected, 

the individual helices in both structures were very similar with the α1 helices average 

pairwise backbone RMSD of 0.28 Å and the α2 helices average pairwise backbone RMSD of 

0.59 Å. This similarity indicates that the global deviation between the structures is the result 

of slight differences in the angles between the helices and not the result of any structural 

variations.  
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 The tetrameric structure of SinR provides a unique opportunity to implement 

previously described methods of data-driven molecular modelling approaches in order to 

recapitulate a full length SinR structural model Figure 5.8a [172]. Using chemical 

crosslinking, we were able to stabilize and isolate tetrameric SinR for subsequent analysis by 

mass spectrometry. There were numerous crosslinked peptides identified, many of which 

were between lysines within a single domain (N-to-N or C-to-C). Among those returned 

using two cross linkers with different spacer arm lengths, we observed four intra-domain 

crosslinks that were utilized as restraints in our HADDOCK molecular docking procedure, 

all of which involved Lys-28. K28-K109, K28-K106, K28-K103 and K29-K93 were chosen 

to inform molecular docking experiments. Interestingly, K28 resides near the DNA-binding 

interface of SinRN, giving insight to the range of dramatic potential domain orientation. The 

SinR binding motifs like the ones tested by Wilkinson et. al [223] often span 80-100 bp 

suggesting the possibility of a SinR tetramer binding up to four of these sites by looping the 

DNA substrate around its center of mass. Chu et al. incubated SinR with a 231bp fragment of 

a known promoter and saw electrophoretic shifted species that were consistent with SinR 

utilizing multiple binding sites on its DNA substrate [246]. Indeed our proposed model 

allows for significant motion between the N-terminal DNA binding domains, lending SinR 

the ability to recognize a wide array of variably spaced binding sites (Figure 5.8b,c). We are 

currently performing molecular dynamics simulations on our model to quantify the precise 

distances these domains are able occupy relative to the C-terminal core and each other. 
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Figure 5.8 Full length tetrameric model of full-length apo-SinR. a.) Representative model of SinR full length derived 
using a hybrid approach involving NMR, chemical crosslinking, mass spectrometry, and molecular docking. b.) 20 
representative structures from the 200 lowest energy cluster HADDOCK result. c.) Detail of the C-termial domain depicting 
all 200 lowest energy models from HADDOCK output. It is important to note the relative stability of the SinR core 
compared to the conformation freedom within the N-terminal DNA binding domains.  

b.)

a.)

c.)
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 In earlier reports, a curious inability of SinI to remove SinR from DNA under SPR 

conditions was observed [223]. The question arose: by what mechanism does SinI prevent 

SinR activity? If the N-terminal domain can still bind DNA, then there is the potential for the 

formation of ‘active’ heterotetramer, whereby two SinI:SinR heterodimers could potentially 

interact with one another to form a looped DNA-structure. Based on an alignment of the 

solution structures for SinRC and SinI with the SinR:SinI heterodimer[225], we developed a 

hypothetical model for the mechanism behind SinI’s ability to sequester SinR.  

 In this model, SinI integrates into the helical hook of the C-terminal domain and 

drastically alters the tetrameric interface in two ways in addition to the displacement of a 

SinR monomer. First, the SinI α2 helix has a completely different chemical nature along its 

solvent-exposed face that replaces critical multimerization residues: E97 with K34 and Y101 

with L38. On their own, these replacements should be enough to prevent the formation the 

critical salt bridge (E97 with R105´) and pi-stacking interactions needed to form the SinR 

dimer of dimers. Secondly, the shorter length of the SinI α2 helix does not provide any 

binding opportunities for Y101´ and E97´, effectively cutting off half of the interface 

between the dimers. In addition to the loss of the additional N-terminal domains and their 

dimer stabilization, this molecular replacement effectively blocks the ability for SinR to form 

the tetramer structure necessary to bend DNA. We are currently characterizing our mutant 

SinI in order to provide details on its potential functional relevance as it relates to SinR 

DNA-binding inhibition.  

 The results of this study have presented an intriguing model for the mechanism 

behind the antagonistic relationship between SinR and SinI. This model depicts SinI 
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disrupting SinR activity by blocking the formation of the SinR dimer of dimers via the 

formation of a heterodimer that modifies the tetramer interface, thereby blocking any re-

association. As a result, the single SinR N-terminal domain in the heterodimer would still be 

able to bind to a DNA target, but the complex would lack both the mass and the architecture 

needed deform DNA in such a way that properly shields the promoter, leading to the 

expression of genes required to initiate biofilm formation. This work is still underway and 

represents an ongoing effort in our research group.  
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6 Conclusion 

 These four studies described provide a holistic view into the details of bacterial 

transcriptional regulation and control. In chapter 2, the activities of 2-aminoimidazole anti-

infective molecule H10 provides insight into its potential as a dermal therapeutic. The 

evaluation of this compound from a multi-disciplinary standpoint provides a holistic look at 

this compound and is intended to be a platform from which future studies originate. Indeed, 

H10 is not the only promising molecule with the currently library of known 2-

aminoimidazole derivatives. Providing a streamlined method with which to screen these 

molecules may speed up future efforts to isolate attractive lead molecules for more advanced 

evaluations as potential therapeutics.  

 Chapter 3 of this work is also a foundational work that begins the difficult task of 

characterizing the potential mechanism of action of 2-aminoimidazoles. The unique 

properties of these compounds often make study by traditional means difficult. Unlike known 

antibiotics that target critical cellular functions, 2-aminoimidazoles do not seem to possess 

their own bactericidal properties, but rather serve as ‘bacteri-statics’. As an adjuvant 

therapeutic that potentially facilitates the diffusion of antibiotics across the plasma 

membrane, 2-aminoimidazoles exert reduced selective pressure on their target organisms and 

reducing the chances of resistance development. This type of combination therapy is already 

common in the clinic but using combinations of existing traditional antibiotics. The 

unfortunate result of such treatments is multi-drug resistant phenotypes that are increasing in 
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frequency around the world to this date. Chapter 3 is also intended to serve as a foundational 

work for future studies to build upon in the pursuit of understanding the mechanism of action 

of 2-aminoimidazoles.  

 Chapter 4 represents a potential leap forward in the study of two-component system 

response regulator proteins. It was initially identified as a potential target of 2-

aminoimidazoles and represents a master regulatory switch involved in virulence and biofilm 

formation in Acinetobacter baumannii. The structural model presented represents the first 

full-length solution model of a two-component response regulator in its activated state. 

Response regulators have been previously characterized by X-ray crystallography but fail to 

encapsulate the complex protein dynamics of these proteins. While our model is derived from 

the independent domain structures of BfmR, it represents an accurate way of spatially 

orienting the two domains based on data derived from the full-length BfmR protein. As the 

search for therapeutics that target these important proteins continues, models like this may 

serve as models for in silico small-molecule docking strategies to aid in the development 

process.  

 The final chapter of this work presents a model of the full length transcriptional 

repressor protein SinR from Bacillus subtilis. This protein is responsible for regulating genes 

that initiate the transition from a normal vegetative state to a biofilm phenotype in B. subtilis. 

Like BfmR, SinR is believed to be an intrinsically dynamic protein and has thus been a 

challenging target for structural biologists using more traditional means of structure 

calculation. Our model of full-length SinR is currently being further evaluated for properties 

that may allow more detailed conclusions to be made regarding its function. The 
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identification of four key residues in tetramer formation within the C-terminal domain 

provides an intriguing potential ‘residue-replacement’ model that SinI uses to inhibit the 

formation of ‘partially-active’ SinR:SinI::SinR:SinI heterotetramers from forming. This 

behavior is currently being evaluated to establish the functional relevance of our SinIquad 

mutant to investigate its potential effects of DNA-binding in vitro. 
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Appendix A: SinRN Chemical Shift Table  

Table B.1 Chemical shift table for the protein SinRN (PDB 5NT0).  The chemical shift 

values for all assignable resonances. Columns (left to right) contain the following; Atom, 

consecutive atom number; Residue Number, residue number within primary sequence; 

Residue, three-letter amino acid code; Atom, corresponds to IUPAC atom designation; 

Chemical Shift, listed in ppm. The resonances have been deposited into the Biological 

Magnetic Resonance Bank (BMRB) entry number 19008.  

