
ABSTRACT 
BOBAY, BENJAMIN GRANT. Molecular and Structural Characterization of 
Global Transition State Regulators AbrB and Abh from Bacillus subtilis. 
(Under the direction of John Cavanagh.) 
 

Bacteria remarkably and constantly adapt to their surrounding environment, especially in 

times of considerable environmental stress. These responses range from secretion of 

toxins, antibiotics and complete physiological transformations leading to the development 

of highly resilient spores resistant to heat, sunlight, chemicals and drugs. Due to the 

constant flux in environmental conditions, bacteria spends most of its life in this critical 

period, the transition-state. Proteins involved in the activation of genes required for 

survival are called transition-state regulators, a novel family of DNA binding proteins. 

Two defining characteristics describe transition-state regulator proteins: 1.) ability to 

recognize a multitude of genes with no consensus sequence and 2.) sole decision making 

policy of the cell is controlled by this select group proteins to monitor and regulate 

hundreds of cellular pathways. Despite their vital and increasingly common role, there is 

a paucity of information.  Bacillus subtilis and B. anthracis both possess transition-state 

regulators responsible for gene expression during transition from vegetative to post-

exponential growth. This dissertation focuses on investigating the protein-DNA 

interactions of the transition state regulators, antibiotic resistance protein B (AbrB) and 

antibiotic resistance protein h (Abh) from B. subtilis and B. anthracis to develop a 

detailed general model describing recognition and interaction mechanisms. Biophysical 

characterization of AbrBN and AbhN show that multimerization plays an essential role in 

binding to DNA targets. High-resolution NMR structure analysis was carried out to refine 

the structure of AbrBN and to solve the structure of AbhN, both showing dimeric 



topologies. These studies employed a complementary mutagenesis, ESI-MS, NMR, as 

well as a multiple spectroscopic technique approach. The study concluded with a 

respectable model of AbrB’s, and transition state regulators in general, interaction with 

DNA. The unique ability to bind over 60 genes with no consensus sequence relies on 

conformational flexibility of both protein and DNA. Furthermore, the solution structure 

of the N-terminal domain of Abh provided the stature needed to declare the transition-

state regulator family a unique and characterized DNA binding family. 
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Chapter 1: Introduction 
 

Bacillus subtilis, a soil bacterium thriving in decaying vegetation, is one of the most 

thoroughly characterized organisms in terms of its physiology, genetics and biochemistry. 

Consequently it serves as an excellent model system for protein structure-function 

studies. Here nuclear magnetic resonance (NMR), microelectrospray ionization mass 

spectrometry (µESI-MS) and mutagenesis methods are employed in a complementary 

fashion to begin elucidating the structure-function relationships for a class of proteins 

from B. subtilis referred to as transition state regulators, with particular attention paid to 

the properties of the protein AbrB. 

 

Initially a general background and introduction to B. subtilis and the relation of the 

transition state regulator proteins to the life cycle of the bacterium is presented. This is 

then followed by results and discussion sections, detailing the specific studies undertaken 

and the conclusions reached. Finally, a comprehensive Appendix is provided covering the 

basic theory and applications of the main bioanalytical platform technologies employed 

throughout: NMR (primary technique used for probing structure and function 

relationships), µESI-MS, circular dichroism spectroscopy (CD), fluorescence 

spectroscopy, ultra-violet spectroscopy (UV) and mutagenesis studies were used to 

complement those studies performed.  

 

Bacillus subtilis, sporulation and transition state regulators. B. subtilis use a host of 

proteins for organization, regulation and compaction of their DNA. Precise binding to 
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defined DNA segments, primarily located around promoter sequences, have profound 

effects on this gene expression and viability. Transcription factors lie at the center of gene 

regulation, and their identification is crucial to the understanding of transcription and gene 

expression. In response to a multitude of environmental stimuli, proteins orchestrate 

expression of the genes for appropriate adaptation response(s) [1-32]. The key to bacterial 

adaptability and survival lies in their capacity to initiate the appropriate response at the 

appropriate time for a specific situation. Such situations include: changes in chemical 

concentrations, temperature, osmolarity, viscosity, light, pH, density and exposure to anti-

infectives. Transcriptional regulation synthesis peaks upon sensing environments that 

become hostile. A shift from exponential growth phase to a stationary phase prepares a cell 

for survival by expression of bacterial protection genes. Accordingly, bacterial responses 

also have numerous forms, e.g. the secretion of toxins, polymer degrading enzymes, 

antibiotics or complete physiological transformations [1, 25, 33]. In this final illustration, 

bacteria can undergo cellular differentiation leading to the development of highly resistant 

endospores. Spores are perhaps the ultimate line of bacterial defense, being extremely 

resistant to heat, sunlight, chemicals and drugs.  

  
 
A protective layer of protein and polysaccharide encloses the chromosome and some 

cytoplasm upon the formation of an endospore. The spore possesses little metabolic 

activity and is highly impervious to adverse conditions. The cell remains in this state until 

the environmental threat has passed. At this time germination occurs and the bacterium 

returns to its original exponential growth state. The primary focus of this thesis is the 

signal transduction pathway that initiates sporulation, referred to as stage 0, but more 
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accurately represented between stages 0 and 1 (Figure 1.1). In response to a distinct 

signal, a signal transduction pathway, referred to as a phosphorelay, is formed (Figure 

1.2) [34-40].  Initially, a specific sensor kinase, KinA, becomes phosphorylated on a 

conserved histidine residue  [41-46]. The phosphoryl group is then transferred into a 

conserved aspartyl (Asp) pocket in the regulatory domain of a response regulator 

(Spo0F).  The combination of a sensor kinase and a response regulator is known as a two-

component system. The phosphoryl group is then passed to a histidine on a 

phosphotransferase (Spo0B) and finally to the Asp pocket in another response regulator 

(Spo0A) which becomes activated. This product represses the production of  transition 

state regulator proteins and the system then enters the sporulation cycle  [10, 47-54] .  

 

 

 
Figure 1.1 Seven stages of sporulation. The seven stages of sporulation. This dissertation focuses 
on the stage between stage 0 and 1. This is the transition state where a cell decides whether or not 
to sporulate. 
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Transition state regulators have a unique role in cellular development and protection. 

Transition state regulators are present anywhere there is a decision to be made, i.e., 

synthesis of motility, competence, sporulation etc. genes. There are two ways a bacterium 

can accomplish this: (i) express thousands of proteins to regulate thousands of pathways 

– or – (ii) expression of a distinct subset of proteins (transition state regulators) to 

regulate a multitude of genes. The former would require excess energy and resources to 

produce the large amount of proteins to carry out this function; this is obviously 

detrimental to energy conservation of the bacterium. The latter approach allows for 

control of a variety of genes and processes with the least amount of energy and resources 

used. Further defining unique characteristic of the transition regulatory family is the fact 

they do not bind to each other promoters. There are certainly different stages within the 

sporulation process (Figure 1.1) and in each of these stages transition state regulators 

seem to exist.  

 

At this time, about 30 transition state regulators have been definitely or potentially 

identified in a myriad of organisms; B. subtilis, B. anthracis, B. stearothermophilus, B. 

Figure 1.2. Phosphorelay of regulation. AbrB’s expression is controlled through a phosphorelay. 
Specifically the phosphorelay that leads to sporulation. KinA is the kinase that donates a phosphate 
group to Spo0F. Spo0F donates the phosphate group to Spo0B and consequently Spo0A. Activation 
of Spo0A leads to repression of AbrB expression. AbrB also autoregulates its own expression. 
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halodurans, B. halodurans C-215, B. lichemformis, B. cersus, B. thuringiensis serovar 

israelensis, Clostridium beijerinckii, C. acetobutylicum, C. difficile, C. perfringens, 

Escherichia coli, Geobacillus stearothermophilus, Listeria innocua, Listeria 

monocytogenes EGD e, Sulfolobus solfataricum P2, Staphylococcus xylosus, 

Streptococcus mutans, Streptococcus thermophilus, Streptococcus bovis, Streptococcus 

pyogenes, Pyrococcus hirokoshi, Thermoanaerobacter tengcongens, and Pasteuria 

penetrans.  

 

 

 

 

 

B. subtilis regulatory proteins active during the transition state have only recently been 

given recognition as a definable family. The transition state regulator family is divided 

Figure 1.3. Known transition state regulators. Alignment of known transition state regulators. 
Identical residues highlighted in grey, similar residues are in yellow and non-equivalent residues are in 
white. I, identical and S, similar. Legend describes organism abbreviations. 
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into two general classes. Transition-state repressor proteins prevent the expression of 

genes unnecessary or even detrimental to the cell when trying to cope with sub-optimal 

conditions. Transition state activator proteins target genes with products vital to survival 

during post-exponential growth, including metabolic alternatives and sporulation genes 

[55-57].   

 

One such transition state protein, in the latter group, has been characterized, antibiotic 

resistance protein (AbrB) from the gram-positive model organism B. subtilis [23, 54, 56-

92]. The N-terminus and the full length AbrB protein was analyzed for sequence 

homology to any other known and hypothetical proteins. The results were multifold. 

Several protein sequences displayed similarity and identity in the higher percentages, 

50% or higher (Figure 1.3). AbrB has been found to have homologous sequences in a 

plethora of organisms including, B. subtilis, B. anthracis, B. stearothermophilus, B. 

halodurans, B. halodurans C-215, B. lichemformis, B. cersus, B. thuringiensis serovar 

israelensis, C. acetobutylicum, C. difficile, C. perfringens, G. stearothermophilus, L. 

innocua, L. monocytogenes EGD e, S. solfataricum P2, P. hirokoshi, T. tengcongens, and 

P. penetrans.  

 

Included in these homologous organisms are two proteins with >60% homology to AbrB, 

antibiotic resistance protein h (Abh) and sporulation stage V protein T (SpoVT). Of 

particular interest is the closely related protein Abh, an open reading frame with a 

putative σx–dependent promoter from B. subtilis. There is limited data available on Abh 

in regard to both regulation and structure. Figure 1.4 shows the alignment results between 
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AbrB and Abh from B. subtilis. The proteins show identity of 56.38 %, strong similarity 

of 22.34 %, weak similarity of 8.51 % and dissimilarity of 12.77 %. Alignment of just the 

N-terminal residues 1-53, result in identity of 69.81%, strong similarity of 18.87%, weak 

similarity of 5.66% and dissimilarity of 5.66%. Furthermore, Abh has been identified in a 

few of organisms; B. subtilis, B. halodurans, B. halodurans C-215. With more genome 

sequences being established, the prevalence of Abh as a transition state regulator will 

become apparent.  

 

 

 

 

 

Although much effort has resulted in broad genetic characterization of global transition 

state regulators in B. subtilis, little is known about their molecular mechanisms of action. 

Early biochemical analysis of AbrB was thought to be a hexamer in solution of identical 

94 residue, 10.5 kDa monomeric subunits [58, 75, 93, 94]. Models were constructed 

based on the fact that the multimerization state was a hexamer and that the C-terminal 

domains were solely responsible for the multimerization. However, recent published 

Figure 1.4. Alignment of AbrB and Abh. An alignment of AbrB and Abh is shown. Identical residues 
(56.38 %) are shown in red, strongly similar residues (22.34 %) are shown in green, weakly similar 
residues (8.51 %) are shown in green and dissimilar residues (12.77 %) are show in black. 
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observations confirm that AbrB is actually tetrameric in solution [95-97]. Furthermore, 

such publications have shown that the N-terminal domain is responsible for DNA binding 

and multimerization. AbrB monomeric subunits are divided into two functional domains. 

The N-terminal domain contains the DNA binding domains. While the C-terminal 

domain contains a potential helix-turn-helix sequence originally proposed to be important 

for protein multimerization but not DNA binding. Organization of the subunits is shown 

in Figure 1.5. 

 

 

 

 

Protein mutational analysis has expanded the understanding of the molecular controls 

driving the interaction between AbrB and known binding promoter regions. Deletion-

mutant analyses of the C-terminus showed that the overall solution size of AbrB was 

severely affected, yet DNA-binding was still substantial. Other site-specific mutations 

in the C-terminal domain also resulted in smaller solution sizes that still retained 

significant DNA-binding capacity. Mutational analysis of the N-terminal domain 

showed two mutations at positions R23 and R24 resulted in a wild-type solution size 

that displayed no affinity for target DNA sites [98, 99]. A mutation at position C54 was 

Figure 1.5. Schematic representation AbrB homotetramer. Shown is the hypothesis of binding. 
Notice reduction in the hydrodynamic volume upon DNA binding. 
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anomalous in that both the solution size and DNA-binding affinity were severely 

altered. AbrB mutants consisting of residues 1-53 showed a decrease of ~1000 fold in 

affinity for natural DNA promoters. However, constructs with residues 1-55 and a 

disulfide bond between cysteines at the 54 position (the only cysteine in wild-type 

AbrB) restored wild-type affinity for natural promoter sequences [100]. Thus, residues 

1-53 are designated as the DNA-binding domain and 54-94 as the multimerization 

domain (Table 1.1).  

 

 

Table 1.1 Mutational Data for AbrB 
Mutation Expected Size Expected DNA affinity Reason for reduction 

R8A/L Wild type large decrease Reduced recognition 
R15A/L Wild type large decrease Reduced recognition 
R23A/S Wild type none/large decrease Reduced recognition 
R24A/S Wild type none/large decrease Reduced recognition 

C54L Non-wild type none  
Loss of multimerization 

ability 
 

The transition state regulator AbrB is known to control the expression of over 60 

different genes nominally expressed or repressed in suboptimal environments [23, 54, 56-

91]. This broad regulatory control is regarded as the defining quality of transition-state 

regulators. However, with this broad regulatory control comes a unique paradox to the 

historic protein:DNA paradigm. AbrB’s know DNA binding targets share no consensus 

base-pairing sequence. Furthermore, AbrB is known to bind promiscuously, with high but 

differing affinities, to a multitude of these very promoters.  

 

Table 1.1 Mutational Data for AbrB. Mutational data of AbrB is more pronounced then at 
displayed here. Residues displayed here are for the sake of recognition of domains notation. 
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DNase 1 footprint analysis on target sites recognized by AbrB display no obvious 

consensus [101-107]. Furthermore, the extent of the protected footprint regions is largely 

variable, ranging from 30 to 125 base pairs. However, these protected regions are 

specifically targeted according to several lines of evidence. First, the promoter regions of 

genes, generally in the +1 region, are bound. Second, AbrB exhibits high affinity (low 

nM Kd’s), even in the presence of excess competitor DNA. Third, methylation protection 

and hydroxy-radical footprint experiments show that binding is occurring on one side of 

the DNA sequence [108]. Lastly, although no consensus sequence is apparent among 

natural target promoters, regions high in A+T content are preferred. This last point is of 

interest in that at first it suggested some level of conformational flexibility in DNA may 

be important for recognition and binding. Indeed, some promoters do display varying 

degrees of bending  and thus potentially different 3D structures [105]. 

 

The NMR solution structure of the DNA-binding domain of AbrB (AbrBN) along with 

µESI-MS and mutagenesis investigations on the full length protein, have contributed to 

some understanding of the architectural basis for this broad genetic recognition of DNA 

target sequences [95-97, 99, 109]. AbrBN exists functionally as a dimer, while the full 

length AbrB binds to one face of the DNA in both the major and minor grooves as a 

tetramer. Two short α-helices, one from each monomeric unit, are critical for the DNA 

binding. NMR dynamics data has also shown that microsecond-millisecond timescale 

motions in the DNA-binding α-helices and associated loops permit conformational 

changes that are necessary for recognizing different target DNA sequences possessing 

structural variability [95, 96, 99, 109]. Mutational data has pointed in the direction of 
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residues involved in multimerization and DNA binding. However, to this point this model 

is still incomplete, since it only accounts for AbrB being completely promiscuous in its 

DNA-binding. The topology of the DNA-binding domain in conjunction with the 

aforementioned flexibility allows for the reorientation of the DNA-binding α-helices such 

that any three-dimensional DNA structure represents a potential binding target. However, 

we know this not be the case. Although AbrB manifests broad DNA-binding properties it 

does display degrees of specificity. It binds to its cognate promoters with a range of 

affinities and there are, of course, promoters that it does not bind to at all, see Chapter 2. 

 

One significant part of this dissertation deals with the refinement of the AbrB N-

terminal domain, in light of recent advancements in the definition of the 

multimerization domains. This refined structure, along with a combination of 

mutational data has helped better define not only residues involved in binding and 

multimerization but also a clearer understanding of the specific interactions with the 

DNA. Another part of this dissertation focuses on the nature of the DNA targets 

themselves and assists in defining how AbrB selects DNA targets with promiscuity but 

yet in a specific manner.  

  

While a great amount of information is known for AbrB and its DNA-binding 

properties, little is known about Abh. The only information obtained to any extent was 

through the identification of target promoters for the sigma X factor [81, 92]. However, 

recent results from one of our collaborators have suggested a complex regulation 

mechanism employed by Abh in which it may it bind its cognate promoters in a pH 
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dependent manner (personal communication – Dr. Mark A. Strauch). Abh has binding 

affinity towards some of the in vitro selected aptamers that were previously selected for 

high affinity binding by AbrB [102].  DNase1 footprints of Abh binding are very 

similar to that of AbrB footprints, but different slightly in the appearance of regions 

protected. The pH optimum for Abh is very sharp, and is centered on pH 7-7.2.  The 

AbrB optimum is quite broad and the broad peak extends from around pH 8 to above 

pH 10. Both proteins have about the same low activity below pH7. AbrB begins to rise 

at pH 7 to reach the beginning of its plateau at pH8.  As mentioned above, Abh also 

rises in activity going from pH 6.8 to 7.0 but then drops off rather than continuing to 

rise.  While these data are promising, plenty of subsequent experiments are needed 

before a precise mode of regulation can be mapped out for Abh. Obtaining DNA 

binding sequences for Abh and noting their commonality or disagreement with those of 

AbrB will go a long way to help discern what structural components of the protein and 

DNA make that particular system unique.  

 

The final section of this dissertation deals with the structural determination of the N-

terminal domain of Abh. The N-terminal domain is reported to be the DNA binding 

domain due to high sequence similarity between the two domains. It has been suggested 

that the N-terminal multimerization interface seen in AbrBN would also be conserved. 

For all intents and purposes, the structures of AbrBN and AbhN should be identical 

when taking into account their high sequence and secondary structure similarities. The 

determination of the structure of AbhN will answer the following question: does 
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sequence similarity equate to structure similarity? And how do these proteins bind a 

multitude of genes while not binding to each others? 

 

The existence of transition state regulators that share little conserved DNA-binding 

sequences creates a specificity paradox in transcriptional regulation. This paradox 

includes: How does each transcription factor select the correct subset of binding sites to 

achieve its proper function? Conversely, how is the correct protein selected to regulate 

different sets of target genes that carry out distinctive biological effects? The members of 

the global transition state regulator family recognize a multitude of binding sequences, 

which allows for many potential binding sites in a genome with considerable degeneracy. 

Moreover, many members of a family may be co-expressed in the same cell at the same 

time. Nevertheless, to this point there has been a site specific sequence found that AbrB, 

Abh and SpoVT (a putative σG-dependent promoter) genes share in common. These 

observations suggest that there may exist subtle differences in DNA binding potential to 

avoid a redundant role in regulation. NMR, µESI-MS and several other spectrophotmetric 

techniques were used to investigate this promiscuity.  

 

Although genetic, biochemical, and structural analyses yielded insights into the general 

function of global transition state regulators, these studies were unable to provide a 

satisfactory mechanistic scheme for how transition state regulators are able to interact 

specifically with a disparate array of promoter regions. To explore the apparent binding 

promiscuity of the global transition state regulator family, NMR, molecular modeling and 

µESI-MS were used to study the structural characteristics and binding studies along with 
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several other spectrophotometric techniques. AbrB’s binding promiscuity was explored 

through µESI-MS by examining the multimerization states of AbrB and AbrBN as well 

as the properties of protein:DNA complexes. Through µESI-MS, a hierarchy of binding 

affinity was established. To obtain a more accurate description of affinity, solution phase 

UV spectroscopy was utilized to examine the affinity between the protein/DNA 

complexes. The DNA promoter sequences were characterized through CD, fluorescence 

and molecular modeling examined oligonucleotide properties that may contribute to the 

specificity. These results, when combined with known biochemical and genetic data, 

highlight several important features that may contribute to global transition state 

regulator/DNA discrimination and recognition.  

 

This dissertation explores the structural components of AbrB, AbrBN (residues 1-53) and 

AbhN (residues 1-54) (from B. subtilis) involved in the regulation of a multitude of 

genes. Further investigation into the DNA promoters that AbrB binds to reveals unique 

parameters to all known binding promoters. Through the use of NMR, µESI-MS, circular 

dichroism, fluorescence, UV spectrometry and molecular modeling a more complete 

picture of this complex regulation has begun to emerge. 
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Chapter 2: DNA-Binding Propensity of the Global 

Transition State Regulator AbrB 

The work in this chapter was performed in collaboration with Brett Feneey, Dr. A. Clay 

Clark, Dr. Michael B Goshe of North Carolina State University and Dr. Mark A Strauch 

of the University of Maryland. 

 

ABSTRACT 

Global transition state regulator proteins represent one of the most diverse classes of 

prokaryotic transcription factors. One such transition state regulator, AbrB from Bacillus 

subtilis, is known to bind over 60 gene targets yet displays specificity within this target 

set by binding each promoter with a different affinity. Microelectrospray ionization-mass 

spectrometry (µESI-MS), circular dichroism, fluorescence, UV spectroscopy and 

molecular modeling were used to elucidate differences between AbrB, DNA and AbrB-

DNA complexes. µESI-MS analysis of AbrB confirmed its stable macromolecular state 

as tetrameric and verified the same stoichiometric state in complex with DNA targets. 

µESI-MS, circular dichroism and fluorescence provided relative binding affinities for 

AbrB-DNA interactions in a qualitative manner. UV spectroscopy was used in a 

quantitative manner to determine solution phase dissociation constants for AbrB-DNA 

complexes. General DNA structural parameters for all known natural AbrB binding 

sequences were also studied and significant similarities in topological constraints (stretch, 

opening, and propeller twist) were observed. It is likely that these parameters contribute 

to the differential binding proclivities of AbrB. In addition to providing improved 
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understanding of transition state regulator-DNA binding properties and structural 

tendencies of target promoters, this comprehensive and corroborative spectroscopic study 

endorses the use of µESI-MS for rapidly ascertaining qualitative binding trends in non-

covalent systems in a high throughput manner. 

Bacillus subtilis is a well-studied and well-characterized bacterial system.  It provides an 

excellent model system to study proteins and their interactions; i.e., binding events with 

DNA. It has a large number of genes that are normally repressed during periods of 

vegetative growth.  These genes are regulated by global transcriptional regulatory factors, 

also called transition state regulators. AbrB was one of the first global transition state 

regulators to be identified. AbrB is known to bind to over 60 genes, including those with 

protein products responsible for ribose transport, arginine metabolism, motility, genetic 

competence, antibiotic production, sporulation, degradative enzymes, oxidative stress 

response, phosphate metabolism and cellular differentiation. A central issue is; how does 

each transcription factor select the correct subset of binding sites to achieve its proper 

function? Conversely, how is the correct protein selected to regulate different sets of 

target genes that carry out distinctive biological effects? This is an attempt to answer 

these questions. Are there a set of molecular characteristics that AbrB recognizes in its 

set of binding targets? Mass spectrometry, fluorescence, circular dichroism, and 

molecular modeling were implemented to answer these questions. Affinity constants for 

AbrB binding to several promoters have been determined through filter binding and gel 

retardation assays [67, 103, 104, 110-115]. While these techniques provide a good 

approximation for affinity, filter binding and gel retardation assays require separation of 

bound and free mixture components for analysis and can perturb the equilibrium position 
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[116] . Therefore, solution phase affinity constant determination was accomplished 

through UV spectroscopy. 

 

RESULTS 

Micro-electrospray mass-spectrometry 

Figure 2.1A shows the positive-ion mode µESI-MS spectra of AbrBN. The charge 

envelope includes both monomeric and dimeric species. Monomeric AbrBN, an expected 

artifact of the transition from the liquid to gas phases during the µESI-MS process [96, 

117, 118], shows a charge state range of +4 to +6, which deconvultes to a molecular 

weight of 6,098 Da (expected 6,100 Da). Dimeric AbrBN shows a charge state series of 

+4 to +5 which deconvolutes to a relative molecular weight of 12,196 Da (expected 

12,198 Da). Figure 2.1B shows the negative-ion mode µESI-MS spectra of AbrBN. This 

spectrum affords the same molecular weights as the positive-ion mode spectrum upon 

deconvultion. 
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The multimeric state of AbrB was also examined using µESI-MS and reveals a 

population of monomeric, dimeric and tetrameric species, as shown in Figure 2.1C and 

2.1D. Monomeric and dimeric AbrB species determined through µESI-MS are expected 

artifacts of the transition from the liquid to gas phases during the µESI-MS process [96, 

117, 118]. The charge state envelope range from m/z 2000 to 3500 composed of charge 

states of +6 to +10 for the dimeric species (“D”) and +12 to +15 for the tetramer (“T”) 

(Figure 2.1C). Deconvultion of peaks corresponding to tetramers provide a molecular 

mass of 41,972 Da, respectively (expected 41,976 Da). The same multimeric states were 

observed for AbrB in the negative-ion mode (Figure 2.1D). The tetramer is the highest 

order multimeric form of AbrB observed. 

Figure 2.1. µESI mass spectrum of AbrB and AbrBN. Positive and negative-ion spectrum of 40 µM 
AbrBN and 30 µM AbrB in 10 mM ammonium bicarbonate buffer, pH 8.0. Peaks shown with M, D, or 
T correspond to monomeric, dimeric, or tetrameric species, respectively, with charge states indicated. 
A, positive-ion spectrum of AbrBN. B, negative-ion spectrum of AbrBN. C, positive-ion spectrum of 
AbrB. D, negative-ion spectrum of AbrB.
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Figure 2.2 shows the negative-ion mode µESI-MS spectra resulting from the incubation 

and subsequent complexation of AbrB with a series of natural known promoter sequences 

in a 2:1 ratio (Table 2.1). Figure 2.3 shows the negative-ion mode µESI-MS spectra 

resulting from the incubation and subsequent complexation of AbrBN with the same 

series of natural known promoter sequences in a 2:1 ratio. Complex formed between 

AbrB-sinIR and AbrBN-sinIR provided a molecular weight consistent with tetrameric 

AbrB and dimeric AbrBN binding to one DNA molecule [96, 117, 119].  These same 

stoichiometries of binding are observed for all observed protein-DNA complexes 

examined with the exception of the negative control DNA, for which no binding was 

observed in any case. Examining the relative intensities of complex peaks to unbound 

protein and DNA, relative binding affinities can be ascertained: sinIR >> spo0E > BS18 > 

TGGNA3 > TGGNA1 >> negative control (no binding). Data not shown for TGGNA3 

and TGGNA1.  

 

 

 

Table 2.1 DNA sequences 

Promoter Sequence (5'-3')a 

sinIR CTA GAT TTA ATG GCA AAT GAC TTC CAG AGA 

spo0E CTA GAA TAT GTT TAC AAA TAA AGT ATA ATC TGT 
AAT AAT GCA C 

BS18 CAA CAA ATT GGA AAA CAT TGC CAG TAG AAA GCA 
CTA GCG AAC TA 

TGGNA3 AAA TTG GAA AAC ATT GCC AGT AGA AAA ATT GGA 
AAA CAT TGC CAG TAG AA 

Table 2.1 DNA sequences. a The DNA targets that were used in µESI-MS, CD, fluorescence and 
molecular modeling. 5' to 3' sequence of DNA used in µESI-MS, CD, fluorescence, UV, and 
modeling. 
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TGGNA1 TAT GGG AGT TAT ACC ATG TTT TAT GGG AGT TAT 
ACC ATC TTT 

Negative Control TAC TAC TGC TGA GCC CGG TAC TTA CTG CTG AGC 
CCG G 

 

 

 

 

 

 

Figure 2.2. µESI mass spectrum of AbrB incubated with the natural target DNA promoter 
sequences. Negative-ion spectrum of 40 µM AbrB incubated with 20 µM of each DNA promoter 
sequence. A, sinIR; B, spoE; C, BS18; D, negative control oligonucleotides. “C” correspond to fully 
complexed tetrameric AbrB + DNA, broad peaks in the baseline correspond to unbound DNA, while 
peaks marked with a “P” correspond to unbound protein, charge states as indicated. 

Table 2.1 (continued) 
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Circular Dichroism. CD of AbrB and AbrBN was monitored in the far UV spectrum. Far 

UV analysis for AbrB and AbrBN furnish spectra that are consistent with a protein 

containing characteristics of both α-helix and β-sheet, with two unequal minima at 

approximately 208 nm and 219 nm (data not shown). Figure 2.4 shows the results from 

CD studies of DNA alone and of AbrB/AbrBN-DNA complexes. All wavelength scans 

were performed from 190 nm to 320 nm. Figure 2.4A shows data for DNA only, with 

Figure 2.4B as an expansion of the region 200 nm to 230 nm. Maxima and minima at 275 

nm and 245 nm, respectively, indicate a structure of B-DNA [120]. The structure of the 

DNA was greatly influenced upon binding AbrBN (Figure 2.4C and 2.4D) and AbrB 

Figure 2.3. µESI mass spectrum of AbrBN incubated with the natural target DNA promoter 
sequences. Negative-ion spectrum of 30 µM AbrBN incubated with 15 µM of each DNA promoter 
sequence. A, sinIR; B, spoE; C, BS18; D, negative control oligonucleotides. “C” correspond to fully 
complexed dimeric AbrBN + DNA, peaks marked with a “*” correspond to unbound DNA, while peaks 
marked with a “P” correspond to unbound protein, charge states as indicated. 



 22

(Figure 2.4E and 2.4F). Intensities changed across the entire spectrum, but monitoring at 

~215 nm (maximum for sinIR) a recognizable trend for the protein-DNA binding is 

discernible. A difference plot, the difference in intensity at ~215 nm for each 

oligonucleotide from the intensity of the negative control in its unbound and bound state, 

shows the same hierarchy of binding as seen in the µESI-MS studies (Figure 2.5). The 

relative changes in intensity at ~215 nm upon AbrB and AbrBN binding ranks the DNA: 

sinIR >> spo0E > BS18 > TGGNA3 > TGGNA1 >> negative control (no binding), the 

same order as seen in µESI-MS. CD experiments were performed in the same buffer as 

the µESI-MS studies, as well as TRIS buffer, to make certain no contributions to binding 

or conformational changes were induced by the buffer. Furthermore all CD experiments 

were performed with or without MgCl2 to ensure no ionic cofactor is needed for binding; 

in both instances no difference in the spectra were observed (data not shown). 
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 Figure 2.4. Near and far UV circular dichroism spectra of DNA and protein-DNA complexes.
Protein to DNA ratio of 2:1 (same as µESI-MS). For all figures; red , sinIR; blue □, spo0E; green 
◊, BS18; black x, TGGNA3;  pink + , TGGNA1; cyan ∆, negative control. A & B, DNA only. C & D, 
DNA-AbrBN complex. E & F, DNA-AbrB complex. All spectra have protein contribution subtracted 
out. All scans 190 nm to 320 nm with an inset 260 nm to 290 nm. 
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Tyrosine Fluorescence Emission Spectrophotometry. AbrB has two tyrosine residues, at 

positions 37 and 48, both in the N-terminal DNA-binding domain. The protein has no 

phenylalanine or tryptophan residues. Tyrosine fluorescence emission spectra following 

excitation at 275 nm are superimposable for each protein for the pH range from 6.0 to 8.5 

(Figure 2.6A). Also investigated were MgCl2 (0.100 µM – 0.200 mM) titrations and in 

ammonium bicarbonate and TRIS buffer, to confirm no factor is need for or induces 

changes in conformation or binding. The titrations showed no difference in spectra, 

congruent with CD titrations (data not shown). Relative fluorescence levels decrease, 

approximately two fold (2.5x10-6 to 1.25x10-6), for AbrB compared to AbrBN.  

 

Figure 2.5. Difference plot of AbrB/DNA CD data. Data obtained from subtraction of the maximum 
intensities around ~215 nm for each oligonucleotide from the intensity of the negative control in its 
unbound and bound state. Y-axis is the difference in intensity of the AbrB titrations. X-axis is the 
difference in intensity of the unbound DNA. The resulting strength of interaction order is the same as 
seen in µESI-MS and fluorescence. 
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Fluorescence emission spectra for the DNA titrations are similar for both AbrB and 

AbrBN protein samples. A relative strength of interaction identical to the order observed 

in the µESI-MS and CD studies appeared at 345 nm. As µESI-MS and CD suggested that 

sinIR is the strongest binder, normalization of the intensity of the spectra at 345 nm with 

respect to sinIR revealed the same relative order of binding for AbrB and AbrBN. spo0E, 

BS18, TGGNA3, TGGNA1 and the negative control show reduced relative fluorescence at 

this wavelength (Figure 2.6B). This trend is the same as observed for the µESI-MS and 

CD measurements; sinIR >> spo0E > BS18 > TGGNA3 > TGGNA1 >> negative control 

(no binding). 
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UV spectroscopy. UV spectroscopy was used to determine solution phase dissociation 

constants for AbrB-DNA complexes. These Kd’s are listed in Table 2.2 along with 

previously reported affinity constants [110, 112, 121]. Scanning from 190 nm to 1100 nm 

Figure 2.6. Fluorescence emission spectrum of AbrB and AbrBN. Experiments were performed in 
10 mM TRIS-HCl, 10 mM KCl, 1 mM EDTA, and 1 mM DTT at pH 7.5 or 10 mM NH4HCO3 at 
varying pH (6.0-8.5). A., in the double y-axis plot, the left axis corresponds to AbrBN with closed 
symbols and the right axis corresponds to AbrB with the open symbols. B., Difference plot of AbrB 
binding to DNA, data normalized to sinIR’s intensity. 
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allowed for the deduction of binding trends in the titration of DNA with protein. 

Dissociation constants were determined by varying the protein concentration while 

holding the DNA concentration constant. Protein contributions to the spectra were 

subtracted out to reveal structural information regarding changes upon binding only from 

the DNA. Kd determination was limited by the ability to observe structural changes solely 

attributed to the DNA, as more protein was titrated to the samples, due to spectral 

dominance by the protein, therefore trends were observed only for three of the six DNA 

promoters. Changes in absorbance, as seen in Figure 2.7, were then fit to equation [2.1] 

and the dissociation constants were averaged over 6 scans.  

 

 

 

 

 

Figure 2.7. UV spectroscopy titration of sinIR. Each type of symbol and style of line represent one 
titration of six of AbrB to sinIR. Lines where globally fitted to equation [1]. Then averaged Kd’s are 
shown in Table 2.2. 
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DNA Modeling. Table 2.3 lists all the sequences modeled along with specifics about the 

interaction with AbrB while table 2.4 list all the modeled parameters of intrinsic DNA 

topology pertaining to AbrB binding and recognition. To establish differences in binding 

of AbrB to DNA, specific helical parameters were determined through X3DNA [122]. 

Minor groove length, propeller twist, opening, and stretch, as well as a multitude of 

other structural parameters, were examined. Rotational structural components of DNA 

are described by the parameters propeller twist and opening. Propeller twist is the angle 

of rotation between adjacent nucleotides in the non-nucleotide plane. Opening is the 

angle in adjacent nucleotides in the nucleotide plane. The translational structural 

component of DNA is represented by the parameter stretch. Stretch is the distance 

between adjacent binding nucleotides.  

Solution Dissociation Constantsa 

Promoter Kd
b (nM) Kd

c (nM) Kd
d (nM) Kd

e  (nM) 

sinIR 0.75 ± 0.15  - - - - - - 28-200  

spo0E 3.3 ± 0.90 300  - - - 6-23  

BS18 >40 30  4  - - - 

TGGNA 3 N/De - - - - - - - - - 

TGGNA 1 N/De - - - - - - - - - 

Negative control - - - - - - - - - - - - 

Table 2.2. Affinity constants. Kd determination of AbrB using UV spectroscopy compared to known 
dissociation constants. a Solution phase Kd determination was accomplished to clarify previous reports of 
gel shift assay measurements that may have had the equilibrium process perturbed by separation of bound 
and free components. b this work. c Xu K, Strauch MA (2001) J Bacteriol. 183(13):4094-8. d Xu K, 
Strauch MA (1996) Mol. Microbiol. 19:145-158.
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Known natural AbrB DNA targets used in modeling studiesa 

Promoters Regualtionb Absolute Positionc Locationd Target Binding Sequence Referencee

abrB Negative 45219 - 45248  -43:-14 CAAAATGATTGACGATTATTGGAAACCTTG 23 

        

aprE Negative 1105085 - 1105157 -59:+15 AAAATCATCTCAAAAAAATGGGTCTACTAAAATATT 23 

     ATTCCATCTATTACAATAAATTCACAGAATAGTCTTT   

        

bsuB1 ND ND -60:-10 GAAAAGTACCAGCAGGGTTTATTGTGTT 22 

      --AATCATTACAAAAAATGATAAA   

        

comK Negative 1116464 - 1116583 ND CATTAAATATCATTAAAAGATGATTTTATCTT 14 

     AAATGTTAAAAAAACCTGTCGTTTTACAAAAA   

     CAGATGATAGATTATTAGTATAAATTTTGCAG   

     AAAAAGGATGGAGGCCATAATATG   

       

dppA Negative 1359815 - 1359848 -16:+18 TTTAATATAATTTGTTAGAATATTCATAATTTAG 24  

Table 2.3. Promoter sequences used in modeling studies. Known AbrB binding promoters used in modeling studies in addition to those listed in table 1. a 
http://dbtbs.hgc.jp/COG/tfac/AbrB.html. b positive regulation (up regulation) / negative regulation (down regulation) / ND (unknown). c reference in this paper 
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ftsA Negative 1595731 - 1595749 -1:+18 AATAAACATAAAATGTGAA 22 

        

ftsA Negative 1595765 - 1595788 +34:+57 TTCTGTTGTTATTTTTTGTTACAC 22 

        

hutP Positive 4040438 - 4040460 +199:+221 CAATTGAAACCGCTTCCAAAAAG 2 

        

kinB Negative ND  -20:ND AAAATGAAGATTATAAATCACAATATTAT 22 

        

pbpE Negative 3534606 - 3534630  -75:ND ATGTGATGGGTTAAAAAGGATCTCT 22 

        

pbpE Negative 3534573 - 3534598  -40:ND GGATTTTTCAAAATATTTGAAACGTT 22 

        

rbsR Positive 3700294 - 3700370 -133:-67 GAAATCTTCATCCATATTTGTGAAGACTTTGTC 18 

     AAAAAAAGAGTGAAAACCTTAAATTTTTCAA   

     TTATATATACAAT   

        

rbsR Positive 3700432 - 3700464 -4:+29 CTATGTAAACGGTTACATAAACAAGGAGGAGCT 18 

Table 2.3. (continued) 
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sigW Negative 194824 - 194850 +14:+41 GAGGTTAGATAAATATGGAAATGATGA 13 

        

sinI Negative 2551623 - 2551645 +24:+46 TTTAATGGCAAATGACTTCCAGA 12 

        

sinI Negative 2551622 - 2551647 ND ATTTAATGGCAAATGACTTCCAGAGA 21 

        

spo0E Negative 1430061 - 1430095 -39:-5 TATGTTTACAAATAAAGTATAATCTGTAATAATGC 23 

        

spo0H Negative 116537 - 116576 -35:+5 TGACGCTTTTTTGCCCAATACTGTATAATATTTCTA 22 

     TCTA   

        

spoVG Negative 55753 - 55822 -75:-6 TAACTATATCCTATTTTTTCAAAAAATATTTTAAAAA 4 

     CGAGCAGGATTTCAGAAAAAATCGTGGAATTGA   

        

tycA Negative ND -60:-35 TTTTTTGCAAAATATCCCTATTTTTTAAT 4 

        

tycA Negative ND +169:+199 GAAGGGAATTTCCCAGAAACAGGAAATTTTCT 4 

Table 2.3. (continued) 
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tycA Negative ND +207:+231 TTAAAATACCCAAATGATGGAAAAT 4 

Table 2.3. (continued) 
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Intrinsic DNA Parametersa 

Promoter 

Minor 
Groove 
Width (Å) Stretch (ο) Opening (o) Propeller (o) 

sinIR 6.1 -0.107 -6.40 0.139 

spo0E 5.2 -0.095 -6.79 0.158 

BS18 5.2 -0.108 -6.36 0.136 

TGGNA1 7.1 -0.103 -6.52 0.145 

TGGNA3 4.7 -0.103 -6.49 0.141 

All known natural 
binders 4.6 – 7.4  -0.108 - -0.087  -6.32 - -7.18 0.132 - 0.172 

Negative Control 4.0 -0.121 -5.90 0.115 

 

Plots of propeller twist versus opening, opening versus stretch, and propeller twist versus 

stretch displays a linear relationship (Figure 2.8), suggesting a close correlation of these 

parameters. In addition, all natural known binding sequences along with BS18, TGGNA1 

and TGGNA3 are clustered within a distinct region in each case (boxed) (Table 2.3). The 

single outlier in each case is the negative control DNA. These requirements for 

acceptable values of propeller, opening and stretch are -0.108 to -0.087, -6.32 to -7.18 

and 0.132 to 0.172, respectively.  Furthermore, distances calculated for one turn of B-

DNA suggested a length of approximately 26.4 – 30.36 Å for all oligonucleotides 

examined; including the negative control. However, comparison of the minor groove 

distances reveals a length of approximately 4.6 – 7.4 Å for all oligonucleotides except the 

Table 2.4. Patterns of Intrinsic DNA Parameters for the oligonucleotides used in AbrB and 
AbrBN binding studies. a The table shows the trend for several parameters for the modeled DNA. All 
modeling of each sequence was carried out on B-DNA. Table lists those parameters to be essential in 
deducing the strength of DNA:protein interactions. 
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minor groove. The negative control has a minor groove length of 4.0 Å, lying outside of 

the range of appropriate values for the minor groove lengths to establish an interaction 

(Table 2.4). 

 

 

 
Figure 2.8. Molecular modeling of all known DNA binding promoters of AbrB. A, propeller twist 
vs. opening; B, stretch vs. opening; C, stretch vs. propeller twist. The data contained inside the box is 
for all known binding promoters and the one outlier corresponds to the negative control (non-binder).
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DISCUSSION 

AbrB regulates the expression of over 60 different genes nominally expressed or 

repressed in suboptimal environments. AbrB’s regulation of these genes is unrivaled. The 

genes are regulated with differing levels of affinity and with no apparent consensus 

binding sequence linking them. Although initial investigations of the DNA-binding 

domain of AbrB have aided in the understanding these promiscuous DNA recognition 

properties to some degree, there is still much unknown [99, 123]. It has been suggested 

that DNA targeting by AbrB may depend on recognition of a general DNA tertiary 

structure [96, 103, 105, 123, 124].  

 

The promoters used in this study were chosen for several reasons: sinIR and spo0E are 

well-studied binding promoters for AbrB [110, 112, 121, 125], BS18 was chosen because 

it contains one idealized sequence of TGGNA-5bp-TGGNA, TGGNA1, TGGNA3, and 

the negative control were constructed based on results from Strauch et. al [110]. The 

negative control was constructed using areas known to be completely unprotected in 

DNase 1 footprinting assays, not just from sequences that showed weak, sub-millimolar 

binding [110]. To further elucidate the mode of interaction, µESI-MS experiments were 

performed on AbrB, AbrBN, and protein-DNA complexes.  

 

µESI-MS was performed at 20 µM in 10 mM NH4HCO3 pH 8.0 in order to preserve 

multimeric protein complexes and to examine complex formation between AbrB/AbrBN 

and known natural binding promoters. The experiments were performed in both positive 

and negative-ion modes. In the positive-ion mode, the affinity of the DNA and protein-
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DNA complexes for cations present in solution formed salt adducts which broadens peaks 

in the µESI-MS spectrum. While both positive and negative-ion modes afford signals that 

could be easily assigned and deconvoluted, the negative-ion mode was chosen due to less 

salt adducts and the corresponding improved spectral quality.  In the negative-ion mode, 

the DNA spectra generated both single-stranded and double-stranded DNA ion series. 

Deconvolution of these data provided the correct molecular masses for all the expected 

values of the DNA sequences (data not shown). All protein-DNA complexes were stable 

over time and under conditions of increased energy source and heat capillary 

temperatures. 

 

µESI-MS experiments revealed that the multimeric state of AbrB is a tetramer unbound 

and bound to all DNA in this study (Figure 2.2 and 2.3.). While we cannot rule out 

through µESI-MS alone that a small equilibrium exists between monomeric, dimeric and 

tetrameric AbrB, we do not observe monomeric or dimeric species in the ESI-MS spectra 

of AbrB-DNA complexes. This strongly suggests that only the tetrameric form of AbrB is 

functionally significant [119, 126, 127]. Additionally, SELC and native gel-

electrophoresis studies have shown only tetrameric AbrB to be present in solution, with 

no evidence for dimeric or monomeric forms [104, 105, 117]. Other studies have 

accurately and quantitatively determined by ESI-MS that solution based dissociation 

based process are preserved [128, 129]. Monomeric and dimeric species were never 

observed in complexes with the DNA. Additionally, no complex at all was seen with the 

negative control. AbrBN bound solely as a dimer to the same DNA used in the titrations 

with AbrB and maintains the same multimeric state unbound (Figure 2.1 and 2.3). The 
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negative control afforded no complex and provided sequence specificity for interactions 

between AbrB, AbrBN and natural DNA targets. This result also confirmed the binding 

of DNA is the responsibility of the N-terminal domain. This represents the minimum 

structural content of AbrB necessary to bind DNA. The spectra collected showed the 

ability of AbrB and AbrBN to bind and form stable and significant/relevant complexes 

with the DNA oligonucleotides used in this study (Figure 2.2 and 2.3). The spectra also 

provided information concerning the relative affinity of AbrB and AbrBN for DNA. 

 

For all µESI-MS spectra obtained, the same amount of protein, DNA, and buffer was 

used each time and each complex was analyzed using the same electrospray ionization 

conditions. µESI-MS spectra were obtained for each sample multiple times and displayed 

the same result of relative intensity level for all complexes. Therefore, the relative 

affinity of complexes can be straightforwardly inferred [67, 119, 126, 128, 130-132]. The 

highest relative intensity signals from the protein-DNA interactions were observed for 

AbrB-sinIR and AbrBN-sinIR. For the µESI-MS spectra there were small peaks detected 

corresponding to residual unbound DNA or protein, “DNA” or “P” compared to 

complexed protein, “C”. Conversely for protein equilibrated with the negative control, 

there were no detectable species corresponding to the molecular weight of a protein-DNA 

complex (Figure 2.2 and 2.3). From these data, DNA strength of binding can be ranked 

based on the level of complex present in the following manner: sinIR >> spo0E > BS18 > 

TGGNA3 > TGGNA1 >> negative control. The difference seen in the relative affinity led 

to the investigations of structural components of AbrB, AbrBN and the DNA that could 

account for the binding disparity observed in µESI-MS. 
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To investigate general conformational changes upon DNA binding, CD and tyrosine 

emission fluorescence were used to probe the structural characteristics of AbrB, AbrBN 

and the DNA. CD was employed to discern any gross changes in structural motifs of 

AbrB, AbrBN and the DNA that may contribute to this differential binding. While CD 

provided an excellent method of probing secondary structure the instrumentation was 

limited by sensitivity, the lowest concentration that could be used to provide acceptable 

spectra was not within the range of the reported affinity constants. For this reason CD 

was used only for structural characterization and not affinity determination. While it is 

not possible to deconvolute the protein CD data into their secondary structural elements, 

reference spectra described by Johnson [118] indicate that the data for both AbrB and 

AbrBN are consistent with proteins that contain both α-helix and β-sheet elements, with 

the α-helical structures contributing to the minimum at 208 nm. The AbrB and AbrBN 

protein spectra are not superimposable when the data are normalized for the total number 

of amino acids for each protein. Analysis of this mean residue ellipticity suggests the 

secondary structure of the AbrBN dimer was affected by the loss of the C-terminus.  

 

All spectra of unbound and bound DNA maintained the spectral characteristics of B-

DNA throughout protein titrations (Figure 2.4). Moreover, CD data suggested that the 

negative control DNA was more topologically constrained (blue shifted) as compared to 

all other DNA (Figure 2.4). These data corroborate previous suggestions that AbrB 

recognizes multiple/flexible conformations of DNA [105].  As AbrB bound each 

promoter element, the intensity of the CD signal at ~215 nm displayed the same relative 

binding affinity ordered as determined via µESI-MS. A difference plot was obtained from 
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subtraction of the maximum intensities around ~215 nm for each oligonucleotide from 

the intensity of the negative control in their unbound and bound state. The resulting order 

is the same order of strength of interaction as seen in µESI-MS (Figure 2.5). The most 

significant determination from CD studies, was that the negative control was more 

topologically constrained (blue shifted by 5.4 nm), indicating the first known property of 

DNA that would lead to the inability of AbrB to bind. To ensure that the complexation, as 

seen in µESI-MS, did not necessitate any ionic cofactor binding or any buffer induced 

conformational change took place, titrations of MgCl2 and into differing buffers with 

differing pH’s were performed. In all instances no differences were observed in the 

spectra obtained (data not shown).  

 

Tyrosine fluorescence is a very useful probe in characterizing the interactions of AbrB 

since the only tyrosines present in the protein are located in the N-terminal DNA-binding 

domain (Y37 and Y48). The structure of AbrBN indicates that the two tyrosine residues 

reside in the β-sheet scaffold of the dimerization interface and are solvent exposed [71, 

133]. In addition, monitoring fluorescence differences between AbrB and AbrBN 

provides some information on the orientation of the N-terminus with respect to the C-

terminus. The relative fluorescence level decreased when comparing AbrB to AbrBN, 

approximately two fold. This is due to the ionic state of the exposed tyrosine residues in 

AbrBN compared to AbrB, both tyrosine residues in AbrBN are likely protonated as they 

are solvent exposed. One tyrosine in AbrB is most likely hydrogen bonded as a tyrosinate 

anion with a cation in the C-terminal of AbrB, thereby reducing the level of emission by 

half. This suggests that the C-terminus positions itself so that it comes into contact with 
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the β-sheet scaffold of the dimerization domain in AbrBN, thereby contributing to the 

loss of signal.  

 

It was determined that varying pH, as well as the introduction of Mg2+ as a possible 

binding co-factor, did not affect the overall tyrosine emission spectra, suggesting no 

major conformational changes (Figure 2.6A). This is congruent with µESI-MS and CD 

studies. Fluorescence was also used to probe protein-DNA interactions. Emission at 345 

nm was normalized to sinIR, the strongest binder as seen in µESI-MS and CD studies, 

and then an identical relative strength of binding compared to µESI-MS and CD studies 

was evident; sinIR >> spo0E > BS18 > TGGNA3 > TGGNA1 >> negative control, (Figure 

2.6B). 

 

UV spectroscopy was then used to support the binding data obtained in the µESI-MS, CD 

and tyrosine fluorescence emission experiments. Solution phase dissociation constants 

(Table 2.2) determined by UV spectroscopy showed that the binding order of sinIR >> 

spo0E > BS18 > TGGNA1 > TGGNA3 >> negative control to AbrB determined by other 

biophysical methods is justifiable. Obtaining solution phase dissociation constants that 

are general agreement with those previously determined by gel shift assays is paramount. 

It validates the use of any of these techniques as an assay to determine relative binding 

affinities. CD provides a means not only to examine relative binding affinity, but also 

structural characteristics of the protein-DNA interaction. However, perhaps the most 

effective overall technique is µESI-MS. Data obtained by this method allows for a rapid 

determination of relative affinities and also the stoichiometry of the interaction. Our 
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recent studies in this area also suggest the possibility of performing solution phase 

competition experiments in a high throughput proteomic fashion [134]. 

 

The four separate bioanalytical techniques described above provide the first glimpse into 

both the promiscuity and specificity of AbrB-DNA binding. To supplement these studies, 

molecular modeling approaches were employed. Molecular modeling provided the 

necessary means to structurally probe the DNA and identify structural components that 

may be responsible for the specificity of binding of transition state regulators. All 

promoters used in this study along with those others that are known to be natural binding 

sequences of AbrB were modeled (Table 2.3). Comparisons of the parameters that may 

play a role into AbrB binding are shown in Table 2.4. The most compelling structural 

feature that may influence the promiscuity of AbrB binding is the ability of all the 

promoters to form multiple three dimensional conformations as seen in the CD studies, 

no identical spectra are observed for each oligonucleotide. Additionally, the molecular 

modeling studies determined that the four DNA structural characteristics of minor groove 

width, propeller twist, opening and stretch were similar among all known AbrB targets. 

Importantly, the negative control DNA is seen to possess structural characteristics that 

are notably different from all the known target promoter elements (Figure 2.8), not within 

the boxed area. Identification of these unique parameters, that are only known to be in 

common for AbrB binding sequences, facilitates the use of this technique to screen for 

possible interactions. Construction of binding and non-binding sequence can be 

accomplished through a subset of minor groove length, propeller twist, opening and 

stretch values as compared to a purely base pair sequence approach. The constructed 
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oligonucleotides can then be verified through µESI-MS for relative binding affinities and 

competitive binding experiments. 

 

This comprehensive study suggests, for the first time, a potential mode of regulation for a 

multitude of gene promoter sequences by AbrB from B. subtilis. The regulation seems to 

exist on many levels. The AbrB-negative control complex does not form under any 

circumstances, thereby defining a level of sequence specificity. This appears to be the 

first level of discrimination. After a subset of appropriate sequences are made available, 

the DNA must possess the necessary minor groove length, propeller, opening, and stretch 

in order to establish a potential interaction with AbrB. However, each combination of 

sequence, DNA topology and flexibility will vary slightly from one promoter to the next 

resulting in differential binding affinities. The contributions from a multitude of DNA 

characteristics, that make each promoter appealing to AbrB, allow binding to be more 

defined by subtle structural and dynamic features rather than by any obvious consensus 

base-pairing sequence.  

 

CD and fluorescence studies highlight the same strength of interaction as seen in µESI-

MS; sinIR >> spo0E > BS18 > TGGNA3 > TGGNA1 >> negative control. Molecular 

modeling of AbrB’s cognate promoters provides preliminary insight into both shared and 

contrasting features that play a role in the promiscuity and discrimination traits involved 

in AbrB-DNA binding. The work presented here further characterizes the binding 

affinities of AbrB and AbrBN to natural and idealized DNA sequences. UV spectroscopy 

is able to obtain solution phase dissociation constants which are in agreement with 
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previous results. The UV studies also corroborate the results of various relative binding 

affinity measurements using µESI-MS, CD and fluorescence. With this validation in 

mind, it is clear that using µESI-MS as a very rapid assay to study relative interactions of 

DNA binding proteins is particularly appealing. 

 

Material and Methods 

Expression and Purification of AbrB and AbrBN 

Expression and purification of AbrB and AbrBN was carried out as previously described 

in Benson et. al [117] and in Appendix E .  

 

DNA 

All oligonucleotides and their complementary strands were synthesized as described in 

Appendix E. 

 

Micro-electrospray mass-spectrometry  

All mass spectrometry analyses were performed as described in Appendix E. 

 

Circular Dichroism 

CD spectra were measured as described in Appendix E.  

 

Fluorescence 

Fluorescence emission measurements were performed as described in Appendix E. 
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UV spectroscopy 

As described in Appendix E. Changes in absorbance (maximum and minimum points of 

200 and 240 nm) for each scan and normalization to DNA concentration at 260 nm 

provide the data points for dissociation constant (Kd) determination. The resulting graphs 

are then fit to the equation [2.1]: 

 

    [Eq. 2.1] 

 

Molecular Modeling 

As described in Appendix E. 
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Chapter 3: Refinement of the solution state structure 

of AbrBN from Bacillus subtilis 

The work in this chapter was performed in collaboration with Dr. Geoffrey Mueller of 

NIEHS, Dr. Mark Strauch of University of Maryland and Dr. Alexey Murzin of the 

Laboratory of Molecular Biology at Cambridge University. 

 

ABSTRACT 

Transition-state regulators have been recently recognized as a discrete category of 

proteins that exert regulatory control of protein expression during post-exponential 

growth. Understanding the molecular mechanisms of how these proteins function is vital 

since they allow bacteria, including pathogenic species, to cope with and adapt to 

changing environments. Here we describe the refinement of the high resolution NMR 

solution structure of the DNA-binding domain of the Bacillus subtilis transition-state 

regulator AbrB. This revision was prompted by the discovery of an unexpected structural 

relationship between the addiction antidote MazE, a DNA-binding protein, and MraZ, a 

conserved protein of unknown function implicated in formation of the cell envelope and 

cell division. The AbrB domain, that has a detectable sequence similarity to both MazE 

and MraZ, may be an evolutionary link between the two proteins. Its revised structure 

revealed the same MazE/MraZ protein fold, with the putative DNA-binding sites of AbrB 

and MazE being in the equivalent locations. The AbrB site is very similar both in 

structure and sequence to the conserved surface site of MraZ, strongly suggesting that 

MraZ also can bind to DNA.   
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The availability of a growing number of complete genome sequences has greatly 

facilitated the determination of new protein structures. The premise of structural 

proteomics is that the knowledge of protein structure will eventually provide clues to 

protein function. There may be suggestive structural similarities to functionally 

characterized proteins. Not all of them are detected at the time of structure publication. 

Many new relationships between proteins of known structure are routinely discovered for 

the first time during classification of new protein structures in the SCOP database [135]. 

Exploration of these relationships can result in the identification of other related proteins, 

and, by them, in functional predictions. Here we present the refined high-resolution 

solution structure of the dimeric AbrB N-terminal DNA-binding domain from Bacillus 

subtilis (AbrBN; residues 1-53) an example of a new structural relationship that prompted 

the revision of our published structure of the N-terminal domain of the transition state 

regulator AbrB. These data support a model in which AbrB binds target DNA sequences 

using an integrated mechanism of macromolecular assembly and reorientation of key 

features of the DNA binding domain [95, 96].  The revised AbrB structure has conformed 

to the same relationship and transformed it into a new superfamily of evolutionarily and 

functionally related proteins with novel DNA-binding fold and protein-DNA recognition 

mode. 

 

The transition state regulator AbrB from B. subtilis is a transcription factor controlling 

the expression of more than 60 different genes [24, 26, 60, 76, 77, 80, 86, 89, 91, 100, 

102]. There are many known AbrB-binding sites in the B. subtilis genome, yet there is no 

apparent consensus of their nucleotide sequences. DNase1 footprinting analysis on AbrB-
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bound promoter elements has failed to reveal an obvious DNA consensus sequence 

recognized by AbrB [75, 76]. However, hydroxy radical footprinting was able to identify 

that binding occurs on one face of the DNA [76, 136]. AbrB is a tetrameric (Chapter 2) 

protein consisting of identical 94 residue monomers. Mutational studies have shown that 

each monomer can be divided into two functional domains. Its DNA-binding function 

resides in the N-terminal domain, AbrBN [100, 109, 137]. Mutational disruption of the 

C-terminus alters, but does not eliminate, DNA binding affinity, and results in AbrB 

mutant solution sizes half that of wild type AbrB. AbrBN forms a dimer, whereas the full 

length protein forms a tetramer by means of the N- and C-terminal domain interactions 

(Chapter 2). The reported solution structure of the AbrBN dimer showed no similarity to 

any known DNA-binding protein. However, its validity was questioned by the discovery 

of a new relationship between two new protein structures. 

  

One of the new protein structures is the antidote protein MazE of the Escherichia coli 

MazE/MazF addiction module. MazE is a small 82 residue protein that binds to and 

inhibits the toxin MazF, a ribonuclease. It also binds specifically to the mazEF operon 

repressing the expression of addiction module. The crystal structures of MazE complexes 

with MazF and a camelid antibody have been determined [138]. MazE forms a 

homodimer consisting of a single DNA-binding domain of novel fold formed by the 

intertwined N-terminal 47 residue segments and the C-terminal arms that bind MazF.  

The other structure is that of the conserved uncharacterized protein MraZ encoded by an 

operon involved in formation of the cell envelope and cell division. The crystal structure 

has been determined for MraZ from Mycoplasma pneumoniae revealing a ring-shaped 
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octamer. Described in the original report as having a novel fold, MraZ subunit 

nevertheless has a striking structural similarity to the MazE dimeric domain [139].  It 

consists of two repeats of similar structure and sequence. The N-terminal parts of both 

repeats are intertwined into a single domain of the MazE fold, whereas the extra C-

terminal α-helical regions determine the octameric assembly. With these data in mind, we 

felt a refinement of the AbrBN structure needed to take place. Discussed below are the 

structural refinement and relationship of AbrBN to MraZ and MazE. 