 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

21 2 ILE  CA 65.684 

22 2 ILE  HA 4.213 

23 2 ILE  CB 39.783 

24 2 ILE  HB 2.097 

25 2 ILE  QG2 1.095 

26 2 ILE  CG2 18.832 

30 2 ILE  CG1 30.64 

31 2 ILE  HG12 1.38 

32 2 ILE  HG13 1.822 

34 2 ILE  QD1 1.108 

35 2 ILE  CD1 16.163 

39 2 ILE  C 177.052 

40 3 GLY  N 110.015 

41 3 GLY  H 9.033 

42 3 GLY  CA 50.332 

43 3 GLY  HA2 3.628 

44 3 GLY  HA3 4.451 

46 3 GLY  C 175.152 

47 4 GLN  N 119.099 

48 4 GLN  H 7.604 

49 4 GLN  CA 59.957 

50 4 GLN  HA 4.26 

51 4 GLN  CB 29.636 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
52 4 GLN  HB2 2.339 

53 4 GLN  HB3 2.372 

55 4 GLN  CG 35.462 

56 4 GLN  HG2 2.624 

57 4 GLN  HG3 2.645 

65 4 GLN  C 178.466 

66 5 ARG  N 120.339 

67 5 ARG  H 7.769 

68 5 ARG  CA 60.313 

69 5 ARG  HA 4.252 

70 5 ARG  CB 31.566 

72 5 ARG  HB2 2.358 

71 5 ARG  HB3 1.971 

74 5 ARG  CG 29.422 

76 5 ARG  HG2 2.053 

75 5 ARG  HG3 1.894 

78 5 ARG  CD 44.651 

79 5 ARG  HD2 3.429 

80 5 ARG  HD3 3.494 

92 5 ARG  C 177.728 

93 6 ILE  N 119.469 

94 6 ILE  H 8.399 

95 6 ILE  CA 68.153 

96 6 ILE  HA 3.605 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
97 6 ILE  CB 39.239 

98 6 ILE  HB 2.072 

99 6 ILE  QG2 1.124 

100 6 ILE  CG2 17.891 

104 6 ILE  CG1 31.734 

106 6 ILE  HG12 2.064 

105 6 ILE  HG13 1.044 

108 6 ILE  QD1 1.04 

109 6 ILE  CD1 15.289 

113 6 ILE  C 176.259 

114 7 LYS  N 119.787 

115 7 LYS  H 7.965 

116 7 LYS  CA 61.737 

117 7 LYS  HA 4.095 

118 7 LYS  CB 34.412 

120 7 LYS  HB3 1.981 

122 7 LYS  CG 26.502 

123 7 LYS  HG2 1.453 

124 7 LYS  HG3 1.64 

126 7 LYS  CD 31.483 

128 7 LYS  HD3 1.84 

130 7 LYS  CE 43.366 

132 7 LYS  HE3 3.08 

139 7 LYS  C 176.671 

140 8 GLN  N 118.494 

141 8 GLN  H 8.052 

142 8 GLN  CA 60.336 

143 8 GLN  HA 4.048 

144 8 GLN  CB 29.357 

146 8 GLN  HB2 2.259 

145 8 GLN  HB3 2.059 

148 8 GLN  CG 33.999 

150 8 GLN  HG2 2.351 

149 8 GLN  HG3 2.051 

158 8 GLN  C 179.018 

159 9 TYR  N 118.598 

160 9 TYR  H 8.413 

161 9 TYR  CA 63.479 

162 9 TYR  HA 4.469 

163 9 TYR  CB 39.562 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
164 9 TYR  HB2 2.965 

165 9 TYR  HB3 3.204 

167 9 TYR  QD 7.298 

168 9 TYR  QE 6.822 

171 9 TYR  CD1 134.398 

173 9 TYR  CE1 119.336 

176 9 TYR  CE2 119.336 

178 9 TYR  CD2 134.398 

182 9 TYR  C 178.229 

183 10 ARG  N 122.661 

184 10 ARG  H 9.324 

185 10 ARG  CA 62.224 

186 10 ARG  HA 4.139 

187 10 ARG  CB 30.518 

188 10 ARG  HB2 2.21 

189 10 ARG  HB3 2.373 

191 10 ARG  CG 30.392 

193 10 ARG  HG2 1.936 

192 10 ARG  HG3 1.628 

195 10 ARG  CD 43.577 

196 10 ARG  HD2 3.058 

197 10 ARG  HD3 3.09 

209 10 ARG  C 178.239 

210 11 LYS  N 120.55 

211 11 LYS  H 8.468 

212 11 LYS  CA 60.831 

213 11 LYS  HA 4.251 

214 11 LYS  CB 32.831 

215 11 LYS  HB2 2.083 

216 11 LYS  HB3 2.052 

218 11 LYS  CG 27.083 

219 11 LYS  HG3 1.575 

220 11 LYS  HG2 1.864 

222 11 LYS  CD 30.541 

223 11 LYS  HD2 1.592 

224 11 LYS  HD3 1.855 

226 11 LYS  CE 43.053 

228 11 LYS  HE3 3.1 

235 11 LYS  C 180.393 

236 12 GLU  N 121.289 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
237 12 GLU  H 8.177 

238 12 GLU  CA 60.655 

239 12 GLU  HA 4.143 

240 12 GLU  CB 30.8 

242 12 GLU  HB3 2.313 

244 12 GLU  CG 37.593 

245 12 GLU  HG2 2.411 

246 12 GLU  HG3 2.601 

251 12 GLU  C 178.342 

252 13 LYS  N 116.518 

253 13 LYS  H 7.573 

254 13 LYS  CA 56.83 

255 13 LYS  HA 4.255 

256 13 LYS  CB 34.155 

258 13 LYS  HB2 1.75 

257 13 LYS  HB3 1.496 

260 13 LYS  CG 26.754 

261 13 LYS  HG2 1.58 

262 13 LYS  HG3 1.717 

264 13 LYS  CD 29.715 

265 13 LYS  HD2 1.785 

266 13 LYS  HD3 2.003 

268 13 LYS  CE 43.318 

269 13 LYS  HE2 3.12 

270 13 LYS  HE3 3.183 

277 13 LYS  C 176.225 

278 14 GLY  N 107.631 

279 14 GLY  H 7.856 

280 14 GLY  CA 46.961 

281 14 GLY  HA2 3.873 

282 14 GLY  HA3 4.127 

284 14 GLY  C 174.363 

285 15 TYR  N 118.44 

286 15 TYR  H 7.573 

287 15 TYR  CA 56.235 

288 15 TYR  HA 5.363 

289 15 TYR  CB 41.64 

290 15 TYR  HB2 2.83 

291 15 TYR  HB3 3.366 

293 15 TYR  QD 6.993 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
294 15 TYR  QE 6.885 

297 15 TYR  CD1 132.697 

299 15 TYR  CE1 121.28 

302 15 TYR  CE2 121.28 

304 15 TYR  CD2 132.697 

308 15 TYR  C 177.026 

309 16 SER  N 121.421 

310 16 SER  H 9.442 

311 16 SER  CA 58.654 

312 16 SER  HA 4.67 

313 16 SER  CB 66.561 

314 16 SER  HB2 4.62 

315 16 SER  HB3 4.22 

319 16 SER  C 174.625 

320 17 LEU  N 124.927 

321 17 LEU  H 9.096 

322 17 LEU  CA 61.385 

323 17 LEU  HA 3.962 

324 17 LEU  CB 44.024 

326 17 LEU  HB2 1.938 

325 17 LEU  HB3 1.719 

328 17 LEU  CG 29.432 

329 17 LEU  HG 1.708 

330 17 LEU  QD1 1.045 

331 17 LEU  QD2 0.999 

332 17 LEU  CD1 26.84 

336 17 LEU  CD2 25.966 

341 17 LEU  C 178.565 

342 18 SER  N 113.178 

343 18 SER  H 8.539 

344 18 SER  CA 63.267 

345 18 SER  HA 4.075 

346 18 SER  CB 63.87 

348 18 SER  HB3 4.063 

352 18 SER  C 176.439 

353 19 GLU  N 122.922 

354 19 GLU  H 7.989 

355 19 GLU  CA 60.506 

356 19 GLU  HA 4.183 

357 19 GLU  CB 31.618 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
359 19 GLU  HB2 2.366 

358 19 GLU  HB3 1.909 

361 19 GLU  CG 38.581 

362 19 GLU  HG2 2.254 

363 19 GLU  HG3 2.41 

368 19 GLU  C 178.49 

369 20 LEU  N 119.207 

370 20 LEU  H 8.327 

371 20 LEU  CA 59.443 

372 20 LEU  HA 3.955 

373 20 LEU  CB 41.907 

374 20 LEU  HB2 1.319 

375 20 LEU  HB3 2.08 

377 20 LEU  CG 28.747 

378 20 LEU  HG 1.586 

379 20 LEU  QD1 1.076 

380 20 LEU  QD2 1.04 

381 20 LEU  CD1 28.747 

385 20 LEU  CD2 25.078 

390 20 LEU  C 176.952 

391 21 ALA  N 120.654 

392 21 ALA  H 8.287 

393 21 ALA  CA 57.226 

394 21 ALA  HA 3.967 

395 21 ALA  QB 1.65 

396 21 ALA  CB 18.509 

400 21 ALA  C 178.917 

401 22 GLU  N 117.519 

402 22 GLU  H 8.17 

403 22 GLU  CA 60.487 

404 22 GLU  HA 4.195 

405 22 GLU  CB 31.195 

406 22 GLU  HB2 2.22 

407 22 GLU  HB3 2.277 

409 22 GLU  CG 37.938 

410 22 GLU  HG2 2.381 

411 22 GLU  HG3 2.51 

416 22 GLU  C 179.696 

417 23 LYS  N 119.612 

418 23 LYS  H 8.381 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
419 23 LYS  CA 60.376 

420 23 LYS  HA 4.15 

421 23 LYS  CB 34.683 

422 23 LYS  HB2 1.846 

423 23 LYS  HB3 1.872 

425 23 LYS  CG 27.576 

426 23 LYS  HG2 1.585 

427 23 LYS  HG3 1.708 

429 23 LYS  CD 30.311 

430 23 LYS  HD2 1.312 

431 23 LYS  HD3 1.592 

433 23 LYS  CE 43.318 

435 23 LYS  HE3 2.97 

442 23 LYS  C 177.868 

443 24 ALA  N 118.703 

444 24 ALA  H 8.594 

445 24 ALA  CA 53.645 

446 24 ALA  HA 4.275 

447 24 ALA  QB 1.343 

448 24 ALA  CB 20.539 

452 24 ALA  C 176.487 

453 25 GLY  N 108.392 

454 25 GLY  H 7.954 

455 25 GLY  CA 48.082 

457 25 GLY  HA2 4.062 

456 25 GLY  HA3 4.058 

459 25 GLY  C 175.111 

460 26 VAL  N 112.376 

461 26 VAL  H 8.197 

462 26 VAL  CA 59.439 

463 26 VAL  HA 4.882 

464 26 VAL  CB 36.393 

465 26 VAL  HB 2.505 

466 26 VAL  QG1 0.932 

467 26 VAL  QG2 0.964 

468 26 VAL  CG1 19.999 

472 26 VAL  CG2 22.878 

477 26 VAL  C 173.936 

478 27 ALA  N 124.412 

479 27 ALA  H 8.696 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
480 27 ALA  CA 53.619 

481 27 ALA  HA 4.509 

482 27 ALA  QB 1.65 

483 27 ALA  CB 20.02 

487 27 ALA  C 179.079 

488 28 LYS  N 127.406 

489 28 LYS  H 9.143 

490 28 LYS  CA 62.03 

491 28 LYS  HA 3.845 

492 28 LYS  CB 33.498 

494 28 LYS  HB3 1.984 

496 28 LYS  CG 26.795 

498 28 LYS  HG2 1.502 

500 28 LYS  CD 31.03 

502 28 LYS  HD3 1.847 

504 28 LYS  CE 43.202 

506 28 LYS  HE3 3.115 

513 28 LYS  C 178.058 

514 29 SER  N 113.829 

515 29 SER  H 8.931 

516 29 SER  CA 62.317 

517 29 SER  HA 4.285 

518 29 SER  CB 63.204 

520 29 SER  HB3 4.07 

524 29 SER  C 176.492 

525 30 TYR  N 125.163 

526 30 TYR  H 7.078 

527 30 TYR  CA 62.057 

528 30 TYR  HA 4.445 

529 30 TYR  CB 40.351 

531 30 TYR  HB2 3.318 

530 30 TYR  HB3 3.196 

533 30 TYR  QD 6.97 

534 30 TYR  QE 6.284 

537 30 TYR  CD1 134.398 

539 30 TYR  CE1 119.336 

542 30 TYR  CE2 119.336 

544 30 TYR  CD2 134.398 

548 30 TYR  C 177.275 

549 31 LEU  N 120.421 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
550 31 LEU  H 8.185 

551 31 LEU  CA 59.704 

552 31 LEU  HA 4.158 

553 31 LEU  CB 43.202 

555 31 LEU  HB2 2.135 

554 31 LEU  HB3 1.688 

557 31 LEU  CG 28.669 

558 31 LEU  HG 1.831 

559 31 LEU  QD1 1.243 

560 31 LEU  QD2 1.109 

561 31 LEU  CD1 24.682 

565 31 LEU  CD2 29.139 

570 31 LEU  C 177.654 

571 32 SER  N 112.851 

572 32 SER  H 8.845 

573 32 SER  CA 62.8 

574 32 SER  HA 4.15 

575 32 SER  CB 64.084 

577 32 SER  HB3 4.082 

581 32 SER  C 176.703 

582 33 SER  N 116.236 

583 33 SER  H 7.785 

584 33 SER  CA 63.887 

585 33 SER  HA 4.2 

586 33 SER  CB 63.563 

587 33 SER  HB2 3.976 

588 33 SER  HB3 4.092 

592 33 SER  C 176.016 

593 34 ILE  N 124.018 

594 34 ILE  H 7.981 

595 34 ILE  CA 63.974 

596 34 ILE  HA 4.158 

597 34 ILE  CB 37.692 

598 34 ILE  HB 2.196 

599 34 ILE  QG2 0.986 

600 34 ILE  CG2 18.755 

604 34 ILE  CG1 28.804 

605 34 ILE  HG12 0.86 

606 34 ILE  HG13 0.984 

608 34 ILE  QD1 0.238 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
609 34 ILE  CD1 12.303 

613 34 ILE  C 179.604 

614 35 GLU  N 121.592 

615 35 GLU  H 8.546 

616 35 GLU  CA 62.276 

617 35 GLU  HA 4.012 

618 35 GLU  CB 31.344 

619 35 GLU  HB2 2.097 

620 35 GLU  HB3 2.208 

622 35 GLU  CG 38.655 

623 35 GLU  HG2 2.224 

624 35 GLU  HG3 2.687 

629 35 GLU  C 177.6 

630 36 ARG  N 115.355 

631 36 ARG  H 7.769 

632 36 ARG  CA 57.489 

633 36 ARG  HA 4.404 

634 36 ARG  CB 32.005 

635 36 ARG  HB2 1.767 

636 36 ARG  HB3 2.218 

638 36 ARG  CG 30.132 

640 36 ARG  HG2 2.022 

639 36 ARG  HG3 1.795 

642 36 ARG  CD 45.05 

644 36 ARG  HD3 3.27 

656 36 ARG  C 175.151 

657 37 ASN  N 115.381 

658 37 ASN  H 8.217 

659 37 ASN  CA 55.955 

660 37 ASN  HA 4.554 

661 37 ASN  CB 38.627 

662 37 ASN  HB2 3.08 

663 37 ASN  HB3 3.181 

671 37 ASN  C 174.098 

672 38 LEU  N 117.701 

673 38 LEU  H 8.303 

674 38 LEU  CA 57.132 

675 38 LEU  HA 4.459 

676 38 LEU  CB 43.336 

677 38 LEU  HB2 1.723 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
678 38 LEU  HB3 1.81 

680 38 LEU  CG 28.349 

681 38 LEU  HG 1.678 

682 38 LEU  QD1 1.025 

683 38 LEU  QD2 0.969 

684 38 LEU  CD1 26.408 

688 38 LEU  CD2 23.765 

693 38 LEU  C 177.164 

694 39 GLN  N 118.665 

695 39 GLN  H 7.235 

696 39 GLN  CA 55.713 

697 39 GLN  HA 4.633 

698 39 GLN  CB 31.922 

699 39 GLN  HB2 1.68 

700 39 GLN  HB3 1.931 

702 39 GLN  CG 35.584 

703 39 GLN  HG2 2.072 

704 39 GLN  HG3 2.244 

712 39 GLN  C 174.974 

713 40 THR  N 114.328 

714 40 THR  H 8.421 

715 40 THR  CA 62.488 

716 40 THR  HA 4.504 

717 40 THR  CB 71.321 

718 40 THR  HB 4.516 

719 40 THR  QG2 1.213 

722 40 THR  CG2 22.681 

726 40 THR  C 173.43 

727 41 ASN  N 119.759 

728 41 ASN  H 8.766 

729 41 ASN  CA 53.198 

730 41 ASN  HA 5.226 

731 41 ASN  CB 40.565 

732 41 ASN  HB2 2.769 

733 41 ASN  HB3 2.965 

741 41 ASN  C 171.553 

743 42 PRO  CD 51.698 

744 42 PRO  CA 63.925 

745 42 PRO  HA 4.599 

746 42 PRO  CB 34.12 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
747 42 PRO  HB2 2.099 

748 42 PRO  HB3 2.132 

750 42 PRO  CG 29.139 

752 42 PRO  HG2 2.165 

751 42 PRO  HG3 1.909 

755 42 PRO  HD2 3.862 

754 42 PRO  HD3 3.475 

757 42 PRO  C 175.327 

758 43 SER  N 116.307 

759 43 SER  H 8.319 

760 43 SER  CA 58.796 

761 43 SER  HA 4.6 

762 43 SER  CB 66.053 

763 43 SER  HB2 4.2 

764 43 SER  HB3 4.238 

768 43 SER  C 175.15 

769 44 ILE  N 123.423 

770 44 ILE  H 8.884 

771 44 ILE  CA 63.972 

772 44 ILE  HA 4.166 

773 44 ILE  CB 38.807 

774 44 ILE  HB 2.1 

775 44 ILE  QG2 1.124 

776 44 ILE  CG2 19.764 

780 44 ILE  CG1 30.311 

781 44 ILE  HG12 1.625 

782 44 ILE  HG13 1.655 

784 44 ILE  QD1 1.063 

785 44 ILE  CD1 14.198 

789 44 ILE  C 177.064 

790 45 GLN  N 120.892 

791 45 GLN  H 8.405 

792 45 GLN  CA 61.111 

793 45 GLN  HA 4.278 

794 45 GLN  CB 29.374 

795 45 GLN  HB2 2.143 

796 45 GLN  HB3 2.258 

798 45 GLN  CG 35.997 

800 45 GLN  HG3 2.611 

808 45 GLN  C 178.267 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
809 46 PHE  N 121.206 