 

RESULTS 

Heteronuclear multidimensional NMR. Heteronuclear multidimensional NMR techniques 

were used to completely assign H, C and N backbone and side chain resonances (see 

http://cavanagh-lab.bch.ncsu.edu/ for supplementary data), provided sequential 

connectivities, and define distance relationships between protons for the development of 

a high resolution structural model of AbrBN. 15N-1H HSQC NMR spectrum showed the 

presence of single, unique resonance for each 15N-1H pair, which was all unambiguously 

assigned, indicative of a uniform protein population of structurally symmetrical dimer. 

All amide resonances were assigned, with exception to residues 1 and 2, while all side 

chain resonances of their residues were assigned from CBCA(CO)NH, H(CCO)NH-

TOCSY, and (H)C(CO)NH-TOCSY spectra. Chemical shifts of all assigned residues 

have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu) under BMRB 

accession number 4281. 
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Chemical Shift Index (CSI) analysis of the Hα, Cα, Cβ, and C’ chemical shifts revealed 

one stretch of α-helical region, residues 20 - 26. Furthermore CSI analysis revealed four 

stretches of β-strand regions; 4 - 10, 15 - 17, 34 - 39, and 41 - 46. Additionally, TALOS 

analysis of the sequence and chemical shifts corroborates the CSI analysis of the data 

[140]. These predictions correspond quite well with the previously reported structure with 

one notable exception for β-strand 2. β-strand 2 is a very short β-strand similar to an “X” 

(Figure 3.1). This arrangement is in agreement with hydrogen exchange NMR, residue 15 

and 17 are in fast exchange while residue 16 (the crossing point in the “X”) is in slow 

exchange due to hydrogen bonding. 

 

 

 

 

 

 

Figure 3.1 Hydrogen exchange data. Hydrogen exchange data showing residues 15’, 16, and 17. 
Notice the arrangement of hydrogen bonds, 16 is hydrogen bonded to 16’ in accordance to the 
hydrogen exchange data while residue 15’ and 17’s NH bonds are oriented in opposite directions. 
Blue residues are 16 and 16’. 15’ and 17 are as noted in the figure. Orange boxes denote NH bonds 
and green boxes denote CO bonds. Verifies hydrogen exchange data and confirms that beta – strand 2 
is a loosely associated sheet through only two hydrogen bonds. 

Residue 15’ 

Residue 17 



 50

Structure calculations. Twenty solution structures were generated using the combined 

ARIA/CNS protocol described below [141-144]. The structural statistics for the seven 

lowest energy structures, generated via ARIA in the final iteration, iteration 8, are shown 

in Table 3.1. ARIA was able to 2837 NOEs as categorized in Table 3.1. As, described 

below an additional 3206 manually assigned NOEs were added to the calculation. 

Manual checks of the NOEs assigned by ARIA were performed to asses the accuracy of 

ARIA and were determined to be consistent with the structure. The seven structure 

ensemble of the lowest energy structures showed a backbone RMSD of 0.209544 Å, for 

the α-helical region and β-sheet regions, and a mean backbone and heavy atom RMDS’s 

of 0.518829 Å and 0.63423 Å. TALOS prediction agreed well with the average energy-

minimized structure, one α-helix  (residues  20-26) and four β-strands  (residues 4-9, 15-

17, 34-39 and 42-46). 

 

 

 

 

Statistics for the Structure Ensembles 
ARIA NOEs 
unambiguous 1805 
ambiguous 1032 
totala 2837 
manual NOEs 
Intermolecular 276 
Intramolecular 1615 
H-CH 902 
H-NH 414 
H-bonds 48 
ensemble RMSD (Å) 
secondary structure (backbone)b 0.209544 
secondary structure (heavy)b 0.63423 

Table 3.1 Aria statistics for the structure ensembles. a Total refers to the sum of the unambiguous 
and ambiguous restraints, which is not the same as the total NOEs assigned for each NOESY 
experiment. Ambiguous restraints can have multiple assignments, and redundant assignments from each 
experiment are filtered in this reported total. b Output by ARIA, calculated by CNS using the ensemble 
of the seven lowest energy structures. c Average backbone RMSD of all structures with respect to the 
mean calculated with MOLMOL. d One NOE violation for the ensemble of seven lowest energy 
structures. e Calculated with MolProbity. The percentages are computed over all seven lowest energy 
structures. 
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backbone (residues 1-53)c 0.518829 
Heavy atoms (residues 1-53)c 0.889459 
average violations per structured 
NOEs and/or H-bonds 0.2 
dihedrals 0 
RMSD (experimental restraints)b 
NOEs (Å) 4.417489E-02 
H-bonds (Å) 4.911575E-02 
dihedral angles (deg) 0.77788 
RMSD (covalent geometry)b 
Bonds (Å) 5.844095E-03 (±2.210E-04) 
Angles (deg) 0.663027 (±2.910E-02) 
impropers (deg) 1.70274 (±0.158) 
Ramachandran space (%)e 
most favored region 99% 
additionally allowed 1% 
generously allowed 0 
disallowed 0 

 

Ensemble analysis of AbrBN backbone stereochemical quality was performed and 

showed 100% of the residues were in favorable or allowed locations on a Ramachandran 

plot, and no residues were in the disallowed regions. Regions of secondary structure 

defined by NOE’s (nuclear Overhauser enhancement) present in each monomer are 

classified as "random coil" (residues 1-3 and 47-53), reverse turns 1, 2, and 3 (residues 

11-14, 28-32 and 40-41, respectively), α-helix (residues 20-26), and β-sheet (β-strand 1 

residues 4-10, β-strand 2 residues 15-17,  β-strand 3 residues 33-39, and  β-strand 4 

residues 41-46). Residues 1, 2, and 51-53 are highly unstructured as determined by the 

lack of resonance signal in all NMR experiments for residue 1 or the small number of 

NOE constraints for residues 2 and 51-53. A summary of input restraint and statistical 

data for the 10 lowest energy dimer structures is presented in Table 3.2. and the resulting 

structure shown in Figure 3.2. 

 
 

Table 3.1 (cocntinued) 
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Input restraint summary for AbrBN monomer and dimer structures 
  Monomer Dimer 

1H - 1H distance restraints total 1465 3207 
intraresidue 807 1615 

hch 451 902 
hnh 207 414 

intermolecular  276 
Dihedral angle restraints 35 70 

Hydrogen bonds β-sheet 18 30 
α-helix 6 12 

Total restraints per residue  28.75 31.31 
 

 

 

 

 

Figure 3.3 shows the structure evolutionary link between MraZ, MazE and AbrBN. The 

overlay of the three proteins of MraZ, MazE and AbrBN is presented. The RMSD of 

selected structural regions are presented in Table 3.3. Elements of secondary structure are 

similar throughout all three proteins resulting in a similar tertiary fold as well. 

 

 

 

Table 3.2 Input restraint summary of AbrBN monomer and dimer structures. Split between 
monomer and dimer restraints and noe, dihedral and hydrogen bond restraints.  

Figure 3.2 AbrBN structure. AbrBN (residues 1 -53) structure calculations. A”front view”. B “top 
view”. C “bottom view”.  



 53

 

 

RMSD alignment of Evolution 
Secondary structure MazE MraZ MazE/MraZ
α-helical domain 1.726 Å 0.768 Å 0.506 Å 
β-strand 1 domain 1.660 Å 0.886 Å 0.795 Å 
β-strand 2 domain 0.211 Å 0.372 Å 0.261 Å 
β-strand 3 domain 1.365 Å 0.509 Å 0.660 Å 
β-strand 4 domain 0.850 Å 0.533 Å 0.367 Å 

Overall 4.917 Å 3.762 Å 2.896 Å 
 

 

 

 

 

 

DISCUSSION 

Transition state regulators have recently become a unique paradox to the traditional 

protein:DNA interaction paradigm. The ability for a protein to recognize and form a 

significant interaction with DNA has been historically classified as the ability to 

recognize a consensus sequence. However, how do proteins with a unique ability to form 

significant and biologically relevant interactions with a multitude of DNA with no 

apparent sequence consensus recognize DNA in order to form complexes with nanomolar 

affinity? This paradox of recognition will only be determined through thorough structural 

Figure 3.3 Evolutionary link. Evolutionary link between A, AbrBN; B, MazE; and C, MraZ.  

Table 3.3 RMSD alignment of Evolution. Alignments of MazE, MraZ and both to AbrB. The 
RMSD values are split into the secondary structure domains and the overall RMSD.  
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and interaction studies. This study represents an attempt to gather structural information 

from one of these unique proteins aptly named transition state regulators.  

 

Three major regions characterize dimeric AbrBN: protein dimerization domains, α-helix 

DNA recognition regions, and negatively charged loop regions (Figure 3.2). These 

dimerization domains are composed of three intermolecular interaction β-strand domains 

(residue 4-10, 34-39 and 41-46; residues 15-17). The dimerization interface is formed 

from strong intermolecular hydrophobic interactions occurring is isoluecine 43 (43’) and 

leucine 45 (45’) residues between strands 4 and 4’ as well as with valine 16 (16’) and 

isoleucine 18 (18’) from strands 2 and 2’. β-strand 2 and 2’ comprise a second 

dimerization interface, a loose association of 15 with 17’, 16 with 16’ and 17 and 15’ 

(further substantiated through hydrogen exchange NMR). Isoleucine 44 (44’) and valine 

16 (16’) mark the center of symmetry between the two monomers.  The hydrophobic core 

of each monomer is extensively defined through intramolecular hydrophobic packing 

interactions identified between strands 2, 3 and 4 (2’, 3’ and 4’). The hydrophobic 

residues 16 and 18 (16’ and 18’) have long distance intermolecular packing interactions 

to the β-strands at residues positions 34’, 36’, 43’, and 45’ (34, 36, 43, and 45) 

underscoring the dual role of the β-sheet as both a dimerization interface and packing 

scaffold.  

 

Basic residues involved in DNA binding. The structure described here provides insight 

into the basic residues involved in binding DNA. The positions of several basic residues 

proposed to be important for DNA binding are shown in Figure 3.4. Mutagenesis data 
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(Chapter 4) suggest that R8, R15, R23 and R24 are key residues in the ability for AbrBN 

to bind DNA. In AbrBN, R23 and R24 are contained in the α-helix DNA binding domain, 

which has been hypothesized to bind consecutive major grooves of dsDNA. Mutagenesis 

data of AbrBN has also shown that R8 and R15 are important for DNA recognition - 

most likely providing interactions with the phosphate backbone of DNA. 
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Figure 3.4 Basic residues involved in DNA binding. A, “front view”. B, “top view”. C, “side view”. 
Arginine 8, 15, 23, and 24 (8’, 15’, 23’, and 24’) highlighted in CPK mode shown for the relation to the 
ability to bind DNA. 
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Residues involved in multimerization. The multimerization domains of AbrBN presented 

here provides a unique opportunity to consider the role of various residues in 

dimerization. Significant long distance NOE constraints as well as hydrogen exchange 

NMR have identified residues essential in construction of the scaffold that holds the 

dimer together. I43 and L45 (I43’ and L45’) are essential to the multimerization of this 

protein. These specific residues are not only involved in domain A and B 

multimerization, but also essential to forming the hydrophobic core in interactions with 

V16 and I18 (V16’ and I18’). These residues have been shown to be essential in complete 

multimerization of the two domains of AbrBN, via mutagenesis (Chapter 4). Further 

defining the multimerization domain is the loose association of β-strand 2 and 2’. Via 

hydrogen exchange NMR, residues 16 and 16’ form a significant hydrogen bond (Figure 

3.1). 

 

Electrostatic Surface of AbrBN. Figure 3.5 presents the electrostatic surfaces of AbrBN. 

Analysis of surface electrostatics potential of AbrBN shows a region of negative charge 

made by residues 11, 12, and 32 (11’, 12’ and 32’) turns 1 and 2. Several regions of 

positive charge made by residues 8, 15, 23, and 24 (8’, 15’, 23’, and 24’) appear. These 

regions on the “top” of the molecule are essential to DNA binding. Of unique importance 

are the negative electrostatic regions adjacent to the positive electrostatic regions 

purported to be essential in DNA binding. These regions of negative electrostatic 

characteristics would certainly repel the negative backbone upon DNA binding. These 

regions appear to be to have millisecond timescale motions, motions that have been 

proven to define regions of necessity for interaction to take place, Figure 3.6  [109]. The 
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“underside” of the protein presents a significant amount of negative charge, not 

conducive to the establishment of a complex with DNA. 

 

 

 

 

 

 

 

The current model for DNA recognition is as follows: 1.) non-specific interactions are 

substantiated through ariginines 8 and 15 (8’ and 15’), 2.) regions of negative 

electrostatic characteristics provide a ‘hinge’ to move the α-helix domains, 3.) the α-helix 

Figure 3.5 Surface electrostatic of the AbrBN structure. AbrBN (residues 1 -53) structure 
calculations. A”front view”. B “top view”. C “side view”.  

Figure 3.6. Dynamic data plotted on AbrBN. Yellow regions denote sections of the protein 
possessing milli-second time scale motions. Primarily those regions with milli-second timescale 
motion reside in the regions necessary to establish interactions with DNA. 
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domains provide specific interactions within consecutive major grooves. This hypothesis 

is substantiated through a multitude of NMR, mutational, DNase1 footprinting and 

hydroxy radical footprinting data presented in this publication and elsewhere. 

 

The secondary structure elements for all three AbrBN, MazE and MraZ are quite similar. 

While this appears to be the case and can be hypothesized that MazE and MraZ’s 

interaction with DNA would be similar, this is not likely. Protein:DNA interactions are 

dominated through charge-charge interactions; however the electrostatic surface potential 

is very different (Figure 3.7). Therefore a similar mode of interaction with DNA probably 

does not exist. 

 

 

 

 

In summary, the solution structure of the 12KDa N-terminal reported DNA-binding 

domain of AbrB has been determined by multidimensional NMR methods. Residues in 

both the α-helices and β-strands 1 and 2 (1’ and 2’) are essential to DNA binding. While 

those residues involved in β-sheet formation are essential to both dimerization and 

hydrophobic scaffolding. Underscoring the importance of β-strand interactions are the 

loose interaction of β-strand 2 and 2’. These interactions have been proven to be essential 

Figure 3.7 Electrostatics of evolution. A AbrBN, B MazE and C MraZ. Electrostatic surface plots, 
note the considerable differences. 



 60

to the ability to bind DNA via mutational data. Residue 16 is a focal symmetry point to 

this interaction. Mutating residue arginine 15 to any other amino acid abolishes DNA 

binding. This accentuates the dual role of β-strand 2 and 2’ as both a DNA recognition 

domain and a multimerization domain. While β-strand 1 (1’) makes significant contacts 

to β-strand 3’ (3) (NOE data), β-strand 3’ (3) also provides a dual role in extensive 

contacts to β-strand 4’ (4). Final mutational data also suggests a dual role of recognition 

and multimerization for β-strand 1 at position 8. Arginine 8 has been mutated to abolish 

DNA recognition. Consequently, AbrB’s DNA recognition relies on the duality of several 

regions in the N-terminal domain. Finally, while secondary structure is conserved, 

electrostatic surface potential is considerable different. It is this electrostatics that most 

likely will lead to a difference in a mode of interaction with DNA.  

 

MATERIAL AND METHODS 

Cloning and Expression.  

As described in Appendix E. 

 

Purification.  

As described in Appendix E. 

 

NMR Studies.  

As described in Appendix E. 

 

Structure Calculations. 
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ARIA, version 1.2, and CNS, version 1.0, programs were used to compute the solution 

structure starting from an extended structure with random side-chain conformations [141-

144]. All NOE cross-peaks from the CN-NOESY-HSQC spectra and chemical shift 

assignments were used as input to ARIA. The NOE data sets were split into 3D H-CH 

and 3D H-NH data, and as many artifact peaks as possible were deleted manually. By 

default, ARIA calibrates distance restraints by computing the relaxation matrix from the 

NOE peak intensities and the chemical shift assignments [145]. ARIA uses ambiguous as 

well as unambiguous distance restraints. The total number of ambiguous NOE restraints 

allowed for each peak in the NOESY spectra was set to 20. Nine cycles of NOE 

generation by ARIA, followed by simulated annealing, were carried out. Simulated 

annealing used the standard CNS protocol, incorporating both torsion angle and Cartesian 

dynamics [141, 145]. Iteration zero is used to generate the initial ensemble of structures, 

with the NOE violation tolerance set to 1000 Å, to ensure that no NOE distance restraints 

are excluded, and with the partial assignment cutoff probability set to 1.01, to ensure that 

partial NOE assignments are based on chemical shifts only. In the next eight iterations 

the NOE violation tolerances are set to 1000.0, 1.0, 0.5, 0.1, 1.0, 0.1, 0.1, and 0.1 Å, and 

the partial assignment cutoff probabilities are set to 0.9999, 0.999, 0.99, 0.98, 0.96, 0.93, 

0.90, and 0.80. Thus the NOE violation tolerance is reduced as the structure improves, 

with the exception of iteration 5, in which the tolerance is increased to 1.0 Å to ensure 

that important NOEs, consistent with the present structure, are included. The partial 

assignment probability is also reduced in successive iterations to eliminate ambiguous 

NOEs, which make the smallest contribution to the current structure. These default ARIA 

parameters are similar to those given in Table 5.1 [145]. In the final iteration, ARIA 
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assigned 1805 unambiguous distance restraints and 1032 ambiguous distance restraints. 

ARIA did not converge to a unique structure, without the addition of supplemental 

manually assigned distance restraints. A total of 3206 manually assigned NOE distance 

restraints (276 intermolecular) were included in the calculation. Distance restraints, 

derived from the manually assigned NOEs, were set to 1.8-6.0 Å. In addition to the NOE 

restraints, 48 hydrogen bond restraints, based on TALOS predictions of the locations of 

the α-helices and β-sheets, were included in the calculation [140]. A total of 70 Φ and Ψ 

dihedral angle restraints were also used. The dihedral angle restraints were taken to be ±2 

standard deviations or at least ±20 from the average values predicted by TALOS. In these 

cases, the dihedral angles were restrained to Φ = -70° (±50°) and Ψ = -50° (±50°) for the 

helical regions. The average energy-minimized structure, as well as the ensemble of the 

seven lowest energy structures, was deposited in the Protein Data Bank, ID code 1EKT. 
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Chapter 4: Site-specific mutations and the 

consequences: A closer look into AbrB’s regulation 

The work in this chapter was performed in collaboration with Dr. Mark Strauch of 

University of Maryland. 

 

ABSTRACT 

Bacillus anthracis and Bacillus subtilis are closely related species.  B. subtilis is a well-

studied and well-characterized bacterial system.  It provides an excellent model system to 

study proteins and their interactions; i.e., binding events with DNA. It has a large number 

of genes that are normally repressed during periods of vegetative growth.  These genes 

are regulated by global negative transcriptional regulatory factors, also called transition 

state regulators. B. anthracis produces the exotoxins edema factor (adenylate cyclase), 

protective antigen factor, and lethal factor that are responsible for necrotic hemorrhaging 

which eventually leads to death if the spores are inhaled. Transcription of the genes 

encoding these factors is controlled by the pleiotropic transition state regulator antibiotic 

resistance protein B (AbrB). Disruption of the gene encoding AbrB drastically increases 

the toxicity of this organism. We screened 53 B. subtilis AbrB mutations within the N-

terminal domain in an attempt to define the DNA binding interface, residues involved in 

binding, multimerization and to define a mode of interaction. 34 mutations have shown 

residues that are critical in binding, specifically arginine 8, 15, 23 and 24. These arginine 

residues are involved in both direct DNA base pair recognition as well as no specific 

interactions with the backbone. Sequence analysis of the DNA binding regions of AbrB 
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from B. subtilis as well as B. anthracis show 100% identity as well as 85% throughout 

the full length proteins. Furthermore, 1H-15N HSQC analysis of both N-terminal regions 

(DNA binding regions) from B. anthracis and B. subtilis are completely identical. 

Therefore, mutational analysis of AbrB B. subtilis was used to hypothesis about DNA 

interactions and can be extrapolated to the function of AbrB B. anthracis. 

 

Bacillus species encounter varying environmental stresses during its life span. These 

situations can range from those suitable to growth to those that are detrimental to 

survival. From the ever changing environmental conditions, Bacillus needs to constantly 

asses and respond correctly to different environmental conditions. The proteins required 

for such an assessment of the environment are called transition state regulators. For those 

situations that would compromise survival, the cell can protect itself through a regulated 

morphological change to forming an endospore. Spore formation is a rather large 

morphological change requiring a huge commitment of energy therefore the bacterium 

will not enter this stage frivously. During this transition stage, alternative metabolic 

processes are activated along with several genes with unknown function by these 

transition state regulators [6, 22, 26, 60, 86, 87, 90, 146]. 

 

B. anthracis and B. subtilis are two species that have several of these transition state 

regulator protein encoded in their chromosomal DNA [87, 88, 147]. Of these proteins, 

AbrB (antibiotic resistance protein B) from B. subtilis has been well characterized and 

has been shown to regulate over 60 genes. Furthermore, AbrB is also found in B. 

anthracis and is known to have control over the toxicity genes in anthrax. The three toxin 
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genes of B. anthracis are located at distinct loci on pXO1.  The B. anthracis plasmids 

carry two regulatory genes that share little sequence similarity with regulators in other 

bacteria. However these plasmids are regulated by a similar gene product from the abrB 

gene, a homologue of a well-characterized B. subtilis transition state regulator, which 

controls growth phase-specific transcription of these toxin genes. Strikingly, AbrB from 

B. subtilis and B. anthracis have 100% sequence identity in the N-terminal domains (the 

DNA binding domains, AbrBN) and share 85% sequence identity in the full length 

protein, Figure 4.1. 

 

 

 

 

 

B. anthracis expresses the anthrax toxin protein protective antigen (PA), lethal factor 

(LF), and edema factor (EF) in a growth phase-dependent manner [88, 147]. These genes 

are located on the pXO1 plasmid that also encoded for other transcriptional regulator. 

The pXO1-encoded gene atxA positively controls expression of the toxin and capsule 

genes. AbrB has also been implicated in the regulation of this gene (unpublished results, 

Figure 4.1 Sequence alignment AbrB. Sequence alignment of AbrB from Bacillus subtilis and 
Bacillus anthracis. Residues in red are identical, green are strongly similar, blue somewhat similar and 
black different. The two sequences are 100% identical in the first 62 residues. 
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personal communication with M.A. Strauch).  B. anthracis abrB gene mutant expressed 

pagA earlier and at a higher level than the parent strain. An indication of AbrB’s 

regulation of the toxicity genes. A model of the interaction of the toxin proteins is 

presented below in Figure 4.2. 

 

 

 

 

 

 

 

The anthrax toxicity genes are expressed after B. anthracis spores are taken up by 

macrophages and indicate that gene expression occurs when the bacterium is transitioning 

from the dormant spore state to one of active growth [148]. Therefore we decided to look 

into N-terminal mutations that affect AbrB from B. subtilis and extrapolate those to the 

Figure 4.2. Anthrax infection. PA molecules bind to receptors at the cell surface assembling in clusters 
of 7. LF and/or EF molecules then bind to these clusters. The complex is engulfed by receptor mediated 
endocytosis. The drop in pH in the endosome (endocytic vesicle) produces a change in the structure of 
the PA cluster enabling it to release its LF and EF into the cytosol. EF is an adenylyl cyclase which 
raises the intracellular concentration of cAMP inhibiting phagocytosis by neutrophils. As it name 
implies, LF in the cytosol so disturbs the machinery of the cell that it dies.  
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completely conserved N-terminal domain of AbrB from B. anthracis. To ensure that 

these two proteins are identical in structure the gene encoding for AbrB from B. anthracis 

was cloned into a suitable expression vector and purified for NMR analysis. Furthermore, 

a stop codon was placed in the same vector to produce a gene product that was identical 

in sequence to that of AbrB from B. subtilis. Subsequent NMR analysis showed that there 

is no difference in the structures of the N-terminal domain as well as little variation in the 

full length protein corresponding to the 100% and 85% sequence identity, respectively. 

Codon usage was investigated and found to be only 10% divergent between the two and 

all 2 mismatch sites correspond to leucine, one of two residues only to have 6 codon sites 

to define it.  

 

RESULTS 

DNA Modeling. Molecular modeling of DNA (see Chapter 2) provided the necessary 

insight to hypothesize about the interactions of AbrBN with DNA. From molecular 

modeling, it is known that the length of one turn of DNA is between 26.4 – 30.6 Å, while 

providing a length for major and minor grooves is 10.1 – 12.1 Å and 4.7 – 7.4 Å, 

respectively. From the structure of AbrBN the following distances are known, see Table 

4.1. Methylation protection and hydroxy-radical footprint experiments show that binding 

is occurring on one face of the DNA sequence [108]. 
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Known Distances in AbrBN 
A to B Length (Å) Relation to structure 

R24 - R24' 29.5 From helix 1 to helix 1' 
R21 - R26 8.7 Length of one individual helix 
R8 - R15 10.5 Length of strand 1 to strand 2 
R8 - R8' 18.6 Length of strand 1 to strand 1' 

R15 - R15' 5.9 Length of strand 2 to strand 2' 
 

Mutational Data. While computational data has also pointed in the direction of specific 

characteristics of the DNA, Table 4.2 lists all known protein mutations available and the 

effects of that mutation. These residues producing knockout phenotypes are residues 6, 8, 

9, 10, 14, 15, 16, 17, 18, 20, 22, 23, 24, 26, 28, 36, 38, 43, and 45.  The residues that 

provide knockout phenotypes are particularly located in two domains. Domain one is 

located primarily along surface electrostatic regions (residues 6, 8, 9, 10, 14, 15, 17, 20, 

22, 23, 24, and 28) (Figure 4.3). These electrostatic surface potentials are obviously 

important to establishing interactions with DNA. Domain 2 (residues 16, 18, 36, 38, 43, 

and 45) are all involved in hydrophobic interactions, obviously important in 

establishment of the dimerization interface and hydrophobic core packing (Figure 4.4).  

Table 4.1. Known AbrB structural distances. Table below shows known AbrBN structural distance 
with the lengths given in Å. 



 69

 

 

 

 

 

 

Figure 4.3 Knock mutations – electrostatic surface. Electrostatic surface of a couple knockout 
mutations resulting in alterations of the electrostatic surface of AbrBN. Base WT, electrostatic plot of 
the wild-type N-terminal domain. R8S, R15S, R23S and R24S are mutations of arginine residues 
implicated in DNA binding. Green boxes highlight regions of mutations and the resulting change in 
electrostatic characteristics. Residues 8, 9, 10, 12, 13, 15, 21, 23, 24, 28, 29, 30 and 31 provide some 
surface electrostatic potential. 

Figure 4.4 Hydrophobic core. Those residues involved in dimerization and hydrophobic core 
definitions. Residues 16, 18, 36, 38, 43, and 45 (16’, 18’, 36’, 38’. 43’ and 45’) are highlighted. 
Provide significant methyl NOEs. 
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AbrBN Mutants 
Mutated 
Residue Type of Mutation 

Data Available from previous 
publications 

  yxbB Promoter abrB8 promoter 
G5I Proton replaced by β-branched hydrophobic N/A Partial Activity 
I6S β -branched hydrophobic replaced by small polar  N/A Knockout 
I6T β -branched hydrophobic replaced by polar side chain with hydroxyl group N/A Knockout 
R8A Loss of larger positively charged side chain for methyl group N/A N/A 
R8K Replaced for a smaller positively chargesd side chain N/A N/A 

R8S 
Loss of larger positively charged side chain for smaller polar side chain with hydroxyl 

group Knockout N/A 
K9A Larger positively charged side chain replaced by methyl group N/A N/A 
K9R Slightly larger positively charged side chain Knockout Knockout 
V10F Replaced by larger aromatic side chain N/A N/A 
V10R Smaller β -branched hydrophobic replaced by larger positively charged side chain N/A N/A 
D11N Loss of hydroxyl group for amino group Knockout Partial Activity 
E12D Smaller negatively side chain N/A N/A 
E12Q Loss of hydroxyl group for amino group N/A N/A 
L13F β -branched hydrophobic replaced by larger aromatic side chain N/A Partial Activity 
G14A Proton replaced by methyl group Knockout Knockout 

R15S 
Loss of larger positively charged side chain for smaller polar side chain with hydroxyl 

group Knockout Knockout 
V16A Small β -branched hydrophobic replaced by methyl group Knockout Knockout 
V16G Replaced by proton Knockout Knockout 
V17A Small β -branched hydrophobic replaced by methyl group Knockout Knockout 
V17L Replaced by larger β -branched hydrophobic N/A Knockout 
I18A Bulky β -branched hydrophobic replaced by methyl group N/A Knockout 
I18G Bulky β -branched hydrophobic replaced by proton Knockout Knockout 
I18M Bulky β -branch replaced by long non-polar group N/A Knockout 
I18S β -branched hydrophobic replaced by small polar with hydroxyl group N/A Knockout 
I18T β -branched hydrophobic replaced by polar side chain hydroxyl group N/A N/A 
P19A Replaced by smaller methyl group Knockout Knockout 

Table 4.2. AbrBN Mutants. List of AbrBN mutations, type of mutation and data available from previous publications. N/A, data not available. 
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E30V Replaced with smaller �-branched hydrophobic N/A N/A 
 

20K β -branched hydrophobic replaced by positively charged side chain Partial Activity Partial Activity 
I20L Replaced by differently branched hydrophobic group N/A N/A 
I20R Replaced by larger positively charged side chain Partial Activity Partial Activity 
E21A Loss of larger negatively charged group for small hydrophobic Knockout Knockout 
E21D Shorter, negatively charged side chain Knockout Knockout 
L22I Replaced by differently branched hydrophobic group N/A N/A 
L22R β -branched hydrophobic replaced by larger positively charged side chain Knockout Knockout 

R23S 
Loss of larger positively charged side chain for smaller polar side chain with hydroxyl 

group N/A Knockout 

R24S 
Loss of larger positively charged side chain for smaller polar side chain with hydroxyl 

group N/A Knockout 
L26R β -branched hydrophobic replaced by larger positively charged side chain Knockout Knockout 
G27D Proton replaced by larger negatively charged side chain Full Activity Full Activity 

G27D_A29D Proton/Methyl group replaced by larger negatively charged side chain N/A N/A 
G27E Proton replaced by larger negatively charged side chain N/A N/A 
G27L Proton replaced by bulky β -branched hydrophobic N/A N/A 
G27R Proton replaced by larger positively charged side chain Partial Activity Partial Activity 

G27R_A29K Proton/Methyl group replaced by larger positively charged side chain N/A N/A 
G27R_A29R Proton/Methyl group replaced by larger positively charged side chain N/A N/A 

G27V Proton replaced by smaller β -branched hydrophobic Partial Activity Partial Activity 
I28A β -branched hydrophobic replaced by methyl group N/A N/A 
I28G β -branched hydrophobic replaced by proton Knockout Knockout 
I28R Replaced by larger positively charged side chain Knockout Knockout 
A29D Lose small hydrophobic for larger charged group N/A N/A 
A29K Lose small hydrophobic for larger charged group N/A N/A 
A29R Lose small hydrophobic for larger charged group Full Activity Full Activity 
E30D Smaller negatively side chain Partial Activity Full Activity 
E30I Replaced with bulky β -branched hydrophobic N/A Partial Activity 
E30Q Loss of hydroxyl group for amino group N/A Partial Activity 
E30R Replaced with larger positively charged side chain N/A N/A 
E30V Replaced with smaller β -branched hydrophobic N/A N/A 
K31G Large positively charged side chain replaced by proton Partial Activity Partial Activity 

Table 4.2 (continued) 
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E30V Replaced with smaller �-branched hydrophobic N/A N/A 
 

K31T Larger positively charged side chain replaced by smaller side chain with hydroxyl group N/A Partial Activity 
D32A Loss of larger negatively charged group for small hydrophobic N/A Partial Activity 
A33P Larger side chain, no amide proton N/A N/A 
L34H β -branched hydrophobic replaced by indole ring Knockout Knockout 
E35G Loss of group for proton Partial Activity Partial Activity 
I36S β -branched hydrophobic replaced by small polar  N/A Knockout 
I36T β -branched hydrophobic replaced by polar side chain with hydroxyl group N/A Knockout 
Y37A Larger aromatic side chain with hydroxyl group replaced by methyl group N/A N/A 
V38L Replaced by larger β -branched hydrophobic N/A Knockout 
D39A Loss of larger negatively charged group for small hydrophobic N/A N/A 
D40A Loss of larger negatively charged group for small hydrophobic N/A N/A 
E41A Larger negatively charged group replaced by methyl group N/A Partial Activity 
K42E Replaced by negatively charged side chain N/A N/A 

K42S 
Larger positively charged side chain replaced by smaller polar side chain with hydroxyl 

group N/A N/A 
I43T β -branched hydrophobic replaced by polar side chain with hydroxyl group N/A Partial Activity 
I44S β -branched hydrophobic replaced by small polar with hydroxyl group N/A Partial Activity 
I44T β -branched hydrophobic replaced by polar side chain with hydroxyl group N/A Partial Activity 
L45R β -branched hydrophobic replaced by larger positively charged side chain N/A Partial Activity 
K46E Replaced by negatively charged side chain N/A N/A 

K46S 
Larger positively charged side chain replaced by smaller polar side chain with hydroxyl 

group N/A N/A 
K47E Replaced by negatively charged side chain N/A N/A 
Y48A Larger aromatic side chain with hydroxyl group replaced by methyl group N/A N/A 

K49S 
Larger positively charged side chain replaced by smaller polar side chain with hydroxyl 

group N/A N/A 
P50A Replaced by smaller methyl group N/A N/A 
T53I Loss of polar side chain with hydroxyl group for bulky β -branched hydrophobic N/A N/A 

Table 4.2 (continued) 
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While residues 5, 13, 19, 27, 29, 30, 31, 32, 35, and 41 provided phenotypes consistent 

with full or partial activity. Phenotypes of partial and full activity are located in loop 

regions (Figure 4.5). This underscores the importance of the hydrophobic core, 

multimerization and surface electrostatic interactions as compared to the loop regions. 

Figure 4.6 is assembled from the known mutational and computational data with arginine 

residues highlighted (all known knockouts), while DNA is docked based purely on a 

distance constraint basis. 

 

 

Figure 4.5Fully activity mutations – electrostatic surface. Electrostatic surface of a couple full 
activity  mutations resulting in alterations of the electrostatic surface of AbrBN. Base WT, 
electrostatic plot of the wild-type N-terminal domain. Left, A29R mutation and resulting change 
in electrostatic characteristics. Right, E30A mutation and resulting change in electrostatic 
characteristics. Green boxes highlight regions of mutations and the resulting change in 
electrostatic characteristics. 
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Computational bioinformatics. Computational data obtained from Thornton et. al, has 

lead to the identification of the type protein:DNA interactions (Figure 4.7) [149, 150]. 

AbrB’s hypothesized interaction is the same of that of pdb.org code 2bop, an interaction 

in consecutive major grooves through α-helices and interactions with the minor groove 

Figure 4.6. Docking of AbrBN and DNA. DNA docked into a hypothetical position relative to AbrBN. 
Previous data, such as mutational analysis, and computational DNA modeling provided insights into a 
possible mode of interaction. R8, R15, R23 and R24 are highlighted. A, “top view” and B, front view. 

R15 

R24 

R23 

R8 

R8 

R24 

R15 
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through β-strands. This is supported through previous research and the modeling 

presented in this dissertation. 

 

 

 

 

 

 

Also from Thornton et. al., interactions of specific residues with DNA are shown in 

Figure 4.8 and 4.9 [149, 150]. Arginine residue interactions within the major and minor 

groove are described in Figure 4.8 and 4.9. Specifically arginine residues interact in a 

multiple donor capacity in major grooves with thymine and guanine residues and in 

minor grooves with thymine and adenine residues in a diagonal base manner. Also, 

arginine residues interact in a multiple donor capacity with stacked bases in major 

grooves with guanine/guanine and guanine/thymine residues. Primarily arginine residues 

interact with thymine and guanine residues. Finally, AbrB has been proposed to loosely 

associate with TGG-N9-TGG pseudo consensus. 

Figure 4.7. Types of protein/DNA interactions. Listed above are certain types of protein/DNA 
interactions. From previous data, it can be suggested that AbrBN’s interaction is similar to that of 2bop, 
boxed. Binding to one face of the DNA, binding of α-helices in the major grooves and interaction of 
“loops” with the minor groove/phosphate backbone are characteristics that can be assigned to AbrBN’s 
interaction with DNA.  
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Figure 4.8. Interactions of amino acids and base step. A, multiple-donor in major and minor 
grooves, diagonal bases. B, multiple-acceptor in major groove, diagonal bases. C, multiple-donor in 
major groove, stacked bases. D, multiple-donor in minor groove, stacked bases. E, multiple-acceptor 
in major groove, stacked bases. F, acceptor+donor in major groove, stacked bases. Of primary 
interest is arginine’s interaction with thymine and guanine residues. 
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Figure 4.9. Detailed look at arginine and theronine. Possible interactions of an arginine residue with 
a guanine, adenine and thymine. Also, theronine’s interaction with adenine and thymine. 
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AbrB Bacillus anthracis. Finally, having established a mode of interaction for AbrB, 1H-

15N HSQC overlays of A, AbrBN B. subtilis (red) and AbrB B. subtilis (black); B, AbrB 

B. subtilis (black) and AbrB B. anthracis (red).; C, AbrBN B. subtilis (red) and AbrB B. 

anthracis (black) are shown in Figure 4.10. Anywhere where a amide bond exists will 

result in a resulting peak in the spectra. Therefore, there should be a peak for every amino 

acid in the protein except that of proline, this also includes side chain residues. Notice the 

ability to pick the N-terminal domain of AbrB B. subtilis out of all spectra, see dashed 

boxes of Figure 4.10 A and C. The resolution of the full length B. anthracis AbrB protein 

is exceptional and 96% of the expected peaks can be seen. Furthermore, the spectral 

dispersion of AbrB from B. anthracis is greatly improved over that of AbrB from B. 

subtilis. Clearly, the NMR structure of full length B. anthracis AbrB is tractable and this 

will be pursued.  
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Figure 4.10 Overlaid spectra. A, AbrBN Bacillus subtilis (red) / AbrB Bacillus subtilis (black). B, 
AbrB Bacillus subtilis (black) / AbrB Bacilus anthracis (red). C, AbrBN Bacillus subtilis (red) / AbrB 
Bacillus anthracis (black).  1H-15N HSQC overlays. Notice the ability to pick the N-terminal domain of 
AbrB Bacillus subtilis out of all spectra, dashed boxes. 
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DISCUSSION 

Table 4.2 lists a plethora of mutations that have been produced or suggested and the 

resulting effect, as well as listing the possible reasons for the disruptive behavior. Of the 

more interesting mutations are the arginine residues. R8, R15, R23 and R24. In order to 

further validate the interactions of R8, R15, R23 and R24 with DNA, bioinformatic data 

was obtained and this ascertained the following interactions of all know DNA binding 

protein from the PDB (Protein Data Bank). Of the known protein:DNA structures solved 

via X-ray crystallography and NMR, there are primarily 13 types of interactions. It is 

hypothesized that AbrB’s interaction with DNA is like that of bovine papillomavirus-1 

E2 DNA-binding domain (PDB code – 2bop), two protein α-helices interacting with two 

consecutive DNA major grooves and two protein beta strands in interactions with the 

minor groove (Figure 4.7).  

 

Based on this information, the α-helices of AbrBN most likely interact with consecutive 

major grooves, possibly of bent DNA [77]. R24 and R23 most likely interact with 

specific bases in the major grooves while R8 and R15 interact with minor groove and/or 

the phosphate backbone (Figure 4.6). With this information, we can dock DNA with 

AbrBN due to the extensive amount of computational data for protein:DNA interactions 

as well as AbrB’s interaction with DNA specifically. This interaction is not novel; there 

are other protein/DNA structures solved with similar interactions, i.e., consecutive major 

groove binding and minor groove/phosphate backbone interactions on one face of the 

DNA. The crystal structure of Bovine Papillomavirus-1 E2 DNA- Binding domain bound 
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to its DNA target sequence at 1.7 Å has a similar fold and interaction with its DNA target 

[151]. 

 

Furthermore, specific amino acid interactions with specific bases on the DNA molecules 

were investigated. Again, bioinformatics enabled a detail look based on queries of the 

know protein:DNA structures that have been previously solved. These interactions are 

listed above in Figure 4.8 and 4.9. Of particular interest to this system are arginine 

interactions. From this data, it suggests that arginine residues that interact with the DNA 

in the major groove primarily interact with thymine and guanine residues, while 

interactions in the minor groove is primarily with thymine and adenine residues.  

Specifically investigating the interactions of arginine residues led to the conclusion that 

the majority of the solved protein:DNA interactions lead to interactions dominated by 

guanine residue interacting with N7  and O off of C6 atoms. Of important notice is that 

AbrB contains one threonine residue at the end of the DNA recognition α-helix, this 

residue is also known to interact with DNA, specifically adenine and thymine residues. 

Mutational data has hinted to the importance of this residue in interaction with DNA, 

Table 4.2. 

 

With the plethora of mutational, modeling and bioinformatic data available we can begin 

to piece together this unique ability to interact with several DNA sequences of no known 

sequence consensus but with tertiary fold consensus (Chapter 2). This interaction appears 

to be dominated with interactions from arginine residues (mutational data) with known 

protein and DNA distances (modeling) and further substantiated by all known 
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protein:DNA interactions (bioinformatics). It is most likely, that arginine residues 23 and 

24 interact in consecutive major grooves of the DNA. This is further validated by the fact 

that α-helices provide a great amount of steric hindrance if binding to the minor groove, 

thereby negating any interactions with the minor groove. The length from α-helix residue 

24 and 24’ is 29.5 Å ± 1.0 Å, while the average length of an unbent B-DNA sequence is 

~30 Å. Proteins are known, and specifically in the case of AbrB, to induce 

conformational bending of DNA upon binding [77].  

 

The interaction with the minor groove is more complex. β-strands are known to 

intercalate within the minor groove to form specific interactions with specific DNA 

bases. However, in the case of arginine residues, it has been shown that of this interaction 

70% of the time the interaction will be with the phosphate backbone. While, it is possible 

that the arginine residues 8 and 15 in β-strands 1 and 2 (1’ and 2’) are interacting with 

specific DNA bases, it is statistically unlikely. This is further supported from previous 

aptamer database selections of an idealized sequence that AbrB will bind to. The 

sequence that was concluded was TGG-N9-TGG, or variants between this sequence and 

its complements. This suggests that the interaction is dominated by the TGG sequence 

and that these residues are readily available to form interactions with arginine residues in 

the two consecutive major grooves, similar to 2bop. 

 

Therefore we suggest the interaction of AbrB with DNA in the following manner. The 

interaction consists of two types: two specific interactions of arginine residues 23 and 24 

with TGG base pair triplet major groove, two non-specific interactions of arginine 
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residues 8 and 15 with the minor groove, and two minor contributions of threonine 

residue 25 with the TGG base pair triplet in the major groove, as seen in Figure 4.8 and 

4.9. 

 

Computational data has led to the hypothesis of the interaction of AbrBN with DNA. 

With this data in conjunction with the sequence and secondary structure alignment, one 

can make a good case for extrapolation of this data to that of the AbrBN domain from B. 

anthracis. Furthermore, the argument is further supported through the 15N-1H HSQC’s 

(Figure 4.10). All spectra look remarkably similar. Also, the spectra have good spectral 

dispersion and can account for greater than 90% of the amino acids present. For these 

reasons, we believe that AbrB from B. anthracis will act in a similar to manner to bind 

the toxicity genes. From these similarities, we conclude that greater control of the toxicity 

genes can be accomplished and will stop the production through this greater gene control. 

 

 MATERIAL AND METHODS 

Modeling.  

As described in Appendix E. 

 

 Cloning and Expression.  

As described in Appendix E. 

 

Purification.  

As described in Appendix E. 
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NMR Studies.  

As described in Appendix E. 
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Chapter 5: Solution structure of the DNA-binding 

domain of the transition state regulator Abh from 

Bacillus subtilis 

The work in this chapter was performed in collaboration with Dr. Geoffrey Mueller of 

NIEHS, and Dr. Ron Venters of the NMR Spectroscopy Center of Duke University. 

 

ABSTRACT 

Much effort has focused on the genetic characterization of transition-state regulators, 

however little is known about their structural and functional conservation at the 

molecular level. Understanding the molecular mechanisms of how these proteins function 

is vital since they allow bacteria, including pathogenic species, to cope with and adapt to 

changing environments. Here we describe the high resolution NMR solution structure of 

the DNA-binding domain of the Bacillus subtilis transition-state regulator Abh. Sequence 

homology investigations show that this DNA-binding topology also is found in other 

disparately related microbes. Comparisons of the Abh DNA-binding domain with DNA-

binding proteins of known structure, primarily the refined structure of AbrBN, show that 

this class of DNA-recognition folds employs a dimeric topology for cellular function. 

Combination of a structural analysis of the Abh DNA-binding domain, AbrB DNA-

binding domain, bioanalytical and mutagenic data of full length AbrB allows for a 

general model that describes the genetic regulation properties of transition state 

regulators. 
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In Bacillus subtilis, transition-state regulators play an essential role in the adaptive 

capacity and survival of the cell. When environmental conditions are non-conducive for 

exponential growth, alternative metabolic pathways are established to optimize the use of 

available resources or to direct the cell towards formation of a protective dormant spore. 

However, little to no known data exists for Abh. There is ongoing work for the deduction 

of known DNA binding targets (unpublished results, M.A. Strauch). AbhN is a 

multimeric protein consisting of identical 54 residues, 6.1 kDa monomers. The N-

terminal domain (residues 1-54) is expected to be primarily involved in DNA binding. 

Structural and sequence similarity to AbrB from B. subtilis (Chapter 2) implies that DNA 

targeting lies in the responsibility of the N-terminal domain (residues 1-54). Also, it can 

be hypothesized that the interaction with DNA is similar, recognition of a unique tertiary 

three-dimensional structure of DNA. A general mechanism allowing for promiscuity in 

AbrB’s recognition can be extrapolated to Abh. How AbrB is able to specifically bind too 

many unrelated genes has not been determined and promoted these investigations into the 

structural basis of DNA recognition by Abh and the transition state regulatory family as a 

whole.  

 

Here we present the high resolution solution structure of the dimeric Abh N-terminal 

DNA binding domain. Our studies show that the nucleotide sequence recognition regions 

are similar to that of AbrB, a dimeric topology of the N-terminal DNA binding domain. 

These data support a model in which Abh and AbrB binds target DNA sequences using 

an integrated mechanism of macromolecular assembly and reorientation of key features 

of the DNA binding domain.  

 
 

RESULTS 
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Heteronuclear multidimensional NMR. Heteronuclear multidimensional NMR techniques 

were used to completely assign H, C and N backbone and side chain resonances (see 

http://cavanagh-lab.bch.ncsu.edu/ for supplementary data), provided  sequential 

connectivities, and define distance relationships between protons for the development of 

a high resolution structural model of AbhN (Figure 5.1). 15N-1H HSQC NMR spectrum 

showed the presence of single, unique resonance for each 15N-1H pair, which was all 

unambiguously assigned, indicative of a uniform protein population of structurally 

symmetrical dimer. All amide resonances were assigned, with exception to residues 1 and 

2, while all side chain resonances of their residues were assigned from CBCA(CO)NH, 

H(CCO)NH-TOCSY, and (H)C(CO)NH-TOCSY spectra. Chemical shifts of all assigned 

residues will be deposited in the BioMagResBank (http://www.bmrb.wisc.edu). 

 

 

 

 

 

 

CSI analysis of the Hα, Cα, Cβ, and C’ chemical shifts revealed one stretch of α-helical 

region, residues 20 - 26. Furthermore CSI analysis revealed four stretches of β-strand 

Figure 5.1. Secondary and tertiary structures. A, recently refined structure of AbrBN from B. 
subtilis. B, most recent and lowest energy structure of AbhN Bacillus subtilis. Notice the similarities in 
secondary structure and dimerization interfaces. 
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regions; 4 - 10, 15 - 17, 34 - 39, and 41 - 46. Furthermore, TALOS analysis of the 

sequence and chemical shifts correspond quite similar with that of the CSI data [140]. 

These predictions correspond quite well with the previously reported structure with one 

notable exception for β-strand 2. β-strand 2 is a very short β-strand similar to an “X”. 

This arrangement is in agreement with hydrogen exchange NMR, residue 15 and 17 are 

in fast exchange while residue 16 (the crossing point in the “X”) is in slow exchange due 

to hydrogen bonding. 

 

Structure calculations. As of to date, the twenty solution structures were generated using 

the combined ARIA/CNS protocol described below [141-144]. TALOS prediction agreed 

well with the average energy-minimized structure, one α-helix (residues 20-26) and four 

β-strands (residues 4-9, 15-17, 34-39 and 42-46). Regions of secondary structure defined 

by NOE’s (nuclear Overhauser enhancement) present in each monomer are classified as 

"random coil" (residues 1-3 and 47-53), reverse turns 1, 2, and 3 (residues 11-14, 28-32 

and 40-41, respectively), α-helix (residues 20-26), and β-sheet (β-strand 1 residues 4-

10, β-strand 2 residues 15-17,  β-strand 3 residues 33-39, and  β-strand 4 residues 41-46). 

Residues 1, 2, and 51-53 are highly unstructured as determined by the lack of resonance 

signal in all NMR experiments for residue 1 or the small number of NOE constraints for 

residues 2 and 51-53.  

 

The solution structure of AbhN is similar to the NMR solution structure of the 12kDa N-

terminal DNA binding domain of AbrBN (residues 1 – 53) (PDB ID code 1EKT) (Figure 

5.1) [109, 137]. This is not surprising, because of the sequence similarity of the two 
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domains (~70%) (Figure 5.2). The N-terminal domain α-helix of AbrBN interacts with 

DNA while all β-sheets are involved inter-molecular interactions defining 

multimerization domains. Residues 20-26 of the average energy-minimized structure of 

AbhN present similar structural features of residues 20-26 of the NMR structure of 

AbrBN, while all β-sheets residues 4-10, 15-17, 34-39, and 41-46 present similar 

structural features of residues 4-10, 15-17, 34-39, and 41-46 of AbhN. In both structures 

β-sheets 1 and 2 are connected by loop 1, with β-sheets 3 and 4 (as well as prime sheets) 

are connected by loop 3 (elements of secondary structure also were identified through 

pymol and MOLMOL) [152, 153]. It has been hypothesized that α-helix 1 and 1’ with 

consecutive major grooves on one side of the DNA face (Chapter 2 and 4). 

 

 

 

 

 

DISCUSSION 

Transition state regulators have recently become a unique paradox to the traditional 

protein:DNA interactions. The ability for a protein to recognize and form a significant 

Figure 5.2 Sequence alignment AbrB and Abh. Sequence alignment of AbrB from Bacillus subtilis
and Bacillus anthracis. Residues in red are identical, green are strongly similar, blue somewhat similar 
and black different. The two sequences are 70% identical in the first 53 residues. 
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interaction with DNA has been historically recognized as the ability to recognize a 

consensus sequence. However, how do proteins with a unique ability to form significant 

and biologically relevant interactions with a multitude of DNA with no apparent 

sequence consensus recognize the DNA in order to form complexes with nanomolar 

affinity? This paradox of recognition will only be determined through thorough structural 

and interaction studies. This study represents the first as an attempt to gather structural 

information from two of these unique proteins aptly named transition state regulators.  

 

Three major regions characterize dimeric AbhN (similar to AbrBN): protein dimerization 

domains, α-helix DNA recognition regions, and negatively charged loop regions (Figure 

5.1). These dimerization domains are composed of two inter-molecular interaction β-

strand domains (residue 4-10, 34-39 and 41-46; residues 15-17). The dimerization 

interface is formed from strong intermolecular hydrophobic interactions occurring is 

isoluecine 43 (43’) and leucine 45 (45’) residues between β-strands 4 and 4’ as well as 

with valine 16 (16’) and methonine 18 (18’) from β-strands 2 and 2’. Isoleucine 44 (44’) 

marks the center of symmetry between the two monomers.  The hydrophobic core of each 

monomer is extensively defined through intramolecular hydrophobic packing interactions 

identified between β-strands 2, 3 and 4 (2’, 3’ and 4’). The hydrophobic residues 16, 18 

have long distance intermolecular packing interactions to the β-strands at residues 

positions 34’, 36’, 43’, and 45’ underscoring the dual role of the β-sheet as both a 

dimerization interface and hydrophobic packing scaffold.  
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Basic residues involved in DNA binding. The structure described here provides insight 

into the basic residues involved in binding DNA. The residues that are conserved in both 

sequences have been shown to be essential to DNA binding. Mutagenesis data (Chapter 

4) suggest that R8, R15, R23 and R24 are key residues in the ability for AbrBN to bind 

DNA. In our sequence and structure alignment (Figure 5.1 and 5.2) these residues are 

positioned in the same manner so that analogous electrostatic interactions with DNA 

would be predicted. In AbhN and AbrBN R23 and R24 are contained in the α-helix DNA 

binding domain, which has been hypothesized to bind consecutive major grooves of 

dsDNA. Mutagenesis data of AbrBN has also shown that R8 and R15 are important for 

DNA recognition. Hence, R8, R15, R23 and R24 in both transition state regulators are 

predicted to conserve the functionality of the transition state regulator DNA interaction in 

AbhN. 

 

Residues involved in multimerization. A comparison the multimerization domains of 

AbhN and AbrBN presented here provides a unique opportunity to consider the role of 

various residues in the multimerization setup. I43 and L45, conserved in these two 

domains, are essential to the multimerization of these proteins. These specific residues 

are not only involved in domain A and B multimerization, but also essential to forming 

the hydrophobic core in interactions with V16 and M18 in AbhN and V16 and I18 in 

AbrBN. The residues involved in the overall multimerization are divergent in amino acid 

type; however not in hydrophobicity. These residues have been shown to be essential in 

complete multimerization of the two domains of AbhN and AbrBN.  
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In summary, the solution structure of the 12kDa N-terminal reported DNA-binding 

domain of Abh will be shortly determined by multidimensional NMR methods. The 

structure appears to be quite homologous to that of N-terminal domain binding domain of 

AbrB. Both domains contain two α-helices and extensive β-sheet multimerization 

domains. Residues in both the α-helices and β-strands 1 and 2 (1’ and 2’) are essential to 

DNA binding, as compared with the AbrBN structure. The structural alignment of the 

two domains along with structural comparison of the two domains allows for the 

extrapolation of the mechanism of interactions with DNA from AbhN to AbrBN. In a few 

cases, there are nonconservative substitutions in the sequence alignment; however these 

substitutions do not fall within residues that are known to effect direct interaction with 

DNA. Therefore, further studies, such as mutational studies and the advancement of 

known DNA binding targets will allow for the deduction of subtlety that allows Abh to 

bind certain DNA targets that AbrB does not bind.  

 

MATERIAL AND METHODS 

Cloning and Expression.  

As described in Appendix E. 

 

Purification.  

As described in Appendix E. 

 

NMR Studies.  

As described in Appendix E.  
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Structure Calculations.  

In progress and described in Appendix E. 
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Chapter 6: Conclusions 

This dissertation describes the result of a structural and molecular analysis of the Bacillus 

subtilis transition state regulators AbrB and Abh, along with known DNA binding targets 

of AbrB. Although much effort has been invested into the genetic and biochemical 

characterization of this class of DNA binding proteins, particularly AbrB, the 

understanding of the underlying mechanisms of regulation remains incomplete at best. 

This study represents the first attempt to provide insights into the structural requirements 

of AbrB and its DNA binding targets, as well as Abh, for enabling interaction. A 

comprehensive collection of methods including mass spectrometry, circular dichroism, 

fluorescence, UV spectroscopy, molecular modeling, mutagenesis and high resolution 

nuclear magnetic resonance were employed to elucidate the structure-function 

relationships.  

 

Wild type AbrB. AbrB’s macromolecular functional state discriminates among target 

promoter sequences in a manner dependent on the structural topology of the DNA 

(Chapter 2). In addition, AbrB possess certain structural requirements based on amino 

acid sequence to be able to fully regulate these DNA targets (Chapter 3 and 4). 

Furthermore, structural insights into the DNA targets allowed for the identification of a 

subset of DNA structural requirements that are necessary to maintain a significant and 

biologically relevant interaction (Chapter 2). The ability of transition state regulators to 

recognize a multitude of DNA sequences with no apparent homology can be attributed to 

a synchronization of the motion between structurally independent regions of the proteins 

(Chapter 3 and 4) and the DNA (Chapter 2). Based on these results we have proposed a 
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two-step model for the recognition and differential control by AbrB and Abh. 

Generalized DNA structure recognition is initiated or stabilized by a general DNA 

topology fold and then nucleotide sequence recognition is conferred by reorientation of 

the protein’s topology to optimize sequence specific amino acid/nucleotide contacts 

(Chapter 3 and 4). Finally, a structural fold relationship exists between the transition state 

regulators AbrB and Abh N-terminal domains, highlighting specific amino acids 

necessary for binding (Chapter 5). The results are one of the most compelling examples 

of structural conservation providing an ability to recognize a multitude of DNA targets. 

The global transition state regulator family has been greatly enhanced as a unique class of 

protein structure and fold with the recent AbhN solution structure (Chapter 5). 

 

While the research here has provided significant advancements towards the development 

of a model that explains the inherent plasticity of transition state regulators to bind over 

60 promoter sequences with no consensus sequence, further studies must be undertaken 

to unequivocally determine the exact mode of interaction. With the advent of new 

isotopic labeling techniques, cryogenic probes and nuclear magnetic resonance machines 

in the giga-hertz domain the possibility of obtaining a high resolution NMR structure is 

certainly within grasp. There needs to be a continued effort to provide a detailed analysis 

of tetramer structure, mutations, and its effect on DNA-binding due to the amount of 

information available with the N-terminal domain and the binding studies of full length 

protein. The end of the story will not be concluded until the full length structure is 

determined, the N-terminal bound to DNA and/or the full length structure bound to DNA. 

This will unequivocally provide the exact mechanism of interaction.  
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AbrB N-terminal Domain. Significant gains have been made with the refinement of the 

N-terminal domain. With the refinement, previous mutational data has begun to clarify 

the mode of regulation of DNA. Significant predictions can been made not only for what 

residues are important for interaction with DNA, but also structurally why these 

mutations result in knockout, partial and/or full activity phenotypes. Chapter 2 described 

functional structural parameters for a small subset of DNA sequences. This study must be 

further expanded to become more statistically relevant. Also, Chapter 3 and 4 showed 

possible structural and functional reasons for the mutational data. It is clear that residues 

R8, R15, R23 and R24 are in direct contact with the DNA even though the structure was 

not solved in the presence of DNA. We can say this with some certainty thanks to the 

described computational data of protein:DNA structures and the mutational data. 

Supporting this supposition are the AbrBN dynamics data. Millisecond time scale 

motions appear to highlight essential residues involved in interactions. In particular, 

dynamics on the millisecond timescale identify R15, R23 and R24 as having a significant 

propensity to undergo conformational exchange. These data, in combination with 

mutational and computational efforts have established many residues directly involved in 

DNA binding. Also, dynamics suggests that the negative loop regions are especially 

important to recognition. This role of these residues is most likely not directly due to their 

negative electrostatic character. However, through the repulsion between the negative 

loops and the negative phosphate backbone of the DNA, this region can act as a hinge to 

re-orientate the critical  α-helical regions (including R23 and R24) to form significant and 

specific interactions with DNA in consecutive major grooves. 

 



 97

Therefore in accordance with the proposed model in Chapter 4, it is possible that the N-

terminal DNA recognition α-helices of the AbrBN-dimer may be interacting specifically 

within the major groove with guanine residues while β-strands 1 and 2 (1’ and 2’) can 

interact with the minor groove primarily at the phosphate backbone making limited 

contacts. The latter interaction may be present primarily as a stabilizing interaction after 

specific contacts are made within the α-helices (Chapter 4). However, such a mechanism 

while contributing to the ability to understand the interaction, does not describe the 

ability of AbrB to discriminate among DNA sequences. Other significant structural 

features must be present, primarily with the DNA sequence (Chapter 2). While the 

refined structure has provided, supported and clarified mutational data, the model will 

remain incomplete until a structure is solved in the presence of DNA.  

 

Abh N-terminal Domain. The structure determination of the N-terminal domain of Abh 

will significantly increase the stature of this protein class as a fold that has unique 

functionality in its ability to bind to a multitude of promoters (Chapter 5). Sequence and 

secondary structure similarity between AbrB and Abh can provide insights into Abh’s 

regulation. Three dimensional structure similarities unequivocally define a relationship 

between AbrBN and AbhN, specifically the α-helices and β-strands. Mutational data on 

AbrBN has shown conserved residues with the α-helical domain of R8, R15, R23 and 

R24 to be essential for DNA binding. It has been previously proposed that mutation in β-

strand 4 and 4’ can disrupt the hydrophobic core.  
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All circumstantial data suggest a similar mode of interaction between Abh and its cognate 

DNA promoters – but this needs to be confirmed. This project has been hindered due to a 

lack of mutational data. Further complicating the progress of this project is that there are 

no known DNA binding targets at this time. These tasks need to be accomplished before 

any significant advances can be made. The introduction of mutational data for AbhN will 

greatly aid in defining the electrostatic surface potential of the arginines 8, 15, 23 and 24 

and surrounding residues as an essential characteristic of binding.  