810 46 PHE  H 7.918 

811 46 PHE  CA 62.593 

812 46 PHE  HA 4.286 

813 46 PHE  CB 40.145 

814 46 PHE  HB2 3.48 

815 46 PHE  HB3 3.595 

817 46 PHE  QD 7.42 

818 46 PHE  QE 7.236 

821 46 PHE  CD1 134.398 

823 46 PHE  CE1 131.898 

827 46 PHE  CE2 131.898 

829 46 PHE  CD2 134.398 

831 46 PHE  C 176.466 

832 47 LEU  N 119.39 

833 47 LEU  H 8.194 

834 47 LEU  CA 59.361 

835 47 LEU  HA 3.865 

836 47 LEU  CB 43.494 

838 47 LEU  HB2 2.292 

837 47 LEU  HB3 1.452 

840 47 LEU  CG 28.553 

841 47 LEU  HG 2.183 

842 47 LEU  QD1 1.063 

843 47 LEU  QD2 1.038 

844 47 LEU  CD1 27.967 

848 47 LEU  CD2 24.745 

853 47 LEU  C 179.504 

854 48 GLU  N 121.898 

855 48 GLU  H 9.151 

856 48 GLU  CA 61.295 

857 48 GLU  HA 3.893 

858 48 GLU  CB 31.19 

859 48 GLU  HB2 2.125 

860 48 GLU  HB3 2.366 

862 48 GLU  CG 38.448 

864 48 GLU  HG2 2.647 

863 48 GLU  HG3 2.319 

869 48 GLU  C 179.112 

870 49 LYS  N 120.525 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
871 49 LYS  H 7.832 

872 49 LYS  CA 60.787 

873 49 LYS  HA 4.19 

874 49 LYS  CB 33.827 

876 49 LYS  HB2 2.14 

875 49 LYS  HB3 1.905 

878 49 LYS  CG 27.248 

879 49 LYS  HG2 1.635 

880 49 LYS  HG3 1.843 

882 49 LYS  CD 30.274 

884 49 LYS  HD3 1.75 

886 49 LYS  CE 43.588 

887 49 LYS  HE2 3.058 

888 49 LYS  HE3 3.096 

895 49 LYS  C 179.259 

896 50 VAL  N 116.43 

897 50 VAL  H 8.012 

898 50 VAL  CA 67.518 

899 50 VAL  HA 3.608 

900 50 VAL  CB 33.241 

901 50 VAL  HB 1.79 

903 50 VAL  QG1 0.757 

902 50 VAL  QG2 0.581 

908 50 VAL  CG1 23.484 

904 50 VAL  CG2 23.866 

913 50 VAL  C 177.378 

914 51 SER  N 117.202 

915 51 SER  H 8.444 

916 51 SER  CA 63.596 

917 51 SER  HA 4.097 

918 51 SER  CB 63.782 

919 51 SER  HB2 3.862 

920 51 SER  HB3 3.97 

924 51 SER  C 175.815 

925 52 ALA  N 122.238 

926 52 ALA  H 7.423 

927 52 ALA  CA 56.385 

928 52 ALA  HA 4.349 

929 52 ALA  QB 1.652 

930 52 ALA  CB 19.463 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
934 52 ALA  C 180.18 

935 53 VAL  N 115.853 

936 53 VAL  H 7.251 

937 53 VAL  CA 65.708 

938 53 VAL  HA 4.054 

939 53 VAL  CB 33.47 

940 53 VAL  HB 2.118 

942 53 VAL  QG1 1.08 

941 53 VAL  QG2 0.968 

947 53 VAL  CG1 23.794 

943 53 VAL  CG2 24.452 

952 53 VAL  C 176.603 

953 54 LEU  N 117.44 

954 54 LEU  H 7.853 

955 54 LEU  CA 56.17 

956 54 LEU  HA 4.264 

957 54 LEU  CB 44.188 

959 54 LEU  HB2 1.829 

958 54 LEU  HB3 1.58 

961 54 LEU  CG 27.381 

962 54 LEU  HG 2.01 

963 54 LEU  QD1 0.929 

964 54 LEU  QD2 0.952 

965 54 LEU  CD1 27.674 

969 54 LEU  CD2 24.287 

974 54 LEU  C 174.271 

975 55 ASP  N 116.779 

976 55 ASP  H 7.969 

977 55 ASP  CA 56.971 

978 55 ASP  HA 4.403 

979 55 ASP  CB 41.151 

980 55 ASP  HB2 2.653 

981 55 ASP  HB3 3.223 

986 55 ASP  C 174.436 

987 56 VAL  N 112.231 

988 56 VAL  H 7.675 

989 56 VAL  CA 60.326 

990 56 VAL  HA 4.614 

991 56 VAL  CB 36.756 

992 56 VAL  HB 1.795 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
994 56 VAL  QG1 0.462 

993 56 VAL  QG2 0.498 

Test 56 VAL  CG1 22.205 

995 56 VAL  CG2 20.11 

1004 56 VAL  C 174.376 

1005 57 SER  N 118.018 

1006 57 SER  H 8.342 

1007 57 SER  CA 58.593 

1008 57 SER  HA 4.602 

1009 57 SER  CB 65.76 

1010 57 SER  HB2 4.05 

1011 57 SER  HB3 4.282 

1015 57 SER  C 175.637 

1016 58 VAL  N 125.168 

1017 58 VAL  H 9.018 

1018 58 VAL  CA 68.21 

1019 58 VAL  HA 3.689 

1020 58 VAL  CB 33.168 

1021 58 VAL  HB 2.122 

1022 58 VAL  QG1 0.949 

1023 58 VAL  QG2 1.068 

1024 58 VAL  CG1 22.694 

1028 58 VAL  CG2 24.451 

1033 58 VAL  C 177.338 

1034 59 HIS  N 116.832 

1035 59 HIS  H 8.146 

1036 59 HIS  CA 60.822 

1037 59 HIS  HA 4.304 

1038 59 HIS  CB 30.702 

1040 59 HIS  HB2 3.278 

1039 59 HIS  HB3 3.227 

1044 59 HIS  CD2 121.28 

1048 59 HIS  HD2 7.238 

1050 59 HIS  C 176.68 

1051 60 THR  N 117.446 

1052 60 THR  H 7.834 

1053 60 THR  CA 67.125 

1054 60 THR  HA 4.125 

1055 60 THR  CB 69.922 

1056 60 THR  HB 4.315 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
1057 60 THR  QG2 1.254 

1060 60 THR  CG2 23.866 

1064 60 THR  C 176.001 

1065 61 LEU  N 120.139 

1066 61 LEU  H 7.643 

1067 61 LEU  CA 58.779 

1068 61 LEU  HA 4.148 

1069 61 LEU  CB 43.284 

1070 61 LEU  HB2 1.532 

1071 61 LEU  HB3 2.099 

1073 61 LEU  CG 27.905 

1074 61 LEU  HG 1.822 

1075 61 LEU  QD1 0.849 

1076 61 LEU  QD2 0.798 

1077 61 LEU  CD1 27.741 

1081 61 LEU  CD2 24.745 

1086 61 LEU  C 176.764 

1087 62 LEU  N 116.514 

1088 62 LEU  H 7.734 

1089 62 LEU  CA 57.073 

1090 62 LEU  HA 4.296 

1091 62 LEU  CB 45.011 

1092 62 LEU  HB2 1.731 

1093 62 LEU  HB3 1.802 

1095 62 LEU  CG 28.553 

1096 62 LEU  HG 1.817 

1097 62 LEU  QD1 0.927 

1098 62 LEU  QD2 0.969 

1099 62 LEU  CD1 26.795 

1103 62 LEU  CD2 24.546 

1108 62 LEU  C 176.952 

1109 63 ASP  N 120.023 

1110 63 ASP  H 7.84 

1111 63 ASP  CA 56.387 

1112 63 ASP  HA 4.599 

1113 63 ASP  CB 42.616 

1114 63 ASP  HB2 2.682 

1115 63 ASP  HB3 2.939 

1120 63 ASP  C 175.724 

1121 64 GLU  N 122.739 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
1122 64 GLU  H 8.413 

1123 64 GLU  CA 57.778 

1124 64 GLU  HA 4.414 

1125 64 GLU  CB 31.877 

1126 64 GLU  HB2 2.072 

1127 64 GLU  HB3 2.209 

1129 64 GLU  CG 37.325 

1130 64 GLU  HG2 2.396 

1131 64 GLU  HG3 2.384 

1136 64 GLU  C 176.216 

1137 65 LYS  N 122.422 

1138 65 LYS  H 8.422 

1139 65 LYS  CA 57.335 

1140 65 LYS  HA 4.403 

1141 65 LYS  CB 34.32 

1142 65 LYS  HB2 1.907 

1143 65 LYS  HB3 1.924 

1145 65 LYS  CG 26.261 

1146 65 LYS  HG2 1.5 

1147 65 LYS  HG3 1.548 

1149 65 LYS  CD 30.128 

1151 65 LYS  HD3 1.807 

1153 65 LYS  CE 43.311 

1155 65 LYS  HE3 3.114 

1162 65 LYS  C 176.022 

1163 66 HIS  N 121.105 

1164 66 HIS  H 8.578 

1165 66 HIS  CA 56.921 

1166 66 HIS  HA 4.797 

1167 66 HIS  CB 31.359 

1168 66 HIS  HB2 3.235 

1169 66 HIS  HB3 3.35 

1173 66 HIS  CD2 121.766 

1177 66 HIS  HD2 7.311 

1179 66 HIS  C 174.362 

1180 67 GLU  N 123.24 

1181 67 GLU  H 8.668 

1182 67 GLU  CA 58.247 

1183 67 GLU  HA 4.496 

1184 67 GLU  CB 32.017 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
1185 67 GLU  HB2 2.079 