 

It is unlikely that subtle structural differences between AbrBN and AbhN result in each 

proteins inability to strongly recognize each others promoters. It is likely that this 

selection process is carried out by differences in the C-terminal domains architecture and 

also, perhaps, differences in the millisecond dynamic profiles of the DNA-binding 

domains. The ability to compare the structures and dynamic profiles of AbrBN, AbhN 

and SpoVTN will provide significant insight into the role of protein motions on DNA 

recognition. While this will be accomplished in the near future, determining the structure 

of AbhN is a critical first step. It has also allowed us to establish that transition state 

regulators appear to be a unique DNA binding protein family. 

 

In summary, this dissertation has provided the first in depth analysis of transition state 

regulators and their mechanisms of DNA binding. We have developed working models of 

how a single protein is able to bind over 60 genes with no consensus sequence, thereby 

adding meaningfully theories to the knowledge base of protein:DNA interactions.  
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Appendix A 

Nuclear Magnetic Resonance 

Theory.  Determining the three dimensional structure of biological macromolecules, such 

as proteins, is critical in understanding their function. Presented here are some basic 

aspects of Nuclear Magnetic Resonance (NMR) that are essential for understanding this 

method as it is used for structure determination [154].  

 

NMR spectroscopy arises from the fact that nuclei have a property known as spin. Spin 

provides a magnetic property to the nuclei. All nuclei have a nuclear magnetic moment. 

Quantum mechanics states that this nuclear spin is characterized by a nuclear spin 

quantum number, I. A spin-half nucleus has an interaction with a magnetic field which 

gives rise to two energy levels (α and β) (Figure A.1). These states are characterized by 

another quantum number m which is restricted to the values -I to I in integer steps. 

Therefore in the case where I=1/2, m can have the discreet values of ±1/2. 

 

 

 

 

Figure A.1. Energy transition between α and β states. For spins of ±1/2 the radio frequency needed to 
complete a transition from the α state to the β state is give by ναβ. 
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In NMR, there is the presence of a static magnetic field (B0) (Figure A.2). In this 

magnetic field, the nuclear magnetic moment and the static magnetic field interact to give 

a spin processing around the static magnetic field. This is given by the following formula 

(Eq. A1) and each nucleus will process at its characteristic Larmor frequency, ω0: 

 

                  [Eq. A1] 

 

 

 

 

The gyromganetic moment, γn, contains the intrinsic propensity of a particular nuclei for 

its nuclear magnetic moment. 

 

For I=1/2, the energy difference between the α and β states is given by (also the energy 

difference is proportional to the strength of the static magnetic field) (Eq. A2) 

 

                  [Eq. A2] 

 

Figure A.2. Equilibrium state inside NMR. Bo is the static magnetic field. M represents the direction 
of the magnetization vector. Three dimensional coordinate shown.  



 101

where h is Planck’s constant. The α state is the low energy state that is aligned parallel to 

B0, while the β state is the high energy state that is anti-parallel to B0. Transitions from 

the α state to the β state is accomplished through the application of a radiofrequency 

corresponding to this energy difference (Figure A.1). 

 

Up to now, the description for NMR has focused on one spin. However, in any biological 

macromolecule there are hundreds to thousands of atoms each possessing at a unique 

magnetic moment (Figure A.3). For a system of N non-interacting spins at a value of ½ 

and at equilibrium in the presence of a magnetic field, the distribution of nuclei between 

α and β states will be produced by a Boltzman distribution (Eq A3). 

 

                  [Eq. A3] 

 

 

 

 

where Nα and Nβ are the population of spins in the α and β states, κ is the Boltzman 

constant and T is the temperature in Kelvin. This population distribution is proportional 

to the energy difference between the spin levels and thus to the strength of the magnetic 

Figure A.3. Boltzman distribution. Boltzman distribution at equilibrium, after a 90 pulse and after 
relaxation. Black arrows represent spin in the ½ state and grey arrows represent spin in the – ½ state. 
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field. At equilibrium, the α (- ½ ) state has a small excess of spins compared to the β ( ½ ) 

state. This is governed by temperature and the Boltzman constant. The excess amount of 

spins in the α state gives rise to a bulk magnetization vector, M, parallel to the static 

magnetic field. 

 

 

 

When an rf pulse, B1, is applied in the x, y plane the bulk magnetization, M, is flipped 

into the x, y plane (Figure A.4). Appropriate pluses, in length of time, can result in a 

perfect 90 pulse, resulting in an equalization of α and β states. The result is identical 

superpositions of energy phases and amplitudes of the states. This superposition is a type 

of communication between the energy levels termed coherence. Coherence can happen 

through multiple pulse sequences at specific radio frequencies to transfer magnetization 

from one atom to another, i.e. HN to N. The magnetization in the x, y plane is termed 

transverse magnetization and is subject to the static magnetic field. This force causes the 

precession of the spin at the resonant frequency of the specific atom (Figure A.4). The 

spin will reach equilibrium, back to the bulk magnetization (B0). From this relaxation 

back to B0, two rate constants can be obtained. 1/T1, longitudinal or spin-lattice relaxation 

rate, is the amount of magnetization in parallel to B0. 1/T2, transverse or spin-spin 

relaxation rate, is the amount of magnetization in perpendicular to B0, x, y plane. This 

Figure A.4. Applying a rf pulse. B1 is applied in the x,y plane and the bulk magnetization, M, is 
flipped into that plane. 
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magnetization decays over time as the pulse is only applied for a short time and then it is 

subjected to the static magnetic field. As a consequence of the definitions T2 can never be 

longer than T1. Often, conformational exchange and B0 field inhomogeneities can 

contribute to T2, making T2 shorter than T1. 

 

As a consequence of the rf pulses, oscillating currents from the decaying transverse 

magnetization can be detected by a receiver in the x, y plane. As this signal is recorded 

over time it produces a free induction decay (FID) that can be Fourier transformed from a 

time domain to a frequency domain (Figure A.5). This Fourier transformation gives the 

characteristic of a NMR spectrum with peaks corresponding to certain and specific spins 

in the biological sample. Furthermore, peak height corresponds to the number of spins at 

a particular frequency. Peak width at half maximum height then corresponds to the 

effective T2 relaxation time. 
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Threes company.  Structural data is obtained through three important NMR interactions. 

Scalar coupling (through bond information), dipolar coupling (through space interactions) 

and chemical shift (specific nucleus electronic environment) are the three types of 

interactions that give rise to structural data. The latter, the chemical shift (δ), is due to the 

differing resonant frequencies of the atoms. These chemical shifts are directly due to the 

electronic environments that depend on the immediate chemical environment produced 

by the residues surrounding that atom. Therefore, certain chemical shifts can be attributed 

to differing types of nuclei and this can be mapped to an NMR spectrum. Furthermore, 

the environment of an atom in the hydrophobic core is extremely different from the 

environment of a solvent exposed atom. These chemical shift values will shift away from 

Figure A.5. From the vector model to a Fourier transformed FID. The schematic shows the process 
of applying a rf pulse to the creation of a FID to the Fourier transformation of the spectra resulting in 
one sharp line in the NMR spectrum. Of course, biological samples have thousands of atoms resulting 
in thousands of NMR peaks, indistinguishable in 1D NMR. 
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another. Chemical shift is defined in terms of parts per million (ppm). The individual 

resonant frequency divided by the Larmor frequency of a proton at the main static 

magnetic field at which the experiments are performed. This conversion maintains the 

normalization of peak values when the nuclei are examined. A standard is usually used in 

NMR experiments, for protein NMR the chemical shift of water is at 4.7 ppm. Therefore, 

each spectrum can have its water signal centered on this particular value and we can 

compare on spectra to another.  

 

Scalar coupling, through bond coupling (J-coupling), gives rise to splitting of individual 

resonant peaks, such as α and β (Figure A.6).  This is due to nuclei with more than one ½ 

spin nucleus bound covalently, like proteins. For a simplistic sake, imagine a molecule 

with two ½ spins that are scalar coupled, the peaks will appear as double peaks of equal 

intensity. The distance between the two peaks in the doublet is measured in Hertz (Hz) 

and therefore is a time dependent phenomenon. This characteristic is due to the 

orientation of one nucleus to the other and the specific type of spins involved in the 

coupling (Figure A.7). The further distance between bonds the smaller the value of 

coupling. The maximum distance that has observable coupling constants is four bonds 

apart due to small splitting. Thus, scalar coupling interactions give orientation of covalent 

bonds in relation to one another. 
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Dipolar coupling interactions are observed by a phenomenon called nuclear Overhauser 

enhancement (NOE). Interactions via electrons that “feel” each other through space are 

Figure A.7.  One-bond heteronuclear couplings. Summary of one-bond heteronuclear couplings 
along the polypeptide chain utilized in 3D and 4D NMR experiments. 

Figure A.6. J-coupling. Scalar coupling, through bond coupling (J-coupling), gives rise to splitting of 
individual resonant peaks, such as α and β. 
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the basis for the NOE, which ultimately allows distance measurements between protons. 

The detailed analysis of protein spectra is based on these correlations.  NOEs are a result 

of through space interactions between two or more spin systems in which they are located 

within a certain distance to allow for the magnetization to pass. The closer the two spin 

systems are in space, the stronger the relaxation properties. Through space correlations 

provide the basis for geometric information required to determine the structure of a 

macromolecule and are measured via the NOE. The NMR method for protein structure 

determination relies on a dense network of distance constraints derived from NOEs 

between nearby hydrogen atoms in the protein. NOEs connect pairs of hydrogen atoms 

separated by less than 5 Å (Figure A.8). For molecules with a molecular weight of more 

than 5 kDa, the intensity of an NOE is approximately proportional the molecular weight 

and to r-6, where r is the distance between the two interacting spins. Dependence on the 

inverse sixth power of the distance between the nuclei causes the NOE intensity to 

diminish rapidly with increasing distance. This is why NOEs between protons in a protein 

that are separated by more than 5 Å are typically not observed. NMR experiments that 

measure the NOE are referred to as NOE spectroscopy (NOESY) experiments. 
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Application. In order to use NMR for the analysis of protein structure, every resonance 

peak in a scalar coupled or NOE NMR spectrum needs to be unambiguously assigned to 

a nuclei. Unfortunately, the NMR frequency distribution of nuclei present in biological 

macromolecules is small, and in a typical protein there exist several hundreds of NMR 

nuclei giving rise to detectable resonances. As a consequence, resonance peaks are 

overlapped. Therefore, multi-dimensional heteronuclear NMR techniques were 

developed to resolve the resonances into distinguishable, unambiguously assignable 

peaks [154].  

 

Figure A.8. Schematic drawing of the use of distance constraints for the determination of the 3-
D structure of biological macromolecules. On the left, distances obtained from NOESY spectra for 
seven pairs of protons are indicated and numbered from 1 to 7. In the middle, the gray vertical line 
represents the polypeptide chain, and the black dots represent the sequential positions of the 
individual protons that define the seven distances on the left-hand side of the figure. N and C mark 
the N and C terminus of the polypeptide chain. The protons are numbered according to the distances 
they define. Adding the information on the distance between pairs of protons and their position in the 
polypeptide sequence allows the construction of possible arrangements in which all distance 
constraints are fulfilled as indicated on the right-hand side of the figure. 
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Multi-dimensional NMR can be described by a simple two-dimensional pulse 

experiment (Figure A.9). Through this a coupled spin system is excited by two pulses 

that are separated by a variable time interval, the evolution time t1. t1, the indirect time 

dimension, and t2, the direct-detection time dimension are two time independent 

variables that contain coherence information that lead to the NMR signal. In 3D NMR, t3 

is also a direct-detection dimension. For 2D NMR, both dimensions will be Fourier 

transformed from “signal over time” to absolute frequency, t1 and t2. The indirect time 

dimension is generated by increasing the amount of time between the two pulses in each 

successive experiment.  

 

 

 

The experiments are unremarkable in that identical information is obtained in both 

dimensions. i.e., if one were to view either dimension from the side instead of 

overhead, they would appear identical. However, the expansion of information content 

Figure A.9. 1D, 2D and 3D NMR. Examples of 1D, 2D and 3D NMR with evolution and detection, 
t1 and t2, indicated.  
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of any one NMR experiment is gained by applying various schemes of pulses at 

specific intervals during the t1 evolution time, resulting in unique information content 

that reflects the chemical environment of each spin. Because there are now two 

independent parameters characterizing each spin system, these parameters can be used 

to separate the overlapped spin system resonances and thus increase the resolution in 

any single NMR experiment.  

 

The primary concern of NMR structural biologists is the unambiguous peak assignment 

of all 1H resonances in the protein. By application of pulses, time delays, and one, two 

or three additional evolution times with concomitant pulses and delays to extract unique 

information of the immediate chemical environment, the overlapped resonances of a 

one-dimensional experiment can be resolved into two, three or four dimensions (Figure 

A.10). 

 
 

1H-1H NOESY (F1, F3)

15N (F2)

1H (F1)

NH (F3)

1H-15N HSQC (F2, F3)

 

 

 

Figure A.10. Resolution of a 2D to 3D. A schematic illustration showing the relation between a 3D 
1H-15N NOESY-HSQC experiment and 2D 1H-1H NOESY (F1, F3) and 2D 1H-15N HSQC (F2, 
F3) spectrum. 
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This increase in spectral resolution is possible through the incorporation of other NMR 

active nuclei to edit the spectra. For example, if one “enriches” the protein sample by 

expressing the gene in media enriched with 15NH4Cl as the sole source of nitrogen, all 

nitrogen nuclei in the protein will be NMR active. Therefore, all NMR experiments can 

develop information on the chemical environment in which the 15N resides. Or if 13C 

labeled glucose is the only glucose source, all carbon nuclei in the protein will be NMR 

active. 

 

Magnetization evolving on a nitrogen nucleus (indirect dimension 1) can be transferred 

to another nucleus (indirect dimension 2) either via the dipolar- or scalar-coupled 

interactions, then be transferred to a proton nucleus and detected in the direct dimension 

(dimension 3). This is the basis for the HNCA (Figure A.11) or any sequential 

backbone assignment experiment. In these experiments, a HSQC half of the experiment 

produces a correlation resonance peak between every amide nitrogen (dimension 1) and 

the amide proton (dimension 2) to which it is attached. The carbon half, making up the 

third dimension, will generate information on what carbon nuclei are next to the amide 

proton (i and i-1). These experiments yield information on the sequential assignment of 

the protein backbone, a necessary step (explained below) to the development of 

solution phase NMR structures. 
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Assigning Resonances to Protein Nuclei. High-resolution protein NMR requires 

knowledge of the primary amino acid sequence of the protein being analyzed. In order 

for this to be accomplished several 3D NMR experiments must be taken and the data 

utilized in unison. Initial assignments can be made from HNCACB, CBCA(CO)HN, 

HNCA, HN(CO)CA, HNCB, HNCO, HN(CA)CO, C(CO)NH, and HCCH-TOCSY 

experiments [154] as the minimum amount of 3D NMR experiments needed to assign 

resonances. Linear alignment of a series of 5 or more spin systems can be used to 

unambiguously assign the spin systems and associated chemical shifts to the residue 

position in the primary amino acid sequence. Many developments in NMR pulse 

sequences have utilized 13C nuclei to such a great extent that now, with a handful of 

experiments, unambiguous assignment of spin systems in 13C enriched proteins can be 

accomplished in a fraction of the time taken for non-enriched proteins. The experiments 

literally connect the nucleus of residue i to residue i-1, allowing the experimentalist to 

Figure A.11. HNCA pulse sequence. An example of a HNCA pulse sequence. Leading to 
information about HN

i – Ni – CAi(i-1). 
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“walk” down the resonances of the backbone in a sequential manner. These 

experiments include but are not limited to those seen in Figure A.12. 
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A minimal of six NMR experiments are required for sequence sequential assignments. 

HNCACB and CBCA(CO)NH are paired to define Cb(i-1), Ca(i-1), H(i), N(i), Ca(i) 

and Cb(i). HNCA and HN(CO)CA are paired to define Ca(i-1), H(i), N(i), and Ca(i); 

while HNCO and HN(CA)CO define CO(i-1), H(i), N(i) and CO(i). Those nuclei in 

Figure A12. Triple resonance experiments. Triple resonance experiments for resonance 
assignment of 15N, 13C-labeled proteins.
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duplication between experiments are then averaged to define one system which consists 

of CO(i-1), Cb(i-1), Ca(i-1), H(i), N(i), Ca(i), Cb(i) and CO(i0. Once this is 

accomplished spin systems are paired based on i-1 to i connectivities and sequential 

assignments are made. 

 

Secondary Structure Assignment. Secondary structures and relative distribution of these 

structures throughout the protein primary sequence can be obtained from interpretation 

of NOEs. Helices are characterized by a string of residues with large NOEs (short 

through space distance) from NH(i)->NH(i+1), medium or weak NOEs from NH(i)-

>NH(i+2), NH(i)->NH(i+3), and Cα(i)->Cβ(i+3) NOEs. Extended β-strands often 

have a pattern of strong NH(i)->Cα(i+1) and weak NH(i)->NH(i+1) NOEs.  Anti-

parallel β-strands can also be constructed into a β-sheet using the strong Cαi -Cα (j) 

NOEs. Three bond coupling-constants occurring between the NH and CαH of a residue 

(3JHNα) will vary according to the dihedral angle, and also aid in defining the secondary 

structure of a residue. A large 3JHNα value indicates that the dihedral angle is extended 

(β-sheet), a small 3JHNα value indicates that the dihedral angle is closed (α-helix). 

 

Unambiguous sequential assignment of all 1H present in the protein allows for one to 

begin structure calculations using NOEs and coupling constants. NOEs, by far, 

contribute the greatest amount of structural data necessary for the development of a 

high-resolution structure. Care must be taken so that artifactual NOE resonances arising 

from indirect through-space transfer (spin diffusion) are not interpreted as actual data. 

Experimental conditions can be optimized so that these spin-diffusion artifacts are 
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minimized. Subsequent computational analysis will eliminate questionable peaks 

arising from spin diffusion.  

 

Determining Distances Between Nuclei. NOE peaks intensities are a function of 

distance between the interacting spins, these intensities are calibrated to an approximate 

distance allowing for the construction of a 3D protein structure. Assignment of a 

minimum and maximum distance is made according to ranges of distances between 

secondary structure nuclei as found in solved crystal structures [155]. For example, the 

distance between NH(i)->Cα(i+1) and NH(i)->NH(i+1) NOEs in β-strands is 

approximately 2.2 and 4.3 Å, respectively. In α-helices, NH(i)->NH(i+1) and NH(i)-

>NH(i+2) are approximately 2.8 and 4.2 Å, respectively. Examination of the intensities 

of the resonances arising from these internuclear allows for an estimation of an 

approximate distance. For example, a 1H-15N NOESY data set might have resonances in 

the secondary structures corresponding to the following:  

   5.0 → 4.0 Å    0.1 → 35 

   4.0 → 3.0 Å     35 → 150 

   3.0 → 2.6 Å   150 → 711 

   2.6 → 1.8 Å   711 → 20,000 

in which the ranges listed in the right column are given in arbitrary intensity units of the 

NOE resonances. Lower distance values correspond to the sum of the hydrogen van der 

Waal’s radii (and thus higher NOE intensities), and higher values correspond to the 

distance limit at which a nucleus contributes to an NOE signal, i.e. the two nuclei in 

question are too far apart in distance. NOE intensity to distance conversion also needs 
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to account for non-stereospecific assignment of side chains [155]. In instances 

involving fast ring-flipping of aromatic residues or conformational averaging of 

methylenes and methyls, a pseudoatom correction needs to be applied. This is a 

correction added to the distance restraint to allow for maximum error that accounts for 

the geometrically averaged position of the proton or protons. Although careful 

calibration of the resonance intensity to distances is essential for structure calculations, 

a critical determinant of structure precision is the number of NOE contacts per residue. 

Model calculations show that high structure precision can be obtained from loose 

distance constraints.  

  

Determining Dihedral Angles. Secondary structure can be determined through the use 

of coupling constants between nuclei. The coupling constant is related to the φ, ψ or χn 

dihedral angle through the semi-empirical Karplus equation: 

 

                        [Eq. A4] 

 

where A, B and C have been determined experimentally. Direct measurement of the 

distance (in Hz) of the fine structure of the HN-N peak in the HMQC-J experiment 

allows for an approximation of the dihedral angle between the HN and Cα proton. 

Other methods such as the HNHA experiment utilize the strength of scalar-coupled 

magnetization transfer as a measure of dihedral angle conformation of the φ and ψ 

angles, respectively. In circumstances where the coupling constant cannot be 

determined, but geminal or vicinal protons are unambiguous, conformations of the 
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dihedral angle can be fixed and the effects on the energy or NOE violations of the 

structure can be computed.   

   

Determination of Hydrogen Bonds. Seminal papers [156-158] addressed a variety of 

mechanisms for hydrogen exchange in proteins, but all proposed that structural 

instability in the form of unfolding is primarily responsible for solvent exchange with a 

labile proton. A general observation of hydrogen exchange experiments is that those 

protons found in the deep interior of proteins or are “locked” into a hydrogen bond will 

exhibit retarded exchange character. Fast experimental times for the HSQC experiment 

allow for successive measurements of the presence of labile backbone HN protons, with 

as little as 10 minutes between experiments. Thus, if a protonated protein is exchanged 

into a deuterated buffer, relative propensities for proton → deuteron exchange for each 

HN nucleus can be determined by monitoring the disappearance of HN-N resonance 

crosspeaks in successive HSQC experiments, as deuterium is not a NMR active nuclei. 

In conjunction with patterns of NOEs and dihedral angles from coupling constants, the 

presence of hydrogen exchange protected amide protons contributes to the development 

of precise local protein structures or regions that are solvent exposed. 

 

Structure calculations are performed on an iterative basis, gradually adding restraint 

information (i.e. information used to restrain a nucleus in a relative formation to other 

nuclei in three-dimensional space) whether it is NOE, scalar coupling or hydrogen bond 

data. The unique facet of NMR structure determination is that all data is self-consistent 

and complimentary. Any inconsistencies in restraints are usually a result of mis-
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interpreted data rather than actual or artifactual data. On the other hand, data that appear 

to be contradictory (e.g. NOEs arising from conformational exchange) may be an actual 

representation of the system. Thus, all data must be self-consistent, corroborative and 

accounted for in the context of the structure. From this perspective, course or low-

resolution structural models are first developed through the incorporation of 

unambiguous, long-range (>5 residues away in the primary sequence) NOEs. Structure 

computations are performed that determine if any data errors or violations in the 

standard geometry input (bond lengths, angles or overlaps of van der Waahl’s radii) are 

occurring. As errors are fixed or removed, more restraint information is added to the 

input data until all NMR information is accounted for.  

  

“Force-fields” that define standard molecular geometry or nuclear interactions with 

other nuclei (either in the solvent, in other proteins, or in the solvent) are in constant 

refinement but all feature similar information and are incorporated into the programs 

used to determine structure. Computational methods used for structure elucidation are 

also numerous. We particularly relied on one method, Crystallography and NMR 

System (CNS) [159]. CNS provided a conglomeration of the necessary tools that are 

needed to produce protein structures that several of the other computational methods 

provide. This afforded the unique opportunity to utilize all the nuances that CNS 

offered.  

 

Simulated annealing. The process of simulated annealing involves computationally 

raising the temperature of a pre-configured protein structure so that it becomes a 
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“molten” substance, i.e. linear. Slowly decreasing the temperature allows for careful 

control over the liquid to crystal phase-transition. The final structure has been 

minimized for constraint violations and energies in covalent geometry, and represents 

the energetically global minimum for free energy. High temperatures present at the 

initiation of simulated annealing experiments allow the protein to come to thermal 

equilibrium with the surroundings. These temperatures are sufficient to enable the 

protein to occupy high-energy regions of conformational space and pass over high-

energy barriers. Usually simplified force-fields are used that replace non-bonded 

(“hard-sphere”) interactions with a van der Waal’s term. Although many of the 

violations in covalent geometry and restraint input can be eliminated at this step, the 

use of the simplified force-field and limitations on the number of cooling steps is 

insufficient to accurately represent a global energy minimum of the structure. 

Subsequent computational analysis of many structures that show convergence to a 

single structure allows for confidence in the structure, constraint inputs, and correctness 

of the violations to be gained. 

 

Dimers. Determining the configuration of dimeric structures can be slightly more 

complicated than that for monomeric structures. Methods proposed [160] utilize a non-

crystallographic energy function that partitions constraints into contributions from two 

identical structures, and minimizes constraint violations during computational analysis. 

This energy function ensures that both monomers are identical in structure but are 

oriented symmetrically relative to each other. In some fortunate cases, unambiguous 

NOEs may be identified that allow for a priori orientation of monomeric partners into a 
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dimeric complex. Structures with such a priori information are found in this study to 

benefit, in terms of resolution, from excluding the non-crystallographic term. In such 

cases, monomeric structures are solved first, and NOE data that may include both intra- 

and intermolecular contributions are excluded from the input constraint data set. 

Intermolecular constraints are added iteratively to discern among restraints that may 

arise solely from inter- or intramolecular contributions or from both inter- and 

intramolecular contributions. In the event of the latter, a correction is added to the 

restraint distance that accounts for a sum-squared contribution of each nucleus to the 

NOE, and thus the distance, to the contact nucleus. Subsequent analysis with simulated 

annealing protocols generates high-resolution dimeric structural coordinates.  

 

Assessment of quality in NMR structures. Quality assessment of the final structures is 

determined as a function how well the structures reflect experimentally derived 

constraints and to what degree of precision are the structures determined. Several 

parameters are generally considered for assessing how well the structures reflect 

experimental data. These include the number of constraint violations, the number of 

constraint violations over a certain threshold, the magnitude of violations, energies 

(using a specified “force-field”) of the “best” structures, and the root-mean-square-

deviation of the lowest energy structures. High precision will occur if all structures 

converge to a similar topology. NMR data is inherently “loose” in that both J-coupling 

and NOE data do not have defined dihedral angles or distances associated with a 

specific experimental value. Additionally, distance geometry methods, as described 

above, randomly assign spatial coordinates to an atom within a range of values. Thus, 
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randomness in the NMR distance and dihedral data and starting structures is inherent in 

the computational methods. A rule of thumb used for high-resolution NMR structures is 

to have more than 15 restraints per residue, no consistent violations present in all 

structures, no NOE distance violation greater than 0.5 Å, no dihedral angle violations 

greater than 5°, and a root-mean-square-deviation from the mean structure less than 0.8 

Å. It is difficult to assess how well the computational energy of the structure reflects the 

experimentally derived data unless a force-field is specified. As a consequence of all 

that is stated above, below is shown the steps taken to obtain such a high confidence 

and high resolution structure (Figure A.13). It is of importance to note that several 

iterations at many of the steps outlined below are need to completely and 

unambiguously assign protein spectra and determine a 3D structure.  
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NMR assignments 
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Initial structures
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}
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    (Š 12 KDa)

 

 

 

 

 

 

Figure A13. Strategy of structure determination by NMR. This is an outline of the general 
strategy used to solve the 3-D structure of biological macromolecules in solution by NMR. 
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Appendix B 

Mass Spectrometry 

 

Theory. The first step in mass spectrometric analysis of compounds is to take a 

compound from the solution phase to the gas phase. This is done by electron ionization: 

 

M + e- → M•+ +2e- 

 

Normally, molecular ions undergo fragmentation. In ion chemistry, a radical cation with 

an odd number of electrons can fragment to give either a radical or an ion with an even 

number of electrons, or a molecule and a new radical cation (Figure B.1). 

 

 

 

 

Not surprisingly, these two ions have different chemical properties. Each ion produced 

can undergo more fragmentation and the products from that reaction can undergo 

fragmentation, and so on. All the ions are separated in the spectrometer according to their 

mass to charge ratio and are detected in terms of their abundance.  

 

Figure B.1. Mass spectrometry ion formation. Process of making ions via radicals and fragmentation.
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Most ions have a charge corresponding to the loss of only one electron. However, the 

total number of ions will be represented by q, the electron charge e and the number of 

charges on the ions by z: 

  

               [Eq. B1] 

 

where m/z represents the mass to charge ratio. Mass is given in either Daltons (Da) or 

mass units (u) while the charge in number of electron charges is given in Thompson (Th). 

The atomic mass units u or Da has the same definition: 

 

1 u= 1 Da  1.665403X10-27 kg ± 0.59 ppm 

 

Every spectrometer works under high vacuum (low pressure). This allows for all the ions 

to reach the detector without undergoing any collisions with other gaseous molecules. 

Any collisions would alter the results.  

 

Ion sources. To create the ions needed for analysis, there are several ionization sources. 

There are two main types: liquid phase ion sources and solid state ion sources. 

Electrospray, thermospray and atmospheric pressure chemical ionization are liquid phase 

ion sources, and matrix-assisted laser desorption, secondary ion mass spectrometry, field 

desoprtion and plasma desoprtion sources are solid state ion sources. For these studies, 

electrospray ionization source was used. There are several advantages to using this 

source. The major one is to preserve the non-covalent interactions between protein and 
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DNA. Typical ionization takes place at ~3.5kv. See Figure B.2 for pictorial description of 

an electrospray mass spectrometer. 

 

 

 

 

Electrospray ionization is a type of atmospheric pressure ionization, meaning the ions are 

generated at atmospheric pressure and then are transferred to the mass spectrometer. 

Ionization is 103-104 times greater at atmospheric conditions compared to reduced-

pressure sources.  

 

Several issues arise due to the coupling of the ion source with the mass spectrometer. The 

mass spectrometer is kept at a very low pressure (10-5 Torr) while the ionization takes 

place at atmospheric conditions. This is overcome by the introduction of focusing lenses 

with small openings between both compartments. Another problem is cooling caused by 

the sample and the solvent during adiabatic expansion. This is avoided by the streaming 

of heated, dry nitrogen counter-current gas curtain. 