1186 67 GLU  HB3 2.21 

1188 67 GLU  CG 37.938 

1190 67 GLU  HG3 2.385 

1195 67 GLU  C 176.245 

1196 68 THR  N 115.221 

1197 68 THR  H 8.311 

1198 68 THR  CA 63.097 

1199 68 THR  HA 4.493 

1200 68 THR  CB 71.338 

1201 68 THR  HB 4.389 

1202 68 THR  QG2 1.321 

1205 68 THR  CG2 23.136 

1209 68 THR  C 173.405 

1210 69 GLU  N 128.749 

1211 69 GLU  H 8.083 

1212 69 GLU  CA 59.501 

1213 69 GLU  HA 4.273 

1214 69 GLU  CB 32.505 

1215 69 GLU  HB2 2.033 

1216 69 GLU  HB3 2.187 

1218 69 GLU  CG 38.432 

1220 69 GLU  HG3 2.335 

1225 69 GLU  C 180.701 
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Appendix B: SinRC Chemical Shift Table 

Table B.2 Chemical shift table for the protein SinRC (PDB 5TMX). The chemical shift 

values for all assignable resonances. Columns (left to right) contain the following; Atom, 

consecutive atom number; Residue Number, residue number within primary sequence; 

Residue, three-letter amino acid code; Atom, corresponds to IUPAC atom designation; 

Chemical Shift, listed in ppm. The resonances have been deposited into the Biological 

Magnetic Resonance Bank (BMRB) entry number 19008.  

 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

1 2 SER  CA 63.9 

2 2 SER  CB 64.13 

3 2 SER  C 176.16 

4 3 HIS  N 127.158 

5 3 HIS  H 7.996 

6 3 HIS  CA 56.175 

7 3 HIS  HA 4.85 

8 3 HIS  CB 30.4 

9 3 HIS  HB2 3.3 

10 3 HIS  HB3 3.371 

11 3 HIS  CD2 120.35 

12 3 HIS  CE1 137.695 

13 3 HIS  HD2 7.34 

14 3 HIS  HE1 8.405 

15 4 MET  N 122.542 

16 4 MET  H 8.474 

17 4 MET  CA 56.441 

18 4 MET  HA 4.465 

19 4 MET  CB 33.316 

20 4 MET  HB2 2.068 

21 4 MET  HB3 2.135 

22 4 MET  QE 2.23 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

23 4 MET  CE 17.55 

24 4 MET  C 176.32 

25 5 GLU  N 123.079 

26 5 GLU  H 8.375 

27 5 GLU  CA 56.621 

28 5 GLU  HA 4.425 

29 5 GLU  CB 30.73 

30 5 GLU  HB2 2.02 

31 5 GLU  HB3 2.136 

32 5 GLU  CG 36.74 

33 5 GLU  HG2 2.36 

34 5 GLU  HG3 2.407 

35 5 GLU  C 176.26 

36 6 TYR  N 121.253 

37 6 TYR  H 8.261 

38 6 TYR  CA 58 

39 6 TYR  HA 4.73 

40 6 TYR  CB 39.5 

41 6 TYR  HB2 3.11 

42 6 TYR  HB3 3.2 

43 6 TYR  QD 7.295 

44 6 TYR  QE 6.98 



 