 

Figure B.2. Electrospray setup. Example electrospray setup. Syringe pump to introduce the sample 
with N2 gas inlet, capillary and skimmer. Finally the ions move to the mass analyzer. 
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Electrospray starts at an onset voltage that is dependent on the surface tension of the 

solvent being used. Water uses a voltage of 4 kV (surface tension 0.0073 N m-2). At low 

voltages the droplets appear spherical and then elongated under the pressure of the 

accumulated charges. When the surface tension is broken, the shape will change to a 

‘Taylor Cone’ and the spray appears (Figure B.3). This occurs when the pressure is 

higher than the surface tension. The breakdown of the droplets occurs before the limit 

given by the Rayeligh equation: 

 

                  [Eq. B2] 

 

where q = charge; ε0 = permittivity of the environment; γ = surface tension and D = 

diameter of a supposed spherical droplet. The solvent contained in the droplets will 

eventually evaporate causing a shrinking of the droplet to the point where the repelling 

coulombic forces come close to their cohesion forces, causing division.  The droplets will 

then rupture producing smaller and smaller droplets. Charges in excess will accumulate 

on the surface of the droplet.  Typically proteins will carry one charge per 1000Da, or 

less depending on the amount of acidic and basic residues.  
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Electrospray has one interesting and important characteristics: it has the ability to 

produce multiply charged ions from large molecules while being able to preserve non-

covalent interactions. The limitation exists at the electrochemical process that occurs at 

the probe tip and is sensitive to concentration rather than to the total amount of sample. 

 

Mass Analyzers. Once ions have been produced by your ion source of choice, the ions 

will separate based on their masses. There are several options of mass analyzers just as 

there are many ion sources. Scanning analyzers, dispersive magnetic analyzers, the time-

of-flight mass analyzer, the ion trap or the ion cyclotron resonance instruments are some 

of the options for a mass analyzer. The latter mass analyzers allow for scanning and 

transmission of all ions. 

 

There are three main characteristics of an analyzer; upper mass limit, the transmission 

and the resolution. Mass limit will determine the highest m/z value, this is expressed in 

Figure B.3. Development of Taylor cone. This process occurs at high pressure, higher pressure than 
the surface tension resulting in a break down of droplets limited by the Rayeligh equation.  
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atomic mass units (amu). Transmission is defined as the amount of ions reaching the 

analyzer divided by the amount of ions generated. The resolution is defined as the ability 

to resolve to masses based on the molecular weight observed. Two peaks are said to be 

resolved if the valley between the two peaks is between 10 – 50 % of the weaker peak 

intensity.  

 

Multiply charged ions are the result of electrospray ionization and are detected at the 

mass analyzer. The ESI mass spectra of macromolecules correspond to a statistical 

distribution of consecutive peaks (Figure B.4).These peaks are characteristics of multiply 

charged molecular ions obtained through protonation (M + zH)z+ or deprotonation (M – 

zH)z-. This produces a m/z relation that still needs to be converted to mass through a 

series of calculations with the number of charges, z. 

 

 

 

 

                  [Eq. B3] 

 

Figure B.4. Example of protein mass spectrum. Example of a protein spectrum, 20uM in 10mM 
ammonium phosphate at a pH of 8.0. PATRIC was used for detection. 



 129

Where z1 refers to the charge, m1 is the mass to charge ratio, M is the molecular weight 

and mp is the mass of a proton. An ion separated from the first one by (j – 1) peaks, in 

increasing order of mass to charge ratio, has a measured ratio of m2 (Th) and a number of 

charges z1 – j, so that 

 

                [Eq. B4] 

 

These two equations combined: 

               [Eq. B5] 

 

If they are negative charged ions: 

 

              [Eq. B6] 

 

With electrospray the sensitivity is based on the concentration of the sample and not the 

sample amount injected in the source, as is the case for most other sources. The 

sensitivity is also dependent on the flow of the system. Flow rates as low as 

nanoliters/minute increase the sensitivity up to about 500 µL/min, any flow rate greater 

than that decreases the sensitivity. Lower flow rates also allow for less analyte and buffer 

to be injected into the source, reducing the possibility for contamination. Based on this 
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phenomena techniques such as micro electrospray (µESI) and nanospray (nESI) have 

been developed using adapted probe tips for detection limits in the range of attomoles 

(10-15 moles) injected.  

 

With ESI, the number of variables that affect the sensitivity and quality of spectra are 

large. Solvent, flow, nature and size of capillary distance to the counter-electrode, etc. are 

just a couple of the variables. Furthermore, the ionization process variables include 

surface tension, nature of the analytes and electrolytes, presence or not of other analytes, 

electrochemical processes at the probe tip, and etc.  

 

Ions produced of an analyte (A), either positive or negative mode, will produce a 

theoretical ion current IA = kA[A]. kA is the rate constant depending on the nature of A. 

Ion B is produced from the buffer during the ionization process at a rate of IB = kB[B]. 

The total ion current is IT = (IA + IB) and is dependent on the reduction or oxidation 

process, denoted by IM = IT.  

 

The current for each ion will be proportional to its relative desorption rate, and the 

pertinent equations are: 

 

                 [Eq. B7]  

                            [Eq. B8]  
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If [B] remains constant but the analyte concentration [A] varies, then two limiting cases 

are considered. First, kB[B] >> kA[A], then 

 

                                        [Eq. B9]  

                          [Eq. B10]  

 

This means that the intensity detected for A will be proportional to its concentration, but 

the sensitivity will be inversely proportional to [B]. The other extreme case is, kA[A] >> 

kB[B] leading to: 

 

                          [Eq. B11]  

                                      [Eq. B12]  

 

where IA remains constant and quantization of [A] is not possible. The intensity of the 

signal for B will become weaker as [A] increases.  

 

Calculation of mass. Below is an example of how mass calculations are completed. 



 132

m/z = (MW + nH+) 

n 

 

where  m/z = the mass-to-charge ratio marked on the abscissa of the spectrum; 

MW = the molecular weight of the sample 

n = the integer number of charges on the ions 

H = the mass of a proton = 1.008 Da. 

  

Usually the number of charges is unknown, but can be calculated if the assumption is 

made that any two adjacent peaks in the charge envelope differ by one charge. 

  

Ions appearing at m/z 1431.6 in a lysozyme spectrum have “n” charges, the ions at m/z 

1301.4 will have “n+1” charges, and the above equation can be written again for these 

two ions: 

 

1431.6 = (MW + nH+)   and   1301.4 = (MW + (n+1)H+) 

                  n               (n+1) 

 

Rearrangement of the equations to exclude the MW term is done and: 

 

n(1431.6) –nH+ = (n+1)1301.4 – (n+1)H+ 

 

and so:  n(1431.6)  = n(1301.4) +1301.4 – H+ 
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therefore:  n(1431.6-1301.4) = 1301.4 – H+ 

 

and:    n = (1301.4 - H+) 

                                                                         (1431.6 – 1301.4) 

  

hence the number of charges on the ions at m/z 1431.6    =   1300.4   =   10. 

          130.2 

  

Putting the value of n back into the equation: 

  

1431.6 = (MW + nH+) 

      n 

 

gives   1431.6 x 10 =    MW + (10 x 1.008) 

 

and so           MW  = 14,316 – 10.08 

 

therefore           MW  = 14,305.9 Da 

   

There is good agreement between the observed molecular weight and the theoretical 

molecular weight, based on the average atomic mass, of 14305.1438 Da. This is long-

winded and fortunately this can be calculated automatically, or at least semi-
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automatically, by the processing software associated with the mass spectrometer. This is 

of great use for multi-component mixture analysis, such as biological macromolecules, 

where the m/z spectrum may well contain a multiply charged ion envelope, with each 

peak exhibiting different charge states. With electrospray or nanospray ionization, a mass 

accuracy of within 0.01% of the molecular weight can be achievable. 
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Appendix C 

Spectrophotometric Techniques 

Circular Dichroism. Circular Dichroism (CD) is observed when optically active matter 

absorbs left and right hand circular polarized light slightly differently. A CD 

spectropolarimeter is able to measure accurately in the far UV at wavelengths down to 

190-170 nm. In addition, the difference in left and right handed absorbance A(l)- A(r) is 

very small (usually in the range of 0.0001) corresponding to an ellipticity of a few 

1/100th of a degree. The CD is a function of wavelength. CD spectra for distinct types of 

secondary structure present in peptides, proteins and nucleic acids are different. The 

analysis of CD spectra can therefore yield valuable information about secondary structure 

of biological macromolecules. 

Theory. Linear polarized light can be viewed as a superposition of opposite circular 

polarized light of equal amplitude and phase. A projection of the combined amplitudes 

perpendicular to the propagation direction thus yields a line. When this light passes 

through an optically active sample with a different absorbance A for the two components, 

the amplitude of the stronger absorbed component will be smaller than that of the less 

absorbed component. The consequence is that a projection of the resulting amplitude now 

yields an ellipse instead of the usual line. The occurrence of ellipticity is called Circular 

Dichroism - it is not the same as optical rotation. Rotation of the polarization plane (or 

the axes of the dichroic ellipse) by a small angle a occurs when the phases for the 2 

circular components become different, which requires a difference in the refractive index 
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n. This effect is called circular birefringence. It can be shown that when CD exists, 

optical rotation must exist as well, and they are directly related by a Kronig-Kramers 

transformation. 

 

 

 

 

Although the amplitude of the E-wave oscillates in the zx-plane (Figure C.1), it could 

oscillate in any direction perpendicular to the direction of propagation (z). Unpolarized 

light, the type we get from the sun or a light bulb contains oscillations of the E-

components in all directions perpendicular to the direction of propagation. Linearly 

polarized light results when the direction of the E-component is restricted to a plane 

perpendicular to the direction of propagation while its magnitude oscillates. Circularly 

polarized light is another form of polarization - in this case, the magnitude of the 

oscillation is constant and the direction oscillates (Figure C.2).  

Figure C.1. E and B polarized light. Schematic diagram showing the orthogonal electronic (E) and 
magnetic (B) components of linearly polarized light. 
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As mentioned in the introduction, the difference in absorption to be measured is very 

small. The differential absorption is usually a few 1/100ths to a few 1/10th of a percent, 

but it can be determined quite accurately. The raw data plotted on the chart recorder 

represent the ellipticity of the sample in radians  

                [Eq. C1] 

this can be easily converted into degrees. 

                [Eq. C2] 

To be able to compare these ellipticity values a conversion to a normalized value is 

needed. The unit most commonly used in protein and peptide work is the mean molar 

Figure C.2. Linear vs. circular. Electronic component of linearly polarized light pathway and vector 
orientation and circularly polarized light pathway and the vector orientation. 
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ellipticity per residue. We need to consider path length l, concentration c, molecular 

weight M and number of residues 

                                        [Eq. C3] 

in proper units (CD spectroscopists use decimol) 

              [Eq. C4] 

this finally reduces to 

                           [Eq. C5] 

The values for mean molar ellipticity per residue are usually in the 10,000's. 

Each of the three basic secondary structures of a polypeptide chain (helix, sheet, and coil) 

show a characteristic CD spectrum. A protein consisting of these elements should 

therefore display a spectrum that can be deconvoluted into the three individual 

contributions. This has been realized quite early after CD was introduced and the 

standard curves shown to the right were published in 1969 by Greenfield and Fasman. 

Although those are actually for poly-lysine only in different conformations, only little 

improvement in the accuracy of fits has been achieved by attempting to generate other 

standard data sets from protein spectra of known structure (Figure C.3) [161].There are 

many limitations inherent in the method (such as the lack of consideration of 
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chromophore interaction between different structural regions and neglect of other 

elements, 3-10 helices etc.), and the accuracy is not very high. Certain backbone 

conformations can reveal quite different spectra. 

  

 

 

Fluorescence. Fluorescence is observed when a molecule absorbs light photons from the 

U.V.-visible light spectrum, known as excitation, and then rapidly emits light photons as 

it returns to its ground state. Fluorimetry characterizes the relationship between absorbed 

and emitted photons at specified wavelengths. Molecules absorb photons from the u.v.-

visible light spectrum (200-900 nm), causing transition to a high-energy electronic state 

and then emits photons as it returns to its initial state, in less than 10-9sec.The analysis of 

fluorescence spectra can therefore yield valuable information about secondary structure 

of biological macromolecules (Figure C.4). 

Figure C.3. Example CD spectra. Example CD spectra for a helix (min at 208nm and 220nm), sheet 
(min at 222nm) and random coil (min at 201nm) of "pure" secondary structures. 
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Theory. When a photon of energy, hνEX, supplied by an external source such as a lamp or 

a laser, is absorbed by a fluorophore, it creates an excited (Figure C.5), unstable 

electronic singlet state (S1’). This process is distinct from chemiluminescence, in which 

the excited state is created by a chemical reaction. 

 

 

 

Figure C.4. Fluorescence emission spectra of native and unfolded procaspase-3(C163S) and pro-
less variant. The samples were excited at 295 nm, and the fluorescence emission was collected from 
300 to 400 nm. 

Figure C.5. Jablonski diagram. Fluorescence illustration of the processes involved in creating an 
excited electronic singlet state by optical absorption and subsequent emission of fluorescence. 1
Excitation; 2 Vibrational relaxation; 3 Emission. 



 141

The excited state of a fluorophore is characterized by a very short half-life, usually on the 

order of a few nanoseconds. During this brief period, the excited molecules generally 

relax toward the lowest vibrational energy level within the electronic excited state (Figure 

C.5). The energy lost in this relaxation is dissipated as heat. It is from this relaxed singlet 

excited state (S1) that fluorescence emission originates. When a fluorochrome molecule 

falls from the excited state to the ground state, light is often emitted at a characteristic 

wavelength. The energy of the emitted photon (hνEM) is the difference between the 

energy levels of the two states (Figure C.5), and that energy difference determines the 

wavelength of the emitted light (λEM). 

                                                   [Eq. C6] 

where E is the energy difference between the energy levels of the two states during 

emission (EM) of light; h is Planck’s constant; c is the speed of light. 

 

A schematic representation of a fluorimeter is Figure C.6. The light source produces light 

photons over a broad energy spectrum, typically ranging from 200 to 900 nm. Photons 

impinge on the excitation monochromator, which selectively transmits light in a narrow 

range centered about the specified excitation wavelength. The transmitted light passes 

through adjustable slits that control magnitude and resolution by further limiting the 

range of transmitted light. The filtered light passes into the sample cell causing 

fluorescent emission by fluorphors within the sample. Emitted light enters the emission 

monochromator, which is positioned at a 90º angle from the excitation light path to 

eliminate background signal and minimize noise due to stray light. Again, emitted light is 
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transmitted in a narrow range centered about the specified emission wavelength and exits 

through adjustable slits, finally entering the photomultiplier tube (PMT). The signal is 

amplified and creates a voltage that is proportional to the measured emitted intensity. 

Noise in the counting process arises primarily in the PMT. Therefore, spectral resolution 

and signal to noise is directly related to the selected slit widths. 

 

 

 

 

 

 

Fluorescent methods have three significant advantages over absorption spectroscopy. 

First, two wavelengths are used in fluorimetry, but only one in absorption spectroscopy. 

Figure C.6. Schematic representation of a fluorescence spectrophotometer. The excitation and 
emission monochromators are variable bandpass filters. Two methods of measuring fluorescence. The 
cuvette reader excites the sample over the entire path length and reads the emitted light at right angles. 
The surface reader excites the sample from the top and reads the emitted light returning along the same 
path direction. 
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This selectivity can be further enhanced by narrowing the slit width of the emission 

monochromator so that only emitted light within a narrow spectral range is measured. 

Multiple fluorescent colors within a single sample can quantify by sequential 

measurement of emitted intensity using a set of excitation and emission wavelength pairs 

specific for each color. The second advantage of fluorescence over absorption 

spectroscopy is low signal to noise, since emitted light is read at right angles to the 

exciting light. For absorption spectrophotometry, the excitation source, sample and 

transmitted light are configured in line, so that the absorption signal is the small 

difference between the exciting light and the transmitted light, both of which are quite 

intense. The third advantage is that fluorescent methods have a greater range of linearity. 

Because of these differences, the sensitivity of fluorescence is approximately 1,000 times 

greater than absorption spectrophotometric methods [162]. 

 

 

 

Amino acid fluorescence 
  Absorption Fluorescence 
Residue Lifetime Wavelength Absorptivity Wavelength Quantum
Tryptophan 2.6 280 5,600 348 0.20 
Tyrosine 3.6 274 1,400 303 0.14 
Phenyalanine 6.4 257 200 282 0.04 

 

Below are summaries of the amino acids available and responsible for excitation and 

emission fluorescence. Tryptophan has much stronger fluorescence and higher quantum 

yield than the other two aromatic amino acids. The intensity, quantum yield, and 

wavelength of maximum fluorescence emission of tryptophan is very solvent dependent. 

Table C.1. Amino acids fluorescence. The table above contains the absorption and fluorescence 
wavelengths for aromatic amino acids and the fluorescence characteristics of the three aromatic 
residues. 



 144

The fluorescence spectrum shifts to shorter wavelength and the intensity of the 

fluorescence increases as the polarity of the solvent surrounding the tryptophan residue 

decreases. Tryptophan residues which are buried in the hydrophobic core of proteins can 

have spectra which are shifted by 10 to 20 nm compared to tryptophans on the surface of 

the protein. Tryptophan fluorescence can be quenched by neighboring protonated acidic 

groups such as Asp or Glu. 

Tyrosine, like tryptophan, has strong absorption bands at 280 nm, and when excited by 

light at this wavelength, has characteristic emission profile. Tyrosine is a weaker emitter 

than tryptophan, but it may still contribute significantly to protein fluorescence because it 

usually present in larger numbers. The fluorescence from tyrosine can be easily quenched 

by nearby tryptophan residues because of energy transfer effects. Also, tyrosine can 

undergo an excited state ionization which may result in the loss of the proton on the 

aromatic hydroxyl group that leads to quenching of tyrosine fluorescence. 

Phenylalanine with only a benzene ring and a methylene group is weakly fluorescent. The 

experimental sensitivity (the product of quantum yield and molar absorbtivity maximum) 

is especially low for this residue. Phenylalanine fluorescence is observed only in the 

absence of both tyrosine and tryptophan (Figureure C.7). The simple structure of 

phenylalanine may preeminently demonstrate the effect of structure on fluorescence. 

Adding a hydroxyl group, as in tyrosine, causes a 20 fold increase in fluorescence. If an 

indole ring is added as in tryptophan, the relative fluorescence increases to 200 times that 

of phenylalanine. 
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UV spectrometry. Many molecules such as proteins absorb ultraviolet or visible light.  

 

Ultraviolet spectroscopy. Absorbance is directly proportional to the path length, b, and 

the concentration, c, of the absorbing species. Beer's Law states that  

                                                    [Eq. C7] 

, where ε is a constant of proportionality, called the absorbtivity.  

Different molecules absorb radiation of different wavelengths. An absorption spectrum 

will show a number of absorption bands corresponding to structural groups within the 

molecule. 

Theory. The human eye is only sensitive to a tiny proportion of the total electromagnetic 

spectrum (Figure C.8). The typical source of UV light is a tungsten lamp. Atoms and 

molecules exist in a number of defined energy levels and change in the population level 

requires absorption or emission of an integral number of energy, photons. The tungsten 

lamp provides the means to generate radiation energy that is emitted in terms of photons. 

Figure C.7. Aromatic amino acids. Amino acids responsible for fluorescence, tyrosine, tryptophan and 
phenylalanine.  
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The energy of a photon absorbed or emitted during a transition from one molecular 

energy level to another is given by the equation, 

                                                                                 [Eq. C8] 

When h is Plank’s constant and υ is the frequency of the photon. The absorption of UV or 

visible radiation corresponds to the excitation of outer electrons. There are three types of 

electronic transition which can be considered; transitions involving π, σ, and n electrons, 

transitions involving charge-transfer electrons and transitions involving d and f electrons 

(not discussed further).  

 

 

 

 

When a protein absorbs energy, electrons in a nucleus are promoted from their ground 

state to an excited state (Figure C.9). In a protein, the atoms can rotate and vibrate with 

respect to each other. These vibrations and rotations also have discrete energy levels, 

which can be considered as being packed on top of each electronic level. 

Figure C.8. Full electromagnetic spectrum linear scale. Notice UV wavelength has an increase in 
energy over visible light, around 103nm. 
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Absorption of ultraviolet radiation is restricted to certain functional groups 

(chromophores) that contain valence electrons of low excitation energy; such are 

tyrosine, phenylalanine and tryptophan. The spectrum of a protein containing these 

chromophores is complex. This is because the superposition of rotational and vibrational 

transitions on the electronic transitions gives a combination of overlapping lines. This 

appears as a continuous absorption band.  

Possible electronic transitions of π, σ, and n electrons (Figure C.10); 

 

 

Figure C.9. Rotational and vibrational aspects. Discrete energy levels of the differences in rotational 
and vibrational energy. 

Figure C.10. Electronic transitions. Possible electronic transitions of π, σ, and n electrons. 
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An electron in a bonding σ orbital is excited to the corresponding antibonding orbital, 

this is known as σ to σ  transitions. The energy required is large. Absorption maxima due 

to σ → σ* transitions are not seen in typical UV-Vis. spectra (200 - 700 nm) 

Saturated compounds containing atoms with lone pairs (non-bonding electrons) are 

capable of n → σ* transitions. These transitions usually need less energy than σ → σ * 

transitions. They can be initiated by light whose wavelength is in the range 150 - 250 nm. 

The number of organic functional groups with n → σ* peaks in the UV region is small. 

Most absorption spectroscopy is based on transitions of n or π electrons to the π* excited 

state. This is because the absorption peaks for these transitions fall in an experimentally 

convenient region of the spectrum (200 - 700 nm). These transitions need an unsaturated 

group in the molecule to provide the π electrons. 

Molar absorbtivities from n → π* transitions are relatively low, and range from 10 to100 

L mol-1 cm-1. π → π* transitions normally give molar absorbtivities between 1000 and 

10,000 L mol-1 cm-1.  

The solvent in which the absorbing species is dissolved also has an effect on the spectrum 

of the species. Peaks resulting from n → π* transitions are shifted to shorter wavelengths 

(blue shift) with increasing solvent polarity. This arises from increased solvation of the 

lone pair, which lowers the energy of the n orbital. Often (but not always), the reverse 

(i.e. red shift) is seen for π → π* transitions. This is caused by attractive polarization 

forces between the solvent and the absorber, which lower the energy levels of both the 

excited and unexcited states. This effect is greater for the excited state, and so the energy 
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difference between the excited and unexcited states is slightly reduced - resulting in a 

small red shift. This effect also influences n → π* transitions but is overshadowed by the 

blue shift resulting from solvation of lone pairs.  

 

 

 

 

The schematic above (Figure C.11) shows a typical double-beam UV-Vis. 

Spectrophotometer. The electrical excitation of deuterium or hydrogen at low pressure 

produces a continuous UV spectrum. The mechanism for this involves formation of an 

excited molecular species, which breaks up to give two atomic species and an ultraviolet 

photon.  

D2 + electrical energy → D2
* → D' + D'' + hv  

Both deuterium and hydrogen lamps emit radiation in the range 160 - 375 nm. Quartz 

windows must be used in these lamps, and quartz cuvettes must be used, because glass 

absorbs radiation of wavelengths less than 350 nm.  

The tungsten filament lamp is commonly employed as a source of visible light. This type 

of lamp is used in the wavelength range of 350 - 2500 nm. The energy emitted by a 

Figure C.11. Double-beam UV-Vis Spectrophotometer. Typical layout of a double-beam UV-Vis 
spectrophotometer. Light source, monochromator, sample, detector and output are shown. 
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tungsten filament lamp is proportional to the fourth power of the operating voltage. This 

means that for the energy output to be stable, the voltage to the lamp must be very stable 

indeed. Electronic voltage regulators or constant-voltage transformers are used to ensure 

this stability. 

Tungsten/halogen lamps contain a small amount of iodine in a quartz "envelope" which 

also contains the tungsten filament. The iodine reacts with gaseous tungsten, formed by 

sublimation, producing the volatile compound WI2. When molecules of WI2 hit the 

filament they decompose, redepositing tungsten back on the filament. The lifetime of a 

tungsten/halogen lamp is approximately double that of an ordinary tungsten filament 

lamp. Tungsten/halogen lamps are very efficient, and their output extends well into the 

ultra-violet. They are used in many modern spectrophotometers. 

All monochromators contain the following component parts (Figure C.12); entrance slit, 

collimating lens, dispersing device (usually a prism or a grating), focusing lens and an 

exit slit. Polychromatic radiation (radiation of more than one wavelength) enters the 

monochromator through the entrance slit. The beam is collimated, and then strikes the 

dispersing element at an angle. The beam is split into its component wavelengths by the 

grating or prism. By moving the dispersing element or the exit slit, radiation of only a 

particular wavelength leaves the monochromator through the exit slit.  
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The photomultiplier tube is a commonly used detector in UV-Vis spectroscopy. It 

consists of a photoemissive cathode (a cathode which emits electrons when struck by 

photons of radiation), several dynodes (which emit several electrons for each electron 

striking them) and an anode.  

A photon of radiation entering the tube strikes the cathode, causing the emission of 

several electrons. These electrons are accelerated towards the first dynode (which is 90V 

more positive than the cathode). The electrons strike the first dynode, causing the 

emission of several electrons for each incident electron. These electrons are then 

accelerated towards the second dynode, to produce more electrons which are accelerated 

towards dynode three and so on. Eventually, the electrons are collected at the anode. By 

this time, each original photon has produced 106 - 107 electrons. The resulting current is 

amplified and measured. 

Figure C.12.  Monochromator schematic. Component parts; entrance slit, collimating lens, 
dispersing device (usually a prism or a grating), focusing lens and an exit slit are typical in all known 
monochromators. 
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Photomultipliers are very sensitive to UV and visible radiation. They have fast response 

times. Intense light damages photomultipliers; they are limited to measuring low power 

radiation. 

The linear photodiode array is an example of a multichannel photon detector (Figure 

C13). These detectors are capable of measuring all elements of a beam of dispersed 

radiation simultaneously. A linear photodiode array comprises many small silicon 

photodiodes formed on a single silicon chip. There can be 64 to 4096 sensor elements on 

a chip, the most common being 1024 photodiodes. For each diode, there is also a storage 

capacitor and a switch. The individual diode-capacitor circuits can be sequentially 

scanned. 

In use, the photodiode array is positioned at the focal plane of the monochromator (after 

the dispersing element) such that the spectrum falls on the diode array. They are useful 

for recording UV-Vis absorption spectra of samples that are rapidly passing through a 

sample flow cell, such as in an HPLC detector. 
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Appendix D 

Molecular modeling of DNA 

Theory. Hydrogen bonding and stacking of the DNA bases are fundamental to the 

organization of DNA, shaping both the three-dimensional structures and modes of 

recognition. Watson–Crick base pairs encode genetic information in a double helical 

DNA molecule [163]. The face-to-face stacking of aromatic rings (base pairs), which 

persists even in the absence of base pairing, depends subtly on nucleotide sequence [164-

166]. For example, the degree of stacking overlap, as measured by the orientation and 

displacement of successive Watson–Crick base pairs, is greater at certain DNA dimer 

steps and smaller at others [167, 168]. Also the ionic character of the sugar–phosphate 

backbone makes the nucleic acids especially sensitive to local environment, especially 

when associated with a ligand there is a change of conformational state [169-172]. The 

tendency of DNA to associate with ligands and the conformational change accessible are 

also highly dependent on sequence. As an example, pyrimidine–purine dimers stand out 

as highly flexible steps in protein–DNA complexes and GG·CC dimers as steps which are 

easily converted by drugs and proteins to A-type geometries [173]. A comprehensive 

software package for the analysis, reconstruction and visualization of three-dimensional 

nucleic acid structures was developed, 3DNA [174].  

 

The 3DNA program executes structural analysis through the use of several parameters. 

According to Lu et al., hydrogen bonding patterns are described in terms of the spatial 

displacement and orientation of standard reference frames on the interacting bases and 
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stacking overlaps are assessed directly from planar projections of the ring and exocyclic 

atoms in consecutive bases or base pairs. The spatial disposition and relative orientation 

of sequential base pair steps are also expressed in terms of standard rigid body 

parameters. Conventional torsional parameters and assorted virtual distances and angles 

are used to characterize molecular conformation, with automatic conformational 

classifications based on derived parameters known to distinguish different helical forms. 

The automatic detection and classification of conformation are useful for pinpointing 

conformational transitions in ligand-bound DNA. The interchangeable description of base 

pair structure at a local dimeric or helical level facilitates the analysis and modeling of 

nucleic acid conformational transitions. 

 

Structural parameters of DNA. 

Several parameters describe the overall 3dimensional character as well as the local 

structural character of DNA. Below in Figure D.1 and D.2 are pictorial diagrams of such 

parameters. These parameters were all investigated in this study (Chapter 2) through the 

use of the 3DNA program.  
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Figure D1. Pictorial definitions of rigid body parameters used to describe the geometry of 
complementary (or non-complementary) base pairs and sequential base pair steps. The base pair 
reference frame (lower left) is constructed such that the x-axis points away from the (shaded) minor 
groove edge of a base or base pair and the y-axis points toward the sequence strand (I). The relative 
position and orientation of successive base pair planes are described with respect to both a dimer 
reference frame (upper right) and a local helical frame (lower right). Images illustrate positive values of 
the designated parameters. For illustration purposes, helical twist ( h) is the same as Twist ( ), 
formerly denoted by  and helical rise (h) is the same as Rise (Dz). 
(http://nar.oupjournals.org/cgi/content/full/31/17/5108?ijkey=73sqcNf8YL1cY&keytype=ref) 
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Figure D2. Top and side views illustrating the characteristic features of regular helical structures of 
A, B, C and Z DNA deduced from representative X-ray fiber diffraction models. Ribbons trace the 
progression of the backbone defined by the phosphorus atoms and the heavy black lines (boxes) represent 
the helical axes. 
(http://nar.oupjournals.org/cgi/content/full/31/17/5108?ijkey=73sqcNf8YL1cY&keytype=ref) 
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Appendix E 

Materials and Methods 

Protein Expression and Purification 

Construction of AbrBFL Bacillus subtilis construct. The AbrB vector template was 

provided by Mark Strauch (OCBS Dept., Dental School, University of Maryland, 

Baltimore).  Constructed and purified protein corresponds to full length AbrB. The 

obtained DNA fragments (via PCR methods) from using oligonucleotide primer pairs are 

shown below, AbrBFL-Forward and AbrBFL-Backward. 

 

AbrBFL-Forward:    5’-CAG GAA ACA TAT GAA ATC TAC TGG-3’ 

AbrBFL-Backward: 5’-GAG AGT AGG CGG TTT TGA AGC-3’ 

  

Primers were purchased from IDT-DNA and designed to incorporate the Nde1 and 

EcoR1 restriction sites. These fragments were inserted into the expression vector pET21b 

from Novagene in order to place the genes under isopropyl- -D-thiogalactopyranoside 

(IPTG)-inducible transcription. DNA sequencing confirmed that the desired constructions 

were obtained. The expression plasmids were introduced into Escherichia coli (E. coli) 

cells (Bl(21)DE3 cell line), and transformants were tested for IPTG-induced 

overexpression of polypeptides of the desired size (about 10,500 Da). All transformants 

tested exhibited induction of protein of about 10-11 kDa. 
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Expression and Purification of AbrBFL Bacillus subtilis. DNA was isolated using a 

Wizzard prep kit from Promega.  The plasmids were transformed into competent E. coli 

BL(21)DE3 purchased from Novagene.  One liter LB broth containing 50 µg/mL 

ampilicin was inoculated and grown at 37 °C, 190 rpm to an optical density (OD) A600nm 

of about 0.900.  IPTG was added to 1 mM concentration, temperature was turned down to 

30 °C and the incubation continued for about 5-6 hours.  The cells were pelleted by 

centrifugation (7,000 RPM for 30 minutes) and re-suspended with 10 mM TRIS-HCl (pH 

8.3 at 4 °C or pH 7.9 at room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl, 

10 mM β-mercaptoethanol (βME), 0.25 µM 4-(2-aminoethyl) benzenesulfonyl fluoride 

hydrochloride (AEBSF) and 0.01% Triton X-100.  All subsequent steps were performed 

at 4 °C.  The cells were sonicated for 20 cycles of 45-second bursts/2 minute rests.  The 

resulting suspension was again centrifuged at 17,000 rpm for 25 minutes.  The 

supernatant was removed and saved as the crude extract.  Solid ammonium sulfate was 

added slowly to the supernatant to a final concentration of 35%.  Let sit for 30 minutes 

and recentrifuged at 17,000 rpm, pellet was checked for protein and subsequently 

discarded.  The supernatant was dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 

7.9 at room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME.  

The dialyzed supernatant containing AbrB was purified via column chromatography 

using Q-sepharose purchased from Pharmica. AbrB binds and elutes, using a 0 – 500 mM 

KCl gradient, off approximately in the middle of the gradient.  The fractions were pooled 

and dialyzed into the aforementioned buffer.  The protein was then loaded onto a Heparin 

agarose column and eluted using a 0-200 mM KCl gradient.  Fractions containing AbrB 

were pooled and dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at room 
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temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME. AbrB was 

then further purified sephacryl S-100 26/60.  The fractions containing pure protein were 

pooled and concentrated and again dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 

7.9 at room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME. 

Throughout the protocol the presence of AbrB was monitored by 12% Tricine Gel 

Electrophoresis. 

 

Expression and Purification of AbrBFL Bacillus anthracis. Construct kindly provided by 

Mark A. Strauch of University of Maryland. DNA was isolated using a Wizzard prep kit 

from Promega.  The plasmids were transformed into competent E. coli BL(21)DE3 

purchased from Novagene.  One liter LB broth containing 50 µg/mL ampilicin was 

inoculated and grown at 37 °C, 190 rpm to an optical density (OD) A600nm of about 0.900.  

IPTG was added to 1 mM concentration, temperature was turned down to 30 °C and the 

incubation continued for about 5-6 hours.  The cells were pelleted by centrifugation 

(7,000 RPM for 30 minutes) and re-suspended with 10 mM TRIS-HCl (pH 8.3 at 4 °C or 

pH 7.9 at room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl, 10 mM β-

mercaptoethanol (βME), 0.25 µM 4-(2-aminoethyl) benzenesulfonyl fluoride 

hydrochloride (AEBSF) and 0.01% Triton X-100.  All subsequent steps were performed 

at 4 °C.  The cells were sonicated for 20 cycles of 45-second bursts/2 minute rests.  The 

resulting suspension was again centrifuged at 17,000 rpm for 25 minutes.  The 

supernatant was removed and saved as the crude extract.  Solid ammonium sulfate was 

added slowly to the supernatant to a final concentration of 35%.  Let sit for 30 minutes 

and recentrifuged at 17,000 rpm, pellet was checked for protein and subsequently 
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discarded.  The supernatant was dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 

7.9 at room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME.  

The dialyzed supernatant containing AbrB was purified via column chromatography 

using Q-sepharose purchased from Pharmica. AbrB binds and elutes, using a 0 – 500 mM 

KCl gradient, off approximately in the middle of the gradient.  The fractions were pooled 

and dialyzed into the aforementioned buffer.  The protein was then loaded onto a Heparin 

agarose column and eluted using a 0-200 mM KCl gradient.  Fractions containing AbrB 

were pooled and dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at room 

temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME. AbrB was 

then further purified sephacryl S-100 26/60.  The fractions containing pure protein were 

pooled and concentrated and again dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 

7.9 at room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME. 

Throughout the protocol the presence of AbrB was monitored by 12% Tricine Gel 

Electrophoresis. 

 

Expression and Purification of AbrBN Bacillus subtilis. DNA was isolated using a 

Wizzard prep kit from Promega.  The plasmids were transformed into competent E. coli 

BL(21)DE3 purchased from Novagene.  One liter LB broth containing 50 µg/mL 

kanamycin was inoculated and grown at 37 °C, 180 rpm to an optical density (OD) 

A600nm of about 0.900.  IPTG was added to 1 mM concentration, temperature was turned 

down to 30 °C and the incubation continued for about 5-6 hours.  The cells were pelleted 

by centrifugation and re-suspended with 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at 

room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl, 10 mM βME, 0.25 µM 
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AEBSF and 0.01% Triton X-100.  All subsequent steps were performed at 4 °C.  The 

cells were sonicated for 20 cycles of 45-second bursts/2 minute rests.  The resulting 

suspension was again centrifuged at 17,000 rpm for 25 minutes.  The supernatant was 

removed and saved as the crude extract.  Solid ammonium sulfate was added slowly to 

the supernatant to a final concentration of 35%.  Let sit for 30 minutes and recentrifuged 

at 17,000 rpm, pellet was checked for protein and subsequently discarded.  The 

supernatant was dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at room 

temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME.  The dialyzed 

supernatant containing AbrBN was purified via column chromatography using Q-

sepharose purchased from Pharmica. AbrBN binds and elutes, using a 0 – 500 mM KCl 

gradient, off approximately in the middle of the gradient.  The fractions were pooled and 

dialyzed into the aforementioned buffer.  The protein was then loaded onto a Heparin 

agarose column and eluted using a 0-200 mM KCl gradient.  Fractions containing AbrBN 

were pooled and dialyzed into 10 mM KH2PO4 (pH 5.8), 15 mM KCl, 1 mM EDTA, 0.1 

mM MgCl2, 1 mM DTT and 0.02% NaN3 for NMR experiments. For storage AbrBN was 

dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at room temperature), 1 mM 

EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME. Throughout the protocol the 

presence of AbrBN was monitored by 12% Tricine Gel Electrophoresis. 

 

Construction of pET21b-AbhN construct.  The AbhN vector template was provided by 

Mark Strauch (OCBS Dept., Dental School, University of Maryland, Baltimore).  We 

constructed and purified proteins corresponding to N-terminal AbrB, residues 1 - 54. We 
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obtained DNA fragments (via PCR methods) using oligonucleotide primer pairs AbhN-

Forward and AbhN-Backward. 

 

AbhN-Forward:    5’-GCG GGT TCA TAT GAA ATC AAT AGG TGA G-3’ 

AbhN-Backward: 5’-CGA ATT CCT ATT CTT TTA AAG CGG C-3’ 

  

Primers were purchased from IDT-DNA and designed to incorporate the Nde1 and 

EcoR1 restriction sites. These fragments were inserted into the expression vector pET21b 

from Novagene in order to place the genes under IPTG inducible transcription. DNA 

sequencing confirmed that the desired constructions were obtained. The expression 

plasmids were introduced into E. coli cells (Bl(21)DE3 cell line), and transformants were 

tested for IPTG-induced overexpression of polypeptides of the desired size (about 

6,100 Da). All transformants tested exhibited induction of protein of about 6-7 kDa. 

 

Expression and Purification of AbhN Bacillus subtilis. DNA was isolated using a 

Wizzard prep kit from Promega.  The plasmids were transformed into competent E. coli 

BL(21)DE3 purchased from Novagene.  One liter LB broth containing 50 µg/mL 

ampilicin was inoculated and grown at 37 °C, 190 rpm to an optical density (OD) A600nm 

of about 0.900.  IPTG was added to 1 mM concentration, temperature was turned down to 

30 °C and the incubation continued for about 5-6 hours.  The cells were pelleted by 

centrifugation and re-suspended with 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at 

room temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl, 10 mM βME, 0.25 µM 

AEBSF and 0.01% Triton X-100.  All subsequent steps were performed at 4 °C.  The 
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cells were sonicated for 20 cycles of 45-second bursts/2 minute rests.  The resulting 

suspension was again centrifuged at 17,000 rpm for 25 minutes.  The supernatant was 

removed and saved as the crude extract.  Solid ammonium sulfate was added slowly to 

the supernatant to a final concentration of 35%.  Let sit for 30 minutes and recentrifuged 

at 17,000 rpm, pellet was checked for protein and subsequently discarded.  The 

supernatant was dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at room 

temperature), 1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME.  The dialyzed 

supernatant containing AbhN was purified via column chromatography using Q-

sepharose purchased from Pharmica. AbhN binds and elutes, using a 0 – 500mM KCl 

gradient, off approximately in the middle of the gradient.  The fractions were pooled and 

dialyzed into the aforementioned buffer.  The protein was then loaded onto a Heparin 

agarose column and eluted using a 0-200 mM KCl gradient.  Fractions containing AbhN 

were pooled and dialyzed into 10 mM KH2PO4 (pH 5.5), 15 mM KCl, 1 mM EDTA, 0.1 

mM MgCl2, 1 mM DTT and 0.02% NaN3 for NMR experiments. For storage, AbhN was 

dialyzed into 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at room temperature), 1 mM 

EDTA, 0.1 mM MgCl2, 10 mM KCl and 10 mM βME. Throughout the protocol the 

presence of AbhN was monitored by 12% Tricine Gel Electrophoresis. 

 

DNA. All oligonucleotides and there complementary strands were synthesized at MWG 

Biotech, Inc or at Molecular Biology Core Facility at the Mayo Clinic in Rochester, MN. 

The sequences are shown below (Table 7.1). Oligonucleotides were annealed in 100 mM 

NH4HCO3 by heating to 100 °C for 10 minutes and cooling to 20 °C at room temperature.  
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` 

Synthesized oligonucleotides 
sinIR CTA GAT TTA ATG GCA AAT GAC TTC CAG AGA 

spo0E 
CTA GAA TAT GTT TAC AAA TAA AGT ATA ATC TGT AAT 
AAT GCA C 

BS18 
CAA CAA ATT GGA AAA CAT TGC CAG TAG AAA GCA CTA 
GCG AAC TA 

TGGNA3 
AAA TTG GAA AAC ATT GCC AGT AGA AAA ATT GGA AAA 
CAT TGC CAG TAG AA 

TGGNA1 
TAT GGG AGT TAT ACC ATG TTT TAT GGG AGT TAT ACC 
ATC TTT 

Negative Control TAC TAC TGC TGA GCC CGG TAC TTA CTG CTG AGC CCG G
 

Technique based protocols 

Nuclear magnetic resonance spectroscopy AbrBN and AbhN. Samples used for nuclear 

magnetic resonance (NMR) data collection were 1.5-2.5 mM, approximately 99% pure, and 

stored at pH 5.5 or 5.8, 10 mM KH2PO4, 15 mM KCl, 0.1 mM MgCl2, 0.02% NaN3, and 

95% H2O/5% D2O or 99% D2O. NMR experiments were run at 305K on either a 600MHz 

Varian NMR spectrometer equipped with four radiofrequency channels and a 5 mm triple 

resonance (H,C,N) probe with 1H observe and shielded X, Y, and Z field gradients. For all 

13C-labelled triple resonance experiments used in sequence specific resonance assignments, 

sensitivity enhancement was used when available. Initial assignments were made from 

HNCACB, CBCA(CO)HN, HNCA, HN(CO)CA, HNCB, HNCO, HN(CA)CO, C(CO)NH, 

and HCCH-TOCSY experiments [154]. 3-D 1H-15N NOESY-HSQC with 120 and 150 

millisecond (ms) mixing periods and 3-D 1H-13C NOESY-HSQC were used to determine 

side-chain packing interactions. NOE spectroscopy was employed to identify through-space 

Table E.1 Synthesized oligonucleotides. Oligonucleotides synthesized for ESI-MS, CD, fluorescence 
and UV spectroscopy experiments. 
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interactions (<5 Å) used to define sequential, medium, and long-range connectivity. 

Exchange protected amides [157] were monitored with successive 2-D 1H-15N HSQC 

experiments over a 24-hour period. Results from hydrogen exchange experiments [157] and 

HNHA [175] or HMQC-J experiments were used to identify or measure, respectively, 

protons involved in hydrogen bonds (or are buried), coupling constants for assigning 

backbone φ angles and stereo assignment of side-chain χ1 angles.  Processing of raw fid’s 

was accomplished through nmrDraw [176]. Sequential assignments and NOE assignments 

were made through the analysis of the spectra by nmrView [177]. Monomer and dimer 

structures were developed with Ambiguous Restraints for Iterative Assignment (ARIA) and 

Crystallography and NMR Structure Calculations software (CNS) with a simulated 

annealing/refinement protocol [178-180].  

 

Ambiguous Restraints for Iterative Assignment (ARIA). Data for structure calculations 

were determined from NOE experiments and analysis of the assignments. Results of CSI 

predictions, secondary structure predictions (PSIPRED) and TALOS were analyzed for 

secondary structure information [140]. Note that carbonyl chemical shift assignments 

were obtained from HNCO and HNCACO experiments and TALOS prediction of 

backbone small phi, Greek and small psi, Greek angles were used as restraints for 

structure calculations when they met the confidence criteria established by the authors. 

Angles were restrained to at least ±20° or twice the standard deviation of the prediction 

by TALOS. NOE, dihedral angle, and hydrogen bond restraints comprised the data used 

in the structure calculation. 

 



 166

Structure determination proceeded with conservative manual assignment of NOEs from 

backbone and methyl atoms where there were clear symmetry related cross-peaks in the 

spectra produced 3206 NOE assignments. Structures were calculated with these NOEs, 

hydrogen bond restraints based on the CSI predictions and amide exchange experiments 

and identified small beta, Greek-sheets, and dihedral angle small phi, Greek and small 

psi, Greek restraints based on TALOS predictions. The CNS protocols used simulated 

annealing with torsion angle and Cartesian space dynamics using the default parameters. 

A few mis-assignments were removed based on frequent violations in the first set of 

calculated structures. After removing the mis-assigned NOEs, structures were calculated 

that frequently contained no violations. These structures as well as a model of AbrBN 

were used as the starting point for subsequent calculations and analysis by ARIA (version 

1.2) [143-145]. 

 

The program ARIA allows ambiguous restraints that are assigned by iterative 

calculations of structures using CNS [143-145]. All NOE cross-peaks from the C/N 

NOESY-HSQC (divided into 3D H–CH and 3D H–NH data sets) and manually assigned 

inter- and intra-molecular NOEs were input to ARIA as unassigned and uncalibrated with 

respect to distance. The initial structures were calculated with the manually assigned 

NOEs. The only manual intervention in the spectral data provided to ARIA was to 

remove artifacts, primarily in the H–CH part of the C/N NOESY-HSQC, due to water 

and apodization of the signal from a few very intense methyl groups. The other data input 

to ARIA included the previous hydrogen bond restraints and the dihedral restraints from 

TALOS. There were only a few modifications to the default parameters provided by 
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ARIA. Due to the wealth of NOE interactions in such a concentrated sample the number 

of relaxation matrix doublings had to be increased to 50 for consistent stable 

diagonalization of the matrix. The violation tolerance was initially set slightly higher than 

default to potentially allow ARIA to correct any manual mis-assignments. As a 

verification of the fold of the protein, the CNS calculations were repeated without the 

initial structures. The structures calculated using ARIA with the initial structure 

determined by the manually assigned NOEs was resubmitted to the RSCB, PDB ID code 

1EKT. 

 

The final list of ARIA-assigned NOEs is shown below in Table E.2. In spot-checking the 

latter, we found that ARIA had problems when there was a significant degree of overlap. 

In general, we found that ARIA had made reasonable decisions in either not assigning the 

peak or assigning the cross-peak to an equally probable, alternative set of residues. In 

some cases, we were able to make more complete assignments than ARIA by using 

additional information, particularly: (1) use of symmetry-related cross-peaks (symmetry 

effects are ignored by ARIA); and (2) use of other NOE assignments for the same residue 

that were consistent with a particular assignment. Despite these limitations, ARIA was 

able to assign a very large number of cross-peaks and to obtain excellent convergence 

even without reassigning all of the initial NOEs. Most importantly, after correcting the 

manually assigned NOE data for errors and possible alternate assignments, we found no 

examples of manually assigned NOE peaks that were not consistent with the final 

structure. 
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Statistics for the Structure Ensembles 
ARIA NOEs 
unambiguous 1805 
ambiguous 1032 
totala 2837 
manual NOEs 
Intermolecular 276 
Intramolecular 1615 
H-CH 901 
H-NH 414 
H-bonds 48 
ensemble RMSD (Å) 
secondary structure (backbone)b 0.209544 
secondary structure (heavy)b 0.63423 
backbone (residues 1-53)c 0.518829 
heavy atoms (residues 1-53)c 0.889459 
average violations per structure 
NOEs and/or H-bonds 0.2 
dihedrals 0 
RMSD (experimental restraints)b 
NOEs (Å) 4.417489E-02 
H-bonds (Å) 4.911575E-02 
dihedral angles (deg) 0.77788 
RMSD (covalent geometry)b 
bonds (Å) 5.844095E-03 (±2.210E-04) 
angles (deg) 0.663027 (±2.910E-02) 
impropers (deg) 1.70274 (±0.158) 
Ramachandran space (%)e 
most favored region 99% 
additionally allowed 1% 
generously allowed 0 
disallowed 0 
Input restraint summary for AbrBN monomer and dimer structures 

  Monomer Dimer 
1H - 1H distance restraints total 1465 3207 

intraresidue 807 1615 
hch 451 902 
hnh 207 414 

Table E.2. Aria statistics for the structure ensembles. a Total refers to the sum of the 
unambiguous and ambiguous restraints, which is not the same as the total NOEs assigned for each 
NOESY experiment. Ambiguous restraints can have multiple assignments, and redundant 
assignments from each experiment are filtered in this reported total. b Output by ARIA, calculated 
by CNS using the ensemble of the ten lowest energy structures. c Average backbone RMSD of all 
structures with respect to the mean calculated with MOLMOL. d One NOE violation for the 
ensemble of seven lowest energy structures. .e Calculated with MolProbity. The percentages are 
computed over all ten lowest energy structures.
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intermolecular  276 
Dihedral angle restraints 35 70 

Hydrogen bonds β-sheet 18 30 
α-helix 6 12 

Total restraints per residue  28.75 31.31 
 

Mass spectrometry. All mass spectrometry analyses were performed on a Finnigan-MAT 900 

(Bremen, Germany) instrument.  A modified Finnigan electrospray source was used as 

previously described [95, 96] to allow microflow delivery rates of protein complexes in 

aqueous solutions.  µESI measurements were acquired in both positive and negative modes.  

Sulfur hexafluoride (SF6) gas was used in all experiments to decrease corona discharge and 

enhance the signal to noise ratio.  The ionization source and heated capillary were set at 

120°C.  The electrospray voltage was set at 3.5-3.8 kV.  The instrument was scanned from 

mass to charge (m/z) 1000 to 5000 or 600 to 4000 at a scan rate of 20 sec/decade, using an 

instrument resolution of 1200.  The position-and-time resolved ion counter array detector 

(PATRIC) was used for ion detection.  Multiple scans were collected and summed, and the 

multiply charged spectra were transformed into a calculated molecular weight using Finnigan 

software supplied with the instrument. Typically under such instrument conditions 

employing the software algorithm, a mass accuracy of   +/- 0.001% is readily achievable. 

Stock protein solutions in 10 mM TRIS-HCl (pH 8.3 at 4 °C or pH 7.9 at room temperature), 

1 mM EDTA, 0.1 mM MgCl2, 10 mM KCl, were exchanged by a P-6 gel filtration spin 

column (BIO-RAD, Hercules, CA) into a mass spectrometer compatible buffer of 10 mM 

NH4HCO3, pH 8.0.  Ammonium bicarbonate buffered AbrBN and AbrB proteins were 

diluted to 16 µM and 30 µM concentrations, respectfully, and infused into the µESI source at 

Table E.2. (continued) 
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300 ηl/min.  All protein-DNA complexes were combined at a 2:1 protein:DNA ratio (40 µM 

AbrBN:16 µM DNA or 30 µM AbrB:15 µM DNA) and incubated at 4 ˚C for 24 hours. 

 

Circular Dichroism. Circular dichroism spectra were measured using a Jasco J600A 

spectropolarimeter using a 0.1 cm (far-UV) Hellma cell. All measurements were corrected 

for background signal. Buffer conditions were subtracted under the same experimental 

conditions. For DNA spectra in DNA:protein complex, protein spectra were subtracted under 

the same experimental conditions. All protein-DNA complexes were combined at a 2:1 

protein:DNA ratio (15 µM AbrBN:7.5 µM DNA or 15 µM AbrB:7.5 µM DNA) and 

incubated at 4 °C for 24 hours. Stock protein and DNA were stored in 10 mM TRIS-HCl, 10 

mM KCl, 1 mM EDTA, and 1 mM DTT at pH 7.5 or 10 mM NH4HCO3, pH 8.0. Spectra 

were collected in both types of buffering conditions. Titrations were performed with MgCl2 

at 0.200 µM to 200 µM. Spectra were recorded from 320 to 190nm. Spectra were completed 

in triplicate then averaged. The instrument was equipped with thermostated cell holders, and 

the temperature was held constant at 25 °C ± (1.0 °C) using a circulating water bath. 

 

Tyrosine Fluorescence Emission. Fluorescence emission was measured using a PTI C-61 

spectrofluorometer (Photon Technology International) with a 1 mL 4-sided Hellma cuvette. 

Samples were excited 275 nm (tyrosine fluorescence), and emission was measured from 300 

to 400 nm. Protein and protein:DNA spectra were collected in 10 mM TRIS-HCl, 10 mM 

KCl, 1 mM EDTA, and 1 mM DTT at pH 7.5 or 10 mM NH4HCO3, pH 8.0. All protein-

DNA complexes were formed using at a 2:1 protein:DNA ratio (15 µM AbrBN:7.5 µM DNA 

or 15 µM AbrB:7.5 µM DNA) and incubated at 4 °C for 24 hours. pH titrations, as well as 
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MgCl2 titrations, were completed in 10 mM TRIS-HCl, 10 mM KCl, 1 mM EDTA, and 1 

mM DTT at varying pH . The instrument was equipped with thermostated cell holders, and 

the temperature was held constant at 25 °C ± (1.0 °C) using a circulating water bath. 

 

UV spectroscopy. Spectrophotometric binding studies were performed using an Agilent 8453 

UV-Vis Spectrophotometer (Agilent Technologies Inc., Palo Alto CA).  A 25 µL quartz 

cuvette was used to monitor protein-DNA binding by measuring the absorbance between 190 

to 1100 nm. Changes in spectral features due to DNA-protein binding were identified by 

subtraction of spectra obtained for only DNA or protein.  6 scans are taken each time taken 

and affinity constants are calculated from the average of these scans. Data points for the 

affinity curves are determined through maximum and minimum points between 200-240nm 

for each scan, subsequent subtraction of protein contributions and normalization at 260nm 

are done to insure only DNA contributions are seen in the spectra. The resulting graphs are 

then fit to the following equation: 
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                  [Eq. E.1] 

Molecular Modeling of DNA. DNA pdb files were constructed by MODEL IT 

(http://hydra.icgeb.trieste.it/~kristian/dna/) [181]. Distances of major and minor 

grooves were established through the X3DNA [174]. Helical parameters were obtained 

from running the pdb files obtained from MODEL  IT, with AMBER minimizations 

when applicable, through the program X3DNA [125, 174]. Output files were examined, 

including the parameters: shear, stretch, stagger, buckle, propeller-twist, opening, x-

displacement, y-displacement, helical-rise, incline, tip, helical-twist, shift, slide, rise, 

tilt, roll, twist, shear, stretch, stagger, buckle, propeller, and opening. 
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Appendix F 

AbrBN Chemical Shift  

 

 

AbrBN star file 
Atom 

number Residue number Residue Atom Chemical Shift 
1 2 LYS CA 53.131 
2 2 LYS HA 4.804 
3 2 LYS CB 31.74 
4 2 LYS HB2 1.686 
5 2 LYS HB1 1.601 
6 2 LYS CG 26.745 
7 2 LYS HG2 1.599 
8 2 LYS HG1 1.238 
9 2 LYS CD 21.752 

10 2 LYS HD2 1.388 
11 2 LYS HD1 1.388 
12 2 LYS CE 39.322 
13 2 LYS HE2 2.882 
14 2 LYS HE1 2.882 
15 2 LYS C 177.469 
16 3 SER N 118.691 
17 3 SER HN 8.76 
18 3 SER CA 55.762 
19 3 SER HA 4.188 
20 3 SER CB 61.034 
21 3 SER HB2 3.709 
22 3 SER HB1 3.684 
23 3 SER C 176.954 
24 4 THR N 114.931 
25 4 THR HN 8.263 
26 4 THR CA 59.898 
27 4 THR HA 4.209 
28 4 THR CB 67.745 
29 4 THR HB 4.191 
30 4 THR CG2 19.169 
31 4 THR HG21 1.184 
32 4 THR C 177.495 
33 5 GLY N 111.273 

Table F.1 AbrBN Chemical Shift. AbrBN chemical shift values of all know assignable resonances. 
Atom number is consecurtive, residue number corresponds to the residue in order of appearance of 
N- to C-terminal, Residue corresponds to 3 letter amino acid code, Atom is in agreement with IUPAC 
identification of atoms and Chemical Shift is given in ppm values. 
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34 5 GLY HN 8.788 
35 5 GLY CA 42.625 
36 5 GLY HA2 3.883 
37 5 GLY HA1 3.883 
38 5 GLY C 174.899 
39 6 ILE N 122.181 
40 6 ILE HN 8.38 
41 6 ILE CA 58.435 
42 6 ILE HA 4.087 
43 6 ILE CB 36.458 
44 6 ILE HB 1.748 
45 6 ILE CG1 24.465 
46 6 ILE HG12 1.46 
47 6 ILE HG11 1.161 
48 6 ILE CD1 10.633 
49 6 ILE HD11 0.772 
50 6 ILE CG2 15.409 
51 6 ILE HG21 0.716 
52 6 ILE C 176.156 
53 7 VAL N 126.219 
54 7 VAL HN 8.139 
55 7 VAL CA 58.123 
56 7 VAL HA 4.906 
57 7 VAL CB 30.686 
58 7 VAL HB 1.549 
59 7 VAL CG2 18.964 
60 7 VAL HG21 0.361 
61 7 VAL CG1 17.932 
62 7 VAL HG11 0.239 
63 7 VAL C 179.027 
64 8 ARG N 126.942 
65 8 ARG HN 9.116 
66 8 ARG CA 50.296 
67 8 ARG HA 4.735 
68 8 ARG CB 32.551 
69 8 ARG HB2 1.971 
70 8 ARG HB1 1.508 
71 8 ARG CG 24.043 
72 8 ARG HG2 1.739 
73 8 ARG HG1 1.338 
74 8 ARG CD 40.464 
75 8 ARG HD2 3.47 
76 8 ARG HD1 3.184 
77 8 ARG NE 84.5 
78 8 ARG HE 7.12 
79 8 ARG C 176.215 
80 9 LYS N 119.452 
81 9 LYS HN 8.49 

Table F.1. (continued) 
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82 9 LYS CA 52.603 
83 9 LYS HA 4.876 
84 9 LYS CB 31.725 
85 9 LYS HB2 1.593 
86 9 LYS HB1 1.593 
87 9 LYS CG 26.53 
88 9 LYS HG2 1.37 
89 9 LYS HG1 1.37 
90 9 LYS CD 22.744 
91 9 LYS HD2 1.23 
92 9 LYS HD1 1.23 
93 9 LYS CE 39.299 
94 9 LYS HE2 2.93 
95 9 LYS HE1 2.93 
96 9 LYS C 178.309 
97 10 VAL N 121.42 
98 10 VAL HN 8.304 
99 10 VAL CA 58.787 

100 10 VAL HA 4.225 
101 10 VAL CB 31.761 
102 10 VAL HB 1.857 
103 10 VAL CG2 18.709 
104 10 VAL HG21 0.75 
105 10 VAL CG1 18.709 
106 10 VAL HG11 0.858 
107 10 VAL C 176.695 
108 11 ASP N 127.07 
109 11 ASP HN 8.511 
110 11 ASP CA 50.205 
111 11 ASP HA 4.737 
112 11 ASP CB 38.405 
113 11 ASP HB2 3.296 
114 11 ASP HB1 2.714 
115 11 ASP CG 33.2 
116 11 ASP C 179.483 
117 12 GLU N 116.139 
118 12 GLU HN 9.425 
119 12 GLU CA 56.485 
120 12 GLU HA 4.014 
121 12 GLU CB 25.885 
122 12 GLU HB2 2.037 
123 12 GLU HB1 1.99 
124 12 GLU CG 33.208 
125 12 GLU HG2 2.293 
126 12 GLU HG1 2.35 
127 12 GLU C 178.796 
128 13 LEU N 121.643 
129 13 LEU HN 8.225 