 168 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

45 6 TYR  CD1 133.593 

46 6 TYR  CE1 118.474 

47 6 TYR  CE2 118.474 

48 6 TYR  CD2 133.593 

49 6 TYR  C 175.67 

50 7 ASP  N 123.401 

51 7 ASP  H 8.376 

52 7 ASP  CA 54.4 

53 7 ASP  HA 4.743 

54 7 ASP  CB 41.649 

55 7 ASP  QB 2.81 

56 7 ASP  C 176.71 

57 8 GLY  N 109.092 

58 8 GLY  H 7.785 

59 8 GLY  CA 46 

60 8 GLY  QA 4.166 

61 8 GLY  C 174.13 

62 9 GLN  N 120.193 

63 9 GLN  H 8.251 

64 9 GLN  CA 56.62 

65 9 GLN  HA 4.47 

66 9 GLN  CB 30.45 

67 9 GLN  HB2 2.12 

68 9 GLN  HB3 2.264 

69 9 GLN  CG 34.3 

70 9 GLN  QG 2.52 

71 9 GLN  CD 180.053 

72 9 GLN  NE2 112.956 

73 9 GLN  HE21 7.7 

74 9 GLN  HE22 6.943 

75 9 GLN  C 176.44 

76 10 LEU  N 123.798 

77 10 LEU  H 8.683 

78 10 LEU  CA 55.713 

79 10 LEU  HA 4.411 

80 10 LEU  CB 43.102 

81 10 LEU  HB2 1.694 

82 10 LEU  HB3 1.953 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

83 10 LEU  CG 27.918 

84 10 LEU  HG 1.912 

85 10 LEU  QD1 1.035 

86 10 LEU  QD2 0.928 

87 10 LEU  CD1 26.374 

88 10 LEU  CD2 24.316 

89 10 LEU  C 176.91 

90 11 ASP  N 122.691 

91 11 ASP  H 7.91 

92 11 ASP  CA 54.15 

93 11 ASP  HA 4.83 

94 11 ASP  CB 42.8 

95 11 ASP  HB2 3.32 

96 11 ASP  HB3 3.11 

97 11 ASP  C 176.73 

98 12 SER  N 119.054 

99 12 SER  H 8.845 

100 12 SER  CA 62.266 

101 12 SER  HA 4.46 

102 12 SER  CB 63.64 

103 12 SER  QB 4.145 

104 12 SER  C 176.97 

105 13 GLU  N 123.388 

106 13 GLU  H 8.434 

107 13 GLU  CA 59.566 

108 13 GLU  HA 4.29 

109 13 GLU  CB 29.944 

110 13 GLU  HB2 2.144 

111 13 GLU  HB3 1.93 

112 13 GLU  CG 37 

113 13 GLU  HG2 2.26 

114 13 GLU  HG3 2.54 

115 13 GLU  C 179.925 

116 14 TRP  N 121.411 

117 14 TRP  H 8.685 

118 14 TRP  CA 62.1 

119 14 TRP  HA 4.72 

120 14 TRP  CB 31.3 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

121 14 TRP  HB2 3.38 

122 14 TRP  HB3 3.417 

123 14 TRP  CD1 127.381 

124 14 TRP  CE3 120.818 

125 14 TRP  NE1 129.079 

126 14 TRP  HD1 7.546 

127 14 TRP  HE3 7.555 

128 14 TRP  CZ2 114.49 

129 14 TRP  HE1 10.411 

130 14 TRP  HZ2 7.534 

131 14 TRP  C 179.1 

132 15 GLU  N 118.949 

133 15 GLU  H 8.753 

134 15 GLU  CA 61.111 

135 15 GLU  HA 3.972 

136 15 GLU  CB 30 

137 15 GLU  QB 2.276 

138 15 GLU  CG 37.285 

139 15 GLU  HG2 2.278 

140 15 GLU  HG3 2.524 

141 15 GLU  C 178.1 

142 16 LYS  N 119.264 

143 16 LYS  H 7.86 

144 16 LYS  CA 60.602 

145 16 LYS  HA 4.109 

146 16 LYS  CB 33.066 

147 16 LYS  QB 2.154 

148 16 LYS  CG 26.117 

149 16 LYS  HG2 1.781 

150 16 LYS  HG3 1.638 

151 16 LYS  CD 29.977 

152 16 LYS  QD 1.879 

153 16 LYS  CE 42.588 

154 16 LYS  QE 3.159 

155 16 LYS  C 179.15 

156 17 LEU  N 120.586 

157 17 LEU  H 7.915 

158 17 LEU  CA 58.801 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

159 17 LEU  HA 4.271 

160 17 LEU  CB 42.33 

161 17 LEU  HB2 2.364 

162 17 LEU  HB3 1.698 

163 17 LEU  CG 28.433 

164 17 LEU  HG 1.966 

165 17 LEU  QD1 0.779 

166 17 LEU  QD2 1.084 

167 17 LEU  CD1 26.374 

168 17 LEU  CD2 24.316 

169 17 LEU  C 179.15 

170 18 VAL  N 119.656 

171 18 VAL  H 8.48 

172 18 VAL  CA 67.378 

173 18 VAL  HA 3.552 

174 18 VAL  CB 31.188 

175 18 VAL  HB 2.276 

176 18 VAL  QG1 1.127 

177 18 VAL  QG2 0.819 

178 18 VAL  CG1 24.659 

179 18 VAL  CG2 23.64 

180 18 VAL  C 177.59 

181 19 ARG  N 120.991 

182 19 ARG  H 8.4 

183 19 ARG  CA 60.7 

184 19 ARG  HA 4.1 

185 19 ARG  CB 29.9 

186 19 ARG  QB 2.023 

187 19 ARG  CG 29.19 

188 19 ARG  QG 1.925 

189 19 ARG  CD 43.84 

190 19 ARG  HD2 3.19 

191 19 ARG  HD3 3.3 

192 19 ARG  NE 92.621 

193 19 ARG  HE 7.7 

194 19 ARG  C 179.47 

195 20 ASP  N 121.825 

196 20 ASP  H 8.444 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

197 20 ASP  CA 57.2 

198 20 ASP  HA 4.502 

199 20 ASP  CB 40.8 

200 20 ASP  HB2 2.986 

201 20 ASP  HB3 2.88 

202 20 ASP  C 179.25 

203 21 ALA  N 125.035 

204 21 ALA  H 8.51 

205 21 ALA  CA 55.875 

206 21 ALA  HA 3.871 

207 21 ALA  QB 1.23 

208 21 ALA  CB 17.6 

209 21 ALA  C 179.86 

210 22 MET  N 118.21 

211 22 MET  H 8.588 

212 22 MET  CA 59.95 

213 22 MET  HA 4.1 

214 22 MET  CB 34.1 

215 22 MET  HB2 2.22 

216 22 MET  HB3 2.11 

217 22 MET  CG 31.621 

218 22 MET  HG2 2.59 

219 22 MET  HG3 2.425 

220 22 MET  QE 2.034 

221 22 MET  CE 16.721 

222 22 MET  C 179.95 

223 23 THR  N 113.815 

224 23 THR  H 8.38 

225 23 THR  CA 65.2 

226 23 THR  HA 4.305 

227 23 THR  CB 69.7 

228 23 THR  HB 4.545 

229 23 THR  QG2 1.462 

230 23 THR  CG2 22.25 

231 23 THR  C 176.41 

232 24 SER  N 116.537 

233 24 SER  H 8.03 

234 24 SER  CA 60.3 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

235 24 SER  HA 4.564 

236 24 SER  CB 64.4 

237 24 SER  HB2 4.02 

238 24 SER  HB3 4.149 

239 24 SER  C 174.72 

240 25 GLY  N 109.058 

241 25 GLY  H 7.869 

242 25 GLY  CA 46.233 

243 25 GLY  HA2 4.01 

244 25 GLY  HA3 4.28 

245 25 GLY  C 175.03 

246 26 VAL  N 121.359 

247 26 VAL  H 8.038 

248 26 VAL  CA 62.899 

249 26 VAL  HA 4.3 

250 26 VAL  CB 32.5 

251 26 VAL  HB 2.27 

252 26 VAL  QG1 1.35 

253 26 VAL  QG2 1.06 

254 26 VAL  CG1 22.314 

255 26 VAL  CG2 22.1 

256 26 VAL  C 175.83 

257 27 SER  N 122.175 

258 27 SER  H 8.817 

259 27 SER  CA 57.8 

260 27 SER  HA 4.945 

261 27 SER  CB 65.83 

262 27 SER  HB2 4.235 

263 27 SER  HB3 4.58 

264 27 SER  C 175.865 

265 28 LYS  N 125.447 

266 28 LYS  H 8.835 

267 28 LYS  CA 59 

268 28 LYS  HA 4.17 

269 28 LYS  CB 32.514 

270 28 LYS  C 179.14 

271 29 LYS  N 119.647 

272 29 LYS  H 8.108 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

273 29 LYS  CA 60.2 

274 29 LYS  HA 4.18 

275 29 LYS  CB 33.58 

276 29 LYS  HB2 1.994 

277 29 LYS  HB3 2.1 

278 29 LYS  CG 25.86 

279 29 LYS  HG2 1.696 

280 29 LYS  HG3 1.611 

281 29 LYS  CD 30.235 

282 29 LYS  QD 1.895 

283 29 LYS  CE 42.588 

284 29 LYS  QE 3.216 

285 29 LYS  C 179.27 

286 30 GLN  N 118.938 

287 30 GLN  H 8.155 

288 30 GLN  CA 59.566 

289 30 GLN  HA 4.445 

290 30 GLN  CB 29.613 

291 30 GLN  HB2 2.679 

292 30 GLN  HB3 2.417 

293 30 GLN  CG 35.83 

294 30 GLN  QG 2.764 

295 30 GLN  CD 179.933 

296 30 GLN  NE2 112.375 

297 30 GLN  HE21 6.945 

298 30 GLN  HE22 7.811 

299 30 GLN  C 179.53 

300 31 PHE  N 121.45 

301 31 PHE  H 8.442 

302 31 PHE  CA 61.5 

303 31 PHE  HA 4.47 

304 31 PHE  CB 40.4 

305 31 PHE  HB2 3.445 

306 31 PHE  HB3 3.5 

307 31 PHE  QD 7.233 

308 31 PHE  QE 7.36 

309 31 PHE  CD1 130.78 

310 31 PHE  CZ 132.773 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

311 31 PHE  HZ 6.878 

312 31 PHE  CD2 130.78 

313 31 PHE  C 177.05 

314 32 ARG  N 120.589 

315 32 ARG  H 8.799 

316 32 ARG  CA 60.259 

317 32 ARG  HA 4.02 

318 32 ARG  CB 30.057 

319 32 ARG  HB2 2.135 

320 32 ARG  HB3 2.265 

321 32 ARG  CG 27.54 

322 32 ARG  HG2 1.88 

323 32 ARG  HG3 1.95 

324 32 ARG  CD 43.452 

325 32 ARG  HD2 3.345 

326 32 ARG  HD3 3.465 

327 32 ARG  NE 89.426 

328 32 ARG  HE 7.45 

329 32 ARG  C 177.94 

330 33 GLU  N 119.419 

331 33 GLU  H 8.226 

332 33 GLU  CA 60.4 

333 33 GLU  HA 4.443 

334 33 GLU  CB 30.3 

335 33 GLU  QB 2.48 

336 33 GLU  CG 37.55 

337 33 GLU  HG2 2.69 

338 33 GLU  HG3 2.845 

339 33 GLU  C 178.59 

340 34 PHE  N 121.67 

341 34 PHE  H 7.889 

342 34 PHE  CA 57.65 

343 34 PHE  HA 4.783 

344 34 PHE  CB 39.566 

345 34 PHE  HB2 3 

346 34 PHE  HB3 3.28 

347 34 PHE  QD 7.289 

348 34 PHE  CD1 133.241 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

349 34 PHE  CD2 133.241 

350 34 PHE  C 177.29 

351 35 LEU  N 120.771 

352 35 LEU  H 8.55 

353 35 LEU  CA 58.544 

354 35 LEU  HA 3.795 

355 35 LEU  CB 42.33 

356 35 LEU  HB2 1.865 

357 35 LEU  HB3 1.747 

358 35 LEU  CG 27.404 

359 35 LEU  HG 1.75 

360 35 LEU  CD1 25.345 

361 35 LEU  CD2 25.345 

362 35 LEU  QQD 0.984 

363 35 LEU  C 178.99 

364 36 ASP  N 121.638 

365 36 ASP  H 8.808 

366 36 ASP  CA 58.13 

367 36 ASP  HA 4.555 

368 36 ASP  CB 40.687 

369 36 ASP  HB2 3.05 

370 36 ASP  HB3 3.245 

371 36 ASP  C 179.285 

372 37 TYR  N 123.182 

373 37 TYR  H 8.089 

374 37 TYR  CA 60.34 

375 37 TYR  HA 3.583 

376 37 TYR  CB 37.425 

377 37 TYR  HB2 2.49 

378 37 TYR  HB3 2.838 

379 37 TYR  QD 6.34 

380 37 TYR  QE 6.864 

381 37 TYR  CD1 133.71 

382 37 TYR  CE1 118.006 

383 37 TYR  CE2 118.006 

384 37 TYR  CD2 133.71 

385 37 TYR  C 177.31 

386 38 GLN  N 117.791 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

387 38 GLN  H 8.08 

388 38 GLN  CA 58.1 

389 38 GLN  HA 3.551 

390 38 GLN  CB 27.35 

391 38 GLN  HB2 1.84 

392 38 GLN  HB3 2.115 

393 38 GLN  CG 33.3 

394 38 GLN  HG2 1.729 

395 38 GLN  HG3 1.962 

396 38 GLN  CD 178.101 

397 38 GLN  NE2 113.682 

398 38 GLN  HE21 7.294 

399 38 GLN  HE22 6.074 

400 38 GLN  C 179.41 

401 39 LYS  N 120.44 

402 39 LYS  H 8.565 

403 39 LYS  CA 60.86 

404 39 LYS  HA 4.001 

405 39 LYS  CB 33.066 

406 39 LYS  QB 2.112 

407 39 LYS  CG 26.374 

408 39 LYS  HG2 1.562 

409 39 LYS  HG3 1.817 

410 39 LYS  CD 30.235 

411 39 LYS  QD 1.871 

412 39 LYS  CE 42.073 

413 39 LYS  HE2 3.079 

414 39 LYS  HE3 3.143 

415 39 LYS  C 175.65 

416 40 TRP  N 123.377 

417 40 TRP  H 8.078 

418 40 TRP  CA 61.9 

419 40 TRP  HA 4.069 

420 40 TRP  CB 28.316 

421 40 TRP  HB2 3.21 

422 40 TRP  HB3 3.45 

423 40 TRP  CD1 125.155 

424 40 TRP  CE3 121.99 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

425 40 TRP  NE1 129.805 

426 40 TRP  HD1 7.45 

427 40 TRP  HE3 7.235 

428 40 TRP  CZ3 121.287 

429 40 TRP  CZ2 115.5 

430 40 TRP  HE1 9.808 

431 40 TRP  HZ3 6.497 

432 40 TRP  CH2 121.639 

433 40 TRP  HZ2 7.666 

434 40 TRP  HH2 6.5 

435 40 TRP  C 179.34 

436 41 ARG  N 120.871 

437 41 ARG  H 8.662 

438 41 ARG  CA 59.56 

439 41 ARG  HA 3.28 

440 41 ARG  CB 30.059 

441 41 ARG  HB2 1.638 

442 41 ARG  HB3 1.683 

443 41 ARG  CG 27.3 

444 41 ARG  QG 1.47 

445 41 ARG  CD 43.316 

446 41 ARG  HD2 2.978 

447 41 ARG  HD3 3.032 

448 41 ARG  NE 93.348 

449 41 ARG  HE 7.495 

450 41 ARG  C 179.01 

451 42 LYS  N 118.452 

452 42 LYS  H 7.696 

453 42 LYS  CA 58.801 

454 42 LYS  HA 4.18 

455 42 LYS  CB 32.808 

456 42 LYS  QB 2.034 

457 42 LYS  CG 25.345 

458 42 LYS  HG2 1.655 

459 42 LYS  HG3 1.7 

460 42 LYS  CD 29.72 

461 42 LYS  QD 1.852 

462 42 LYS  CE 42.588 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

463 42 LYS  QE 3.199 

464 42 LYS  C 177.82 

465 43 SER  N 114.263 

466 43 SER  H 7.6 

467 43 SER  CA 58.63 

468 43 SER  HA 4.664 

469 43 SER  CB 64.3 

470 43 SER  QB 3.995 

471 43 SER  C 174.71 

472 44 GLN  N 120.604 

473 44 GLN  H 7.415 

474 44 GLN  CA 55.454 

475 44 GLN  HA 4.14 

476 44 GLN  CB 29.166 

477 44 GLN  HB2 1.965 

478 44 GLN  HB3 1.684 

479 44 GLN  CG 33.3 

480 44 GLN  HG2 1.528 

481 44 GLN  HG3 1.737 

482 44 GLN  CD 180.053 

483 44 GLN  NE2 113.682 

484 44 GLN  HE21 6.548 

485 44 GLN  HE22 6.437 

486 44 GLN  C 174.72 

487 45 LYS  N 121.182 

488 45 LYS  H 7.954 

489 45 LYS  CA 56.742 

490 45 LYS  HA 4.41 

491 45 LYS  CB 33.58 

492 45 LYS  HB2 1.873 

493 45 LYS  HB3 1.97 

494 45 LYS  CG 25.345 

495 45 LYS  HG2 1.494 

496 45 LYS  HG3 1.54 

497 45 LYS  CD 29.72 

498 45 LYS  QD 1.799 

499 45 LYS  CE 42.588 

500 45 LYS  QE 3.111 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

501 45 LYS  C 175.98 

502 46 GLU  N 122.719 

503 46 GLU  H 8.575 

504 46 GLU  CA 56.643 

505 46 GLU  HA 4.42 

506 46 GLU  CB 31 

507 46 GLU  HB2 2.192 

508 46 GLU  HB3 2.015 

509 46 GLU  CG 36.81 

510 46 GLU  QG 2.352 

511 46 GLU  C 175.65 

512 47 GLU  N 127.54 

513 47 GLU  H 8.023 

514 47 GLU  CA 58.605 

515 47 GLU  HA 4.262 

516 47 GLU  CB 31.649 

517 47 GLU  HB2 2.021 

518 47 GLU  HB3 2.178 

519 47 GLU  CG 36.643 

520 47 GLU  QG 2.332 

521 47 GLU  C 180.93 
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Appendix C: SinI Chemical Shift Table 

Table C.1 Chemical shift table for the protein SinI (PDB 5TMX). The chemical shift 

values for all assignable resonances. Columns (left to right) contain the following; Atom, 

consecutive atom number; Residue Number, residue number within primary sequence; 

Residue, three-letter amino acid code; Atom, corresponds to IUPAC atom designation; 

Chemical Shift, listed in ppm.  

 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 

1 3  HIS  CA 55.824 

2 3  HIS  HA 4.66 

3 3  HIS  CB 29.302 

4 3  HIS  HB2 3.068 

5 3  HIS  HB3 3.12 

6 3  HIS  C 175.33 

7 4  MET  N 121.66 

8 4  MET  H 8.337 

9 4  MET  CA 55.16 

10 4  MET  HA 4.418 

11 4  MET  CB 32.681 

12 4  MET  HB2 1.949 

13 4  MET  HB3 2.04 

14 4  MET  CG 31.495 

15 4  MET  HG2 2.529 

16 4  MET  HG3 2.466 

17 4  MET  C 176.496 

18 5  ALA  N 125.138 

19 5  ALA  H 8.369 

20 5  ALA  CA 52.711 

21 5  ALA  HA 4.251 

22 5  ALA  CB 19.068 

23 5  ALA  HB1 1.387 

24 5  ALA  C 178.216 

25 6  SER  N 114.218 

26 6  SER  H 8.191 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
27 6  SER  CA 58.207 

28 6  SER  HA 4.375 

29 6  SER  CB 63.531 

30 6  SER  HB2 3.807 

31 6  SER  HB3 3.807 

32 6  SER  C 175.208 

33 7  MET  N 121.975 

34 7  MET  H 8.276 

35 7  MET  CA 55.16 

36 7  MET  HA 4.48 

37 7  MET  CB 32.466 

38 7  MET  HB2 1.989 

39 7  MET  HB3 2.103 

40 7  MET  CG 31.327 

41 7  MET  HG2 2.58 

42 7  MET  HG3 2.5 

43 7  MET  C 176.767 

44 8  LYS  N 121.714 

45 8  LYS  H 8.222 

46 8  LYS  CA 56.244 

47 8  LYS  HA 4.26 

48 8  LYS  CB 32.41 

49 8  LYS  HB2 1.755 

50 8  LYS  HB3 1.755 

51 8  LYS  CG 24.421 

52 8  LYS  HG2 1.438 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
53 8  LYS  HG3 1.438 

54 8  LYS  CD 28.606 

55 8  LYS  HD2 1.66 

56 8  LYS  HD3 1.66 

57 8  LYS  CE 41.619 

58 8  LYS  HE2 2.97 

59 8  LYS  HE3 2.97 

60 8  LYS  C 176.852 

61 9  ASN  N 118.965 

62 9  ASN  H 8.347 

63 9  ASN  CA 52.979 

64 9  ASN  HA 4.675 

65 9  ASN  CB 38.675 

66 9  ASN  HB2 2.798 

67 9  ASN  HB3 2.72 

68 9  ASN  C 175.385 

69 10  ALA  N 123.845 

70 10  ALA  H 8.145 

71 10  ALA  CA 52.857 

72 10  ALA  HA 4.235 

73 10  ALA  CB 18.327 

74 10  ALA  HB1 1.38 

75 10  ALA  C 178.23 

76 11  LYS  N 119.514 

77 11  LYS  H 8.202 

78 11  LYS  CA 56.244 

79 11  LYS  HA 4.26 

80 11  LYS  CB 32.41 

81 11  LYS  HB2 1.755 

82 11  LYS  HB3 1.755 

83 11  LYS  CG 24.42 

84 11  LYS  HG2 1.377 

85 11  LYS  HG3 1.377 

86 11  LYS  CD 28.606 

128 15  PHE  HB2 2.922 

129 15  PHE  HB3 3.041 

130 15  PHE  CD1 131.38 

131 15  PHE  HD1 7.19 

132 15  PHE  CE1 131.094 

133 15  PHE  HE1 7.281 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
134 15  PHE  CE2 131.094 

135 15  PHE  HE2 7.281 

136 15  PHE  CD2 131.38 

137 15  PHE  HD2 7.19 

138 15  PHE  C 175.513 

139 16  GLU  N 121.24 

140 16  GLU  H 8.383 

141 16  GLU  CA 55.702 

142 16  GLU  HA 4.323 

143 16  GLU  CB 30.244 

144 16  GLU  HB2 1.883 

145 16  GLU  HB3 2.008 

146 16  GLU  CG 35.66 

147 16  GLU  HG2 2.211 

148 16  GLU  HG3 2.211 

149 16  GLU  C 176.239 

150 17  LEU  N 122.33 

151 17  LEU  H 8.186 

152 17  LEU  CA 54.619 

153 17  LEU  HA 4.35 

154 17  LEU  CB 42.843 

155 17  LEU  HB2 1.625 

156 17  LEU  HB3 1.625 

157 17  LEU  CG 26.994 

158 17  LEU  HG 1.685 

159 17  LEU  CD1 25.281 

160 17  LEU  HD11 0.947 

161 17  LEU  CD2 23.811 

162 17  LEU  HD21 0.854 

163 17  LEU  C 176.657 

164 18  ASP  N 121.379 

165 18  ASP  H 7.935 

166 18  ASP  CA 54.069 

167 18  ASP  HA 4.709 

168 18  ASP  CB 41.591 

169 18  ASP  HB2 2.93 

170 18  ASP  HB3 3.01 

171 18  ASP  C 177.493 

172 19  GLN  N 121.686 

173 19  GLN  H 8.666 



 

 177 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
174 19  GLN  CA 59.05 

217 22  VAL  HB 2.14 

218 22  VAL  CG2 22.931 

219 22  VAL  HG21 0.96 

220 22  VAL  CG1 21.035 

221 22  VAL  HG11 0.83 

222 22  VAL  C 178.052 

223 23  GLU  N 116.511 

224 23  GLU  H 7.948 

225 23  GLU  CA 58.952 

226 23  GLU  HA 3.823 

227 23  GLU  CB 28.619 

228 23  GLU  HB2 1.927 

229 23  GLU  HB3 1.98 

230 23  GLU  CG 36.202 

231 23  GLU  HG2 2.216 

232 23  GLU  HG3 2.45 

233 23  GLU  C 179.41 

234 24  LEU  N 119.037 

235 24  LEU  H 7.298 

236 24  LEU  CA 57.4 

237 24  LEU  HA 3.943 

238 24  LEU  CB 41.632 

239 24  LEU  HB2 1.521 

240 24  LEU  HB3 1.717 

241 24  LEU  CG 26.691 

242 24  LEU  HG 1.605 

243 24  LEU  CD1 24.987 

244 24  LEU  HD11 0.73 

245 24  LEU  CD2 23.87 

246 24  LEU  HD21 0.627 

247 24  LEU  C 177.573 

248 25  MET  N 118.609 

249 25  MET  H 7.952 

250 25  MET  CA 58.41 

251 25  MET  HA 3.056 

252 25  MET  CB 31.463 

253 25  MET  HB2 1.658 

254 25  MET  HB3 1.84 

255 25  MET  CG 32.204 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
256 25  MET  HG2 1.936 

257 25  MET  HG3 1.936 

258 25  MET  C 178.313 

259 26  VAL  N 118.695 

260 26  VAL  H 8.027 

261 26  VAL  CA 66.535 

262 26  VAL  HA 3.31 

305 30  GLU  N 120.267 

306 30  GLU  H 8.125 

307 30  GLU  CA 58.546 

308 30  GLU  HA 4.037 

309 30  GLU  CB 29.16 

310 30  GLU  HB2 2.074 

311 30  GLU  HB3 2.099 

312 30  GLU  CG 36.202 

313 30  GLU  HG2 2.27 

314 30  GLU  HG3 2.44 

315 30  GLU  C 177.75 

316 31  ALA  N 119.456 

317 31  ALA  H 7.527 

318 31  ALA  CA 51.369 

319 31  ALA  HA 4.4 

320 31  ALA  CB 18.598 

321 31  ALA  HB1 1.495 

322 31  ALA  C 176.474 

323 32  ASN  N 114.544 

324 32  ASN  H 8.006 

325 32  ASN  CA 54.185 

326 32  ASN  HA 4.359 

327 32  ASN  CB 37.009 

328 32  ASN  HB2 3.158 

329 32  ASN  HB3 2.793 

330 32  ASN  C 174.589 

331 33  ILE  N 119.773 

332 33  ILE  H 8.161 

333 33  ILE  CA 60.035 

334 33  ILE  HA 4.31 

335 33  ILE  CB 38.64 

336 33  ILE  HB 1.77 

337 33  ILE  CG1 27.265 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
338 33  ILE  HG12 1.244 

339 33  ILE  HG13 1.547 

340 33  ILE  CD1 12.877 

341 33  ILE  HD11 0.83 

342 33  ILE  CG2 17.515 

343 33  ILE  HG21 1.021 

344 33  ILE  C 175.8 

345 34  SER  N 123.304 

346 34  SER  H 8.678 

347 34  SER  CA 55.431 

348 34  SER  HA 4.95 

349 34  SER  CB 63.827 

350 34  SER  HB2 4.009 

393 38  ILE  CG1 28.86 

394 38  ILE  HG12 0.939 

395 38  ILE  HG13 1.753 

396 38  ILE  CD1 13.25 

397 38  ILE  HD11 0.876 

398 38  ILE  CG2 18.06 

399 38  ILE  HG21 0.909 

400 38  ILE  C 177.893 

401 39  ARG  N 120.086 

402 39  ARG  H 8.502 

403 39  ARG  CA 60.306 

404 39  ARG  HA 3.633 

405 39  ARG  CB 29.818 

406 39  ARG  HB2 1.783 

407 39  ARG  HB3 1.783 

408 39  ARG  CG 29.042 

409 39  ARG  HG2 1.413 

410 39  ARG  HG3 1.598 

411 39  ARG  CD 42.431 

412 39  ARG  HD2 3.104 

413 39  ARG  HD3 3.174 

414 39  ARG  C 178.592 

415 40  LYS  N 117.148 

416 40  LYS  H 7.725 

417 40  LYS  CA 59.538 

418 40  LYS  HA 3.909 

419 40  LYS  CB 31.869 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
420 40  LYS  HB2 1.849 

421 40  LYS  HB3 1.849 

422 40  LYS  CG 24.869 

423 40  LYS  HG2 1.332 

424 40  LYS  HG3 1.55 

425 40  LYS  CD 28.983 

426 40  LYS  HD2 1.66 

427 40  LYS  HD3 1.66 

428 40  LYS  CE 41.638 

429 40  LYS  HE2 2.919 

430 40  LYS  HE3 2.919 

431 40  LYS  C 179.065 

432 41  TYR  N 118.848 

433 41  TYR  H 7.394 

434 41  TYR  CA 60.577 

435 41  TYR  HA 4.055 

436 41  TYR  CB 37.827 

437 41  TYR  HB2 2.752 

438 41  TYR  HB3 2.867 

481 44  LEU  HB2 1.51 

482 44  LEU  HB3 1.554 

483 44  LEU  CG 26.429 

484 44  LEU  HG 1.615 

485 44  LEU  CD1 24.556 

486 44  LEU  HD11 0.83 

487 44  LEU  CD2 22.943 

488 44  LEU  HD21 0.806 

489 44  LEU  C 178.335 

490 45  ASN  N 116.752 

491 45  ASN  H 7.745 

492 45  ASN  CA 53.535 

493 45  ASN  HA 4.565 

494 45  ASN  CB 38.91 

495 45  ASN  HB2 2.306 

496 45  ASN  HB3 2.613 

497 45  ASN  C 175.351 

498 46  LYS  N 120.483 

499 46  LYS  H 7.753 

500 46  LYS  CA 56.65 

501 46  LYS  HA 4.22 
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Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
502 46  LYS  CB 32.14 

503 46  LYS  HB2 1.776 

504 46  LYS  HB3 1.776 

505 46  LYS  CG 24.285 

506 46  LYS  HG2 1.433 

507 46  LYS  HG3 1.433 

508 46  LYS  CD 28.89 

509 46  LYS  HD2 1.656 

510 46  LYS  HD3 1.656 

511 46  LYS  CE 41.638 

512 46  LYS  HE2 2.94 

513 46  LYS  HE3 2.94 

514 46  LYS  C 177.217 

515 47  LYS  N 122.001 

516 47  LYS  H 8.281 

517 47  LYS  CA 55.973 

518 47  LYS  HA 4.34 

519 47  LYS  CB 32.853 

520 47  LYS  HB2 1.839 

521 47  LYS  HB3 1.839 

522 47  LYS  CG 24.33 

523 47  LYS  HG2 1.497 

524 47  LYS  HG3 1.497 

525 47  LYS  CD 28.689 

526 47  LYS  HD2 1.69 

569 52  GLY  CA 44.056 

570 52  GLY  HA2 4.065 

571 52  GLY  HA3 4.158 

572 52  GLY  C 172.221 

573 53  PRO  CA 61.931 

574 53  PRO  HA 4.61 

575 53  PRO  CB 34.306 

576 53  PRO  HB2 2.138 

577 53  PRO  HB3 2.393 

578 53  PRO  CG 24.285 

579 53  PRO  HG2 1.845 

580 53  PRO  HG3 1.938 

581 53  PRO  CD 50.015 

582 53  PRO  HD2 3.507 

583 53  PRO  HD3 3.682 

Atom 
Number 

Residue 
Number Residue Atom Chemical 

Shift 
584 53  PRO  C 176.7 

585 54  ALA  N 123.872 

586 54  ALA  H 8.345 

587 54  ALA  CA 51.971 

588 54  ALA  HA 4.269 

589 54  ALA  CB 18.924 

590 54  ALA  HB1 1.352 

591 54  ALA  C 177.372 

592 55  ALA  N 123.727 

593 55  ALA  H 8.182 

594 55  ALA  CA 52.593 

595 55  ALA  HA 4.249 

596 55  ALA  CB 19.079 

597 55  ALA  HB1 1.337 

598 55  ALA  C 177.096 

599 56  ARG  N 125.104 

600 56  ARG  H 7.842 

601 56  ARG  CA 56.785 

602 56  ARG  HA 4.113 

603 56  ARG  CB 31.412 

604 56  ARG  HB2 1.79 

605 56  ARG  HB3 1.79 

606 56  ARG  CG 26.723 

607 56  ARG  HG2 1.649 

608 56  ARG  HG3 1.544 

609 56  ARG  CD 42.973 

610 56  ARG  HD2 3.141 

611 56  ARG  HD3 3.141 

612 56  ARG  C 181.414 

613 57  SER  CA 64.369 

614 57  SER  HA 3.715 
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