Table F.1. (continued) 
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130 13 LEU CA 51.578 
131 13 LEU HA 4.423 
132 13 LEU CB 39.75 
133 13 LEU HB2 1.523 
134 13 LEU HB1 1.45 
135 13 LEU CG 24.973 
136 13 LEU HG 1.496 
137 13 LEU CD1 21.992 
138 13 LEU HD11 0.773 
139 13 LEU CD2 20.445 
140 13 LEU HD21 0.762 
141 13 LEU C 178.513 
142 14 GLY N 107.637 
143 14 GLY HN 8.108 
144 14 GLY CA 43.195 
145 14 GLY HA2 4.08 
146 14 GLY HA1 3.2 
147 14 GLY C 178.153 
148 15 ARG N 117.447 
149 15 ARG HN 8.398 
150 15 ARG CA 52.53 
151 15 ARG HA 5.139 
152 15 ARG CB 29.354 
153 15 ARG HB2 2.124 
154 15 ARG HB1 1.17 
155 15 ARG CG 24.432 
156 15 ARG HG2 1.51 
157 15 ARG HG1 1.341 
158 15 ARG CD 40.255 
159 15 ARG HD2 3.188 
160 15 ARG HD1 2.63 
161 15 ARG NE 84.4 
162 15 ARG HE 8.9 
163 15 ARG C 178.55 
164 16 VAL N 117.958 
165 16 VAL HN 8.307 
166 16 VAL CA 56.432 
167 16 VAL HA 4.501 
168 16 VAL CB 33.298 
169 16 VAL HB 1.602 
170 16 VAL CG2 18.466 
171 16 VAL HG21 0.702 
172 16 VAL CG1 17.156 
173 16 VAL HG11 0.656 
174 16 VAL C 176.831 
175 17 VAL N 125.478 
176 17 VAL HN 8.079 
177 17 VAL CA 59.516 

Table F.1. (continued) 
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178 17 VAL HA 3.718 
179 17 VAL CB 30.068 
180 17 VAL HB 1.792 
181 17 VAL CG2 19.6 
182 17 VAL HG21 0.856 
183 17 VAL CG1 18.8 
184 17 VAL HG11 0.744 
185 17 VAL C 178.585 
186 18 ILE N 127.2 
187 18 ILE HN 8.48 
188 18 ILE CA 54.641 
189 18 ILE HA 4.236 
190 18 ILE CB 34.382 
191 18 ILE HB 1.847 
192 18 ILE CG1 24.1 
193 18 ILE HG12 1.375 
194 18 ILE HG11 1.175 
195 18 ILE CD1 9.155 
196 18 ILE HD11 0.539 
197 18 ILE CG2 15.787 
198 18 ILE HG21 0.762 
199 19 PRO CA 60.893 
200 19 PRO HA 4.372 
201 19 PRO CB 30.282 
202 19 PRO HB2 2.623 
203 19 PRO HB1 1.837 
204 19 PRO CG 25.287 
205 19 PRO HG2 1.947 
206 19 PRO HG1 1.9 
207 19 PRO CD 48.16 
208 19 PRO HD2 3.374 
209 19 PRO HD1 3.374 
210 19 PRO C 179.797 
211 20 ILE N 126.938 
212 20 ILE HN 8.941 
213 20 ILE CA 61.126 
214 20 ILE HA 3.822 
215 20 ILE CB 35.742 
216 20 ILE HB 1.825 
217 20 ILE CG1 26.839 
218 20 ILE HG12 1.27 
219 20 ILE HG11 1.27 
220 20 ILE CD1 11.213 
221 20 ILE HD11 0.883 
222 20 ILE CG2 14.553 
223 20 ILE HG21 0.913 
224 20 ILE C 177.531 
225 21 GLU N 121.405 

Table F.1. (continued) 
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226 21 GLU HN 9.816 
227 21 GLU CA 57.755 
228 21 GLU HA 3.964 
229 21 GLU CB 25.764 
230 21 GLU HB2 1.932 
231 21 GLU HB1 1.932 
232 21 GLU CG 33.792 
233 21 GLU HG2 2.351 
234 21 GLU HG1 2.221 
235 21 GLU C 180.909 
236 22 LEU N 117.115 
237 22 LEU HN 7.118 
238 22 LEU CA 54.327 
239 22 LEU HA 4.216 
240 22 LEU CB 38.701 
241 22 LEU HB2 1.641 
242 22 LEU HB1 1.338 
243 22 LEU CG 25.271 
244 22 LEU HG 1.59 
245 22 LEU CD1 22.772 
246 22 LEU HD11 0.794 
247 22 LEU CD2 20.793 
248 22 LEU HD21 0.798 
249 22 LEU C 180.359 
250 23 ARG N 117.465 
251 23 ARG HN 7.568 
252 23 ARG CA 58.534 
253 23 ARG HA 3.688 
254 23 ARG CB 27.1 
255 23 ARG HB2 2.156 
256 23 ARG HB1 1.97 
257 23 ARG CG 26.754 
258 23 ARG HG2 1.564 
259 23 ARG HG1 1.137 
260 23 ARG CD 40.998 
261 23 ARG HD2 3.182 
262 23 ARG HD1 3.071 
263 23 ARG NE 81.9 
264 23 ARG HE 6.9 
265 23 ARG C 180.412 
266 24 ARG N 117.593 
267 24 ARG HN 8.69 
268 24 ARG CA 56.713 
269 24 ARG HA 4.074 
270 24 ARG CB 27.364 
271 24 ARG HB2 1.808 
272 24 ARG HB1 1.808 
273 24 ARG CG 24.836 
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274 24 ARG HG2 1.701 
275 24 ARG HG1 1.6 
276 24 ARG CD 40.78 
277 24 ARG HD2 3.107 
278 24 ARG HD1 3.107 
279 24 ARG NE 84.4 
280 24 ARG HE 7.2 
281 24 ARG C 181.607 
282 25 THR N 115.278 
283 25 THR HN 7.588 
284 25 THR CA 63.621 
285 25 THR HA 3.964 
286 25 THR CB 66.37 
287 25 THR HB 4.201 
288 25 THR CG2 19.024 
289 25 THR HG21 1.256 
290 25 THR HG1 1.256 
291 25 THR C 177.169 
292 26 LEU N 118.354 
293 26 LEU HN 7.387 
294 26 LEU CA 52.271 
295 26 LEU HA 4.369 
296 26 LEU CB 40.387 
297 26 LEU HB2 1.626 
298 26 LEU HB1 1.531 
299 26 LEU CG 25.213 
300 26 LEU HG 1.65 
301 26 LEU CD1 22.84 
302 26 LEU HD11 0.751 
303 26 LEU CD2 20.496 
304 26 LEU HD21 0.761 
305 26 LEU C 178.712 
306 27 GLY N 109.556 
307 27 GLY HN 7.695 
308 27 GLY CA 44.512 
309 27 GLY HA2 3.87 
310 27 GLY HA1 3.826 
311 27 GLY C 176.181 
312 28 ILE N 119.528 
313 28 ILE HN 8.174 
314 28 ILE CA 58.022 
315 28 ILE HA 4.179 
316 28 ILE CB 36.346 
317 28 ILE HB 1.499 
318 28 ILE CG1 24.808 
319 28 ILE HG12 1.504 
320 28 ILE HG11 1.504 
321 28 ILE CD1 11.199 
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322 28 ILE HD11 0.741 
323 28 ILE CG2 15.553 
324 28 ILE HG21 0.79 
325 28 ILE C 176.039 
326 29 ALA N 110.84 
327 29 ALA HN 9.472 
328 29 ALA CA 47.833 
329 29 ALA HA 4.431 
330 29 ALA CB 18.659 
331 29 ALA HB1 1.349 
332 29 ALA C 178.86 
333 30 GLU N 119.415 
334 30 GLU HN 8.584 
335 30 GLU CA 56.753 
336 30 GLU HA 3.698 
337 30 GLU CB 26.634 
338 30 GLU HB2 1.942 
339 30 GLU HB1 1.861 
340 30 GLU CG 33.7 
341 30 GLU HG2 2.294 
342 30 GLU HG1 2.097 
343 30 GLU C 178.852 
344 31 LYS N 115.56 
345 31 LYS HN 8.222 
346 31 LYS CA 55.551 
347 31 LYS HA 4.107 
348 31 LYS CB 28.132 
349 31 LYS HB2 2.104 
350 31 LYS HB1 1.98 
351 31 LYS CG 26.52 
352 31 LYS HG2 1.69 
353 31 LYS HG1 1.607 
354 31 LYS CD 22.985 
355 31 LYS HD2 1.351 
356 31 LYS HD1 1.351 
357 31 LYS CE 30.477 
358 31 LYS HE2 2.923 
359 31 LYS HE1 2.923 
360 31 LYS C 177.609 
361 32 ASP N 119.951 
362 32 ASP HN 7.781 
363 32 ASP CA 52.79 
364 32 ASP HA 4.623 
365 32 ASP CB 39.124 
366 32 ASP HB2 2.95 
367 32 ASP HB1 2.483 
368 32 ASP C 176.706 
369 33 ALA N 121.496 
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370 33 ALA HN 8.548 
371 33 ALA CA 48.426 
372 33 ALA HA 4.621 
373 33 ALA CB 18.138 
374 33 ALA HB1 1.299 
375 33 ALA C 177.831 
376 34 LEU N 121.358 
377 34 LEU HN 9.016 
378 34 LEU CA 50.509 
379 34 LEU HA 5.015 
380 34 LEU CB 41.318 
381 34 LEU HB2 1.57 
382 34 LEU HB1 1.17 
383 34 LEU CG 24.093 
384 34 LEU HG 1.6 
385 34 LEU CD1 24.1 
386 34 LEU HD11 0.636 
387 34 LEU CD2 20.607 
388 34 LEU HD21 0.64 
389 34 LEU C 176.432 
390 35 GLU N 123.379 
391 35 GLU HN 9.428 
392 35 GLU CA 52.469 
393 35 GLU HA 4.743 
394 35 GLU CB 29.79 
395 35 GLU HB2 2.06 
396 35 GLU HB1 1.841 
397 35 GLU CG 33.631 
398 35 GLU HG2 1.972 
399 35 GLU HG1 1.972 
400 35 GLU C 177.033 
401 36 ILE N 122.969 
402 36 ILE HN 8.373 
403 36 ILE CA 58.39 
404 36 ILE HA 5.107 
405 36 ILE CB 36.419 
406 36 ILE HB 1.601 
407 36 ILE CG1 36.1 
408 36 ILE HG12 1.606 
409 36 ILE HG11 1.606 
410 36 ILE CD1 15.041 
411 36 ILE HD11 0.689 
412 36 ILE CG2 11.349 
413 36 ILE HG21 0.638 
414 36 ILE C 177.525 
415 37 TYR N 127.104 
416 37 TYR HN 9.59 
417 37 TYR CA 53.646 
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418 37 TYR HA 5.045 
419 37 TYR CB 38.447 
420 37 TYR HB2 2.963 
421 37 TYR HB1 2.858 
422 37 TYR C 175.168 
423 38 VAL N 116.566 
424 38 VAL HN 8.68 
425 38 VAL CA 57.599 
426 38 VAL HA 5.053 
427 38 VAL CB 32.467 
428 38 VAL HB 1.949 
429 38 VAL CG2 19.038 
430 38 VAL HG21 0.9 
431 38 VAL CG1 19.038 
432 38 VAL HG11 0.904 
433 38 VAL C 176.831 
434 39 ASP N 125.422 
435 39 ASP HN 8.535 
436 39 ASP CA 51.041 
437 39 ASP HA 4.759 
438 39 ASP CB 41.147 
439 39 ASP HB2 2.551 
440 39 ASP HB1 2.551 
441 39 ASP C 176.951 
442 40 ASP N 123.683 
443 40 ASP HN 8.822 
444 40 ASP CA 54.063 
445 40 ASP HA 4.141 
446 40 ASP CB 36.974 
447 40 ASP HB2 2.816 
448 40 ASP HB1 2.618 
449 40 ASP C 177.469 
450 41 GLU N 118.692 
451 41 GLU HN 8.831 
452 41 GLU CA 54.221 
453 41 GLU HA 4.205 
454 41 GLU CB 26.629 
455 41 GLU HB2 2.194 
456 41 GLU HB1 2.134 
457 41 GLU CG 33.943 
458 41 GLU HG2 2.138 
459 41 GLU HG1 2.138 
460 41 GLU C 176.031 
461 42 LYS N 118.263 
462 42 LYS HN 8.004 
463 42 LYS CA 52.523 
464 42 LYS HA 4.739 
465 42 LYS CB 32.017 
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466 42 LYS HB2 1.975 
467 42 LYS HB1 1.508 
468 42 LYS CG 26.544 
469 42 LYS HG2 1.6 
470 42 LYS HG1 1.6 
471 42 LYS CD 21.199 
472 42 LYS HD2 1.333 
473 42 LYS HD1 1.333 
474 42 LYS CE 38.659 
475 42 LYS HE2 2.901 
476 42 LYS HE1 2.901 
477 42 LYS C 176.537 
478 43 ILE N 120.141 
479 43 ILE HN 8.616 
480 43 ILE CA 58.085 
481 43 ILE HA 4.383 
482 43 ILE CB 36.755 
483 43 ILE HB 1.607 
484 43 ILE CG1 25.526 
485 43 ILE HG12 1.6 
486 43 ILE HG11 1.6 
487 43 ILE CD1 11.171 
488 43 ILE HD11 0.577 
489 43 ILE CG2 15.358 
490 43 ILE HG21 0.711 
491 43 ILE C 175.446 
492 44 ILE N 127.837 
493 44 ILE HN 8.988 
494 44 ILE CA 57.042 
495 44 ILE HA 4.795 
496 44 ILE CB 37.072 
497 44 ILE HB 1.04 
498 44 ILE CG1 26.337 
499 44 ILE HG12 1.182 
500 44 ILE HG11 0.985 
501 44 ILE CD1 12.076 
502 44 ILE HD11 0.663 
503 44 ILE CG2 16.3 
504 44 ILE HG21 0.624 
505 44 ILE C 175.966 
506 45 LEU N 124.494 
507 45 LEU HN 9.42 
508 45 LEU CA 50.779 
509 45 LEU HA 5.401 
510 45 LEU CB 41.538 
511 45 LEU HB2 1.68 
512 45 LEU HB1 1.166 
513 45 LEU CG 25.3 
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514 45 LEU HG 1.554 
515 45 LEU CD1 23.4 
516 45 LEU HD11 0.63 
517 45 LEU CD2 23.4 
518 45 LEU HD21 0.61 
519 45 LEU C 177.356 
520 46 LYS N 118.62 
521 46 LYS HN 8.613 
522 46 LYS CA 51.5 
523 46 LYS HA 4.776 
524 46 LYS CB 34.2 
525 46 LYS HB2 1.895 
526 46 LYS HB1 1.725 
527 46 LYS CG 26.95 
528 46 LYS HG2 1.36 
529 46 LYS HG1 1.36 
530 46 LYS CD 21.596 
531 46 LYS HD2 1.501 
532 46 LYS HD1 1.501 
533 46 LYS CE 38.959 
534 46 LYS HE2 2.853 
535 46 LYS HE1 2.853 
536 46 LYS C 176.922 
537 47 LYS N 123.651 
538 47 LYS HN 9.253 
539 47 LYS CA 56.4 
540 47 LYS HA 4.182 
541 47 LYS CB 29.7 
542 47 LYS HB2 1.821 
543 47 LYS HB1 1.6 
544 47 LYS CG 26.968 
545 47 LYS HG2 1.452 
546 47 LYS HG1 1.617 
547 47 LYS CD 23.294 
548 47 LYS HD2 1.313 
549 47 LYS HD1 1.313 
550 47 LYS CE 39.493 
551 47 LYS HE2 2.926 
552 47 LYS HE1 2.926 
553 47 LYS C 178.026 
554 48 TYR N 126.965 
555 48 TYR HN 8.584 
556 48 TYR CA 55.2 
557 48 TYR HA 4.566 
558 48 TYR CB 36.8 
559 48 TYR HB2 2.697 
560 48 TYR HB1 2.74 
561 48 TYR C 175.903 
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562 49 LYS N 129.273 
563 49 LYS HN 8.096 
564 49 LYS CA 50.7 
565 49 LYS HA 4.429 
566 49 LYS CB 30.6 
567 49 LYS HB2 1.616 
568 49 LYS HB1 1.492 
569 49 LYS CG 26.6 
570 49 LYS HG2 1.601 
571 49 LYS HG1 1.601 
572 49 LYS CD 21.5 
573 49 LYS HD2 1.23 
574 49 LYS HD1 1.23 
575 49 LYS CE 39.9 
576 49 LYS HE2 2.91 
577 49 LYS HE1 2.91 
578 50 PRO CA 60.3 
579 50 PRO HA 4.149 
580 50 PRO CB 29.2 
581 50 PRO HB2 2.113 
582 50 PRO HB1 1.826 
583 50 PRO CG 24.24 
584 50 PRO HG2 1.823 
585 50 PRO HG1 1.823 
586 50 PRO CD 47.577 
587 50 PRO HD2 3.408 
588 50 PRO HD1 2.978 
589 50 PRO C 178.153 
590 51 ASN N 117.769 
591 51 ASN HN 8.372 
592 51 ASN CA 50.9 
593 51 ASN HA 4.569 
594 51 ASN CB 36.1 
595 51 ASN HB2 2.78 
596 51 ASN HB1 2.742 
597 51 ASN ND2 112.886 
598 51 ASN HD21 7.567 
599 51 ASN HD22 6.887 
600 51 ASN C 176.655 
601 52 MET N 120.664 
602 52 MET HN 8.249 
603 52 MET CA 51.7 
604 52 MET HA 4.496 
605 52 MET CB 37.3 
606 52 MET HB2 2.13 
607 52 MET HB1 1.95 
608 52 MET CG 24.81 
609 52 MET HG2 2.516 
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610 52 MET HG1 2.47 
611 52 MET C 177.143 
612 53 THR N 119.751 
613 53 THR HN 7.707 
614 53 THR CA 60.7 
615 53 THR HA 4.089 
616 53 THR CB 68.1 
617 53 THR HB 4.167 
618 53 THR CG2 19.4 
619 53 THR HG21 1.108 
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Appendix G 

AbhN Chemical Shift  

 

 

AbhN star file 
Atom 

number Residue number Residue Atom Chemical Shift 
1 2 LYS CA 56.889 
2 2 LYS HA 5.317 
3 2 LYS CB 35.616 
4 2 LYS HB1 2.418 
5 2 LYS CG 25.648 
6 2 LYS HG2 2.309 
7 2 LYS HG1 1.438 
8 2 LYS CD 30.468 
9 2 LYS HD1 2.137 

10 2 LYS CE 43.301 
11 2 LYS HE2 3.636 
12 2 LYS HE1 3.133 
13 2 LYS C 177.443 
14 3 SER N 119.819 
15 3 SER HN 9.219 
16 3 SER CA 59.496 
17 3 SER HA 4.861 
18 3 SER CB 64.704 
19 3 SER HB2 4.193 
20 3 SER HB1 4.281 
21 3 SER C 177.032 
22 4 ILE N 120.951 
23 4 ILE HN 8.563 
24 4 ILE CA 62.127 
25 4 ILE HA 4.944 
26 4 ILE CB 40.062 
27 4 ILE HB 2.451 
28 4 ILE CG1 25.579 
29 4 ILE HG12 1.639 
30 4 ILE HG11 1.806 
31 4 ILE CD1 13.513 
32 4 ILE HD11 1.288 
33 4 ILE CG2 19.025 
34 4 ILE HG21 1.379 

Table G.1 AbhN Chemical Shift. AbhN chemical shift values of all know assignable resonances. 
Atom number is consecurtive, residue number corresponds to the residue in order of appearance of 
N- to C-terminal, Residue corresponds to 3 letter amino acid code, Atom is in agreement with IUPAC 
identification of atoms and Chemical Shift is given in ppm values. 
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35 4 ILE C 181.054 
36 5 GLY N 113.18 
37 5 GLY HN 9.156 
38 5 GLY CA 46.914 
39 5 GLY HA2 4.2 
40 5 GLY HA1 4.351 
41 5 GLY C 175.557 
42 6 VAL N 120.061 
43 6 VAL HN 8.204 
44 6 VAL CA 62.833 
45 6 VAL HA 4.695 
46 6 VAL CB 35.353 
47 6 VAL HB 2.265 
48 6 VAL CG2 21.92 
49 6 VAL HG21 0.756 
50 6 VAL CG1 22.931 
51 6 VAL HG11 1.305 
52 6 VAL C 175.627 
53 7 VAL N 127.116 
54 7 VAL HN 8.72 
55 7 VAL CA 61.83 
56 7 VAL HA 4.554 
57 7 VAL CB 35.178 
58 7 VAL HB 2.401 
59 7 VAL CG1 22.136 
60 7 VAL HG11 1.443 
61 7 VAL C 179.012 
62 8 ARG N 126.388 
63 8 ARG HN 9.474 
64 8 ARG CA 54.24 
65 8 ARG HA 5.325 
66 8 ARG CB 36.172 
67 8 ARG HB1 2.645 
68 8 ARG CG 28.23 
69 8 ARG HG2 1.91 
70 8 ARG HG1 2.295 
71 8 ARG CD 42.225 
72 8 ARG HD2 3.726 
73 8 ARG HD1 4.077 
74 8 ARG C 175.995 
75 9 LYS N 120.836 
76 9 LYS HN 8.964 
77 9 LYS CA 56.711 
78 9 LYS HA 5.247 
79 9 LYS CB 35.936 
80 9 LYS HB1 2.409 
81 9 LYS CG 26.324 
82 9 LYS HG2 1.814 
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83 9 LYS HG1 1.982 
84 9 LYS CD 30.678 
85 9 LYS HD2 1.431 
86 9 LYS HD1 1.771 
87 9 LYS CE 43.413 
88 9 LYS HE1 3.412 
89 9 LYS C 178.306 
90 10 VAL N 124.493 
91 10 VAL HN 8.769 
92 10 VAL CA 63.258 
93 10 VAL HA 4.583 
94 10 VAL CB 33.556 
95 10 VAL HB 2.601 
96 10 VAL CG2 29.765 
97 10 VAL CG1 22.877 
98 10 VAL HG11 2.362 
99 10 VAL C 178.59 

100 11 ASP N 129.462 
101 11 ASP HN 9.338 
102 11 ASP CA 54.253 
103 11 ASP HA 5.115 
104 11 ASP CB 42.196 
105 11 ASP HB2 3.227 
106 11 ASP HB1 3.777 
107 11 ASP C 178.757 
108 12 GLU N 114.299 
109 12 GLU HN 9.54 
110 12 GLU CA 60.441 
111 12 GLU HA 4.507 
112 12 GLU CB 29.905 
113 12 GLU HB1 2.818 
114 12 GLU CG 37.747 
115 12 GLU HG1 2.543 
116 12 GLU C 178.694 
117 13 LEU N 121.685 
118 13 LEU HN 8.775 
119 13 LEU CA 55.313 
120 13 LEU HA 4.938 
121 13 LEU CB 43.463 
122 13 LEU CG 34.706 
123 13 LEU HG 2.115 
124 13 LEU CD1 30.956 
125 13 LEU HD11 0.888 
126 13 LEU C 178.73 
127 14 GLY N 108.887 
128 14 GLY HN 8.866 
129 14 GLY CA 46.944 
130 14 GLY HA2 3.658 
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131 14 GLY HA1 4.539 
132 14 GLY C 175.125 
133 15 ARG N 118.759 
134 15 ARG HN 8.874 
135 15 ARG CA 55.812 
136 15 ARG HA 4.699 
137 15 ARG CB 33.259 
138 15 ARG HB2 2.25 
139 15 ARG HB1 2.62 
140 15 ARG CG 44.314 
141 15 ARG HG1 1.89 
142 15 ARG CD 28.119 
143 15 ARG HD2 3.928 
144 15 ARG HD1 3.654 
145 15 ARG NE 129.149 
146 15 ARG HE 7.551 
147 15 ARG C 178.182 
148 16 ILE N 116.412 
149 16 ILE HN 9.003 
150 16 ILE CA 59.825 
151 16 ILE HA 5.203 
152 16 ILE CB 44.001 
153 16 ILE HB 2.079 
154 16 ILE CG1 28.561 
155 16 ILE HG11 2.018 
156 16 ILE CD1 16.217 
157 16 ILE HD11 1.249 
158 16 ILE CG2 19.311 
159 16 ILE HG21 1.272 
160 16 ILE C 175.847 
161 17 VAL N 125.137 
162 17 VAL HN 8.668 
163 17 VAL CA 63.068 
164 17 VAL HA 4.342 
165 17 VAL CB 33.835 
166 17 VAL HB 2.38 
167 17 VAL CG2 29.645 
168 17 VAL HG21 1.299 
169 17 VAL CG1 22.356 
170 17 VAL HG11 1.433 
171 17 VAL C 176.876 
172 18 MET N 125.803 
173 18 MET HN 8.839 
174 18 MET CA 53.855 
175 18 MET HA 4.872 
176 18 MET CB 34.168 
177 18 MET HB2 2.867 
178 18 MET HB1 3.421 
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179 18 MET CG 33.201 
180 18 MET HG2 1.739 
181 18 MET HG1 2.121 
182 18 MET C 175.425 
183 19 PRO CA 63.925 
184 19 PRO HA 4.869 
185 19 PRO CB 33.501 
186 19 PRO HB2 2.218 
187 19 PRO HB1 2.917 
188 19 PRO HG2 1.945 
189 19 PRO HG1 2.203 
190 19 PRO CD 51.66 
191 19 PRO HD2 3.282 
192 19 PRO HD1 4.167 
193 19 PRO C 179.82 
194 20 ILE N 128.001 
195 20 ILE HN 9.432 
196 20 ILE CA 65.234 
197 20 ILE HA 4.22 
198 20 ILE CB 39.46 
199 20 ILE HB 2.303 
200 20 ILE CG1 30.651 
201 20 ILE HG11 1.748 
202 20 ILE CD1 14.893 
203 20 ILE HD11 1.389 
204 20 ILE CG2 18.51 
205 20 ILE HG21 1.328 
206 20 ILE C 178.042 
207 21 GLU N 121.424 
208 21 GLU HN 10.317 
209 21 GLU CA 61.334 
210 21 GLU HA 4.397 
211 21 GLU CB 29.524 
212 21 GLU HB2 2.724 
213 21 GLU HB1 2.839 
214 21 GLU CG 37.648 
215 21 GLU HG1 2.397 
216 21 GLU C 181.107 
217 22 LEU N 119.081 
218 22 LEU HN 7.49 
219 22 LEU CA 57.883 
220 22 LEU HA 4.618 
221 22 LEU CB 42.641 
222 22 LEU HD11 1.421 
223 22 LEU C 179.461 
224 23 ARG N 117.564 
225 23 ARG HN 8.007 
226 23 ARG CA 62.106 

Table G.1. (continued) 



 192

     
     

227 23 ARG HA 4.187 
228 23 ARG CB 30.353 
229 23 ARG HB2 2.433 
230 23 ARG HB1 2.759 
231 23 ARG CG 30.386 
232 23 ARG HG2 1.716 
233 23 ARG HG1 2.031 
234 23 ARG CD 44.926 
235 23 ARG HD1 3.543 
236 23 ARG C 180.741 
237 24 ARG N 117.837 
238 24 ARG HN 8.996 
239 24 ARG CA 60.108 
240 24 ARG HA 4.596 
241 24 ARG CB 31.142 
242 24 ARG HB1 2.278 
243 24 ARG CG 28.719 
244 24 ARG HG2 1.832 
245 24 ARG HG1 1.946 
246 24 ARG CD 44.587 
247 24 ARG HD2 3.376 
248 24 ARG HD1 3.619 
249 24 ARG C 181.226 
250 25 ALA N 121.729 
251 25 ALA HN 7.8 
252 25 ALA CA 56.118 
253 25 ALA HA 4.573 
254 25 ALA CB 19.199 
255 25 ALA HB1 1.994 
256 25 ALA C 180.233 
257 26 LEU N 116.748 
258 26 LEU HN 7.653 
259 26 LEU CA 55.701 
260 26 LEU HA 4.828 
261 26 LEU CB 44.284 
262 26 LEU HB1 2.119 
263 26 LEU CG 40.805 
264 26 LEU CD1 25.666 
265 26 LEU HD11 1.737 
266 26 LEU C 177.627 
267 27 ASP N 120.142 
268 27 ASP HN 8.238 
269 27 ASP CA 56.355 
270 27 ASP HA 4.651 
271 27 ASP CB 40.744 
272 27 ASP HB2 2.872 
273 27 ASP HB1 3.587 
274 27 ASP C 176.231 
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275 28 ILE N 117.995 
276 28 ILE HN 8.808 
277 28 ILE CA 61.661 
278 28 ILE HA 4.782 
279 28 ILE CB 40.366 
280 28 ILE HB 2.059 
281 28 ILE CG1 28.835 
282 28 ILE CD1 14.986 
283 28 ILE HD11 1.145 
284 28 ILE CG2 19.589 
285 28 ILE HG21 1.215 
286 28 ILE C 176.519 
287 29 ALA N 111.534 
288 29 ALA HN 10.089 
289 29 ALA CA 51.366 
290 29 ALA HA 4.927 
291 29 ALA CB 22.383 
292 29 ALA HB1 1.838 
293 29 ALA C 179.363 
294 30 ILE N 118.24 
295 30 ILE HN 8.333 
296 30 ILE CA 64.829 
297 30 ILE HA 4.055 
298 30 ILE CB 38.573 
299 30 ILE HB 2.264 
300 30 ILE CG1 29.401 
301 30 ILE HG12 1.403 
302 30 ILE CG2 21.806 
303 30 ILE C 178.785 
304 31 LYS N 118.262 
305 31 LYS HN 8.295 
306 31 LYS CA 60.283 
307 31 LYS HA 4.452 
308 31 LYS CB 31.394 
309 31 LYS HB2 1.64 
310 31 LYS HB1 2.24 
311 31 LYS CG 27.385 
312 31 LYS HG2 1.861 
313 31 LYS HG1 1.789 
314 31 LYS CD 30.301 
315 31 LYS HD1 2.11 
316 31 LYS CE 43.341 
317 31 LYS HE1 3.423 
318 31 LYS C 177.618 
319 32 ASP N 120.26 
320 32 ASP HN 8.304 
321 32 ASP CA 56.542 
322 32 ASP HA 5.313 

Table G.1. (continued) 



 194

     
     

323 32 ASP CB 42.946 
324 32 ASP HB2 3.15 
325 32 ASP HB1 3.63 
326 32 ASP C 177.29 
327 33 SER N 113.984 
328 33 SER HN 9.194 
329 33 SER CA 59.753 
330 33 SER HA 5.557 
331 33 SER CB 66.934 
332 33 SER HB2 4.059 
333 33 SER HB1 4.356 
334 33 SER C 174.685 
335 34 ILE N 123.166 
336 34 ILE HN 9.622 
337 34 ILE CA 59.372 
338 34 ILE HA 5.093 
339 34 ILE CB 41.736 
340 34 ILE HB 2.07 
341 34 ILE CG1 20.256 
342 34 ILE HG12 0.814 
343 34 ILE HG11 1.221 
344 34 ILE CD1 13.715 
345 34 ILE HD11 1.343 
346 34 ILE CG2 19.083 
347 34 ILE C 174.891 
348 35 GLU N 126.362 
349 35 GLU HN 9.649 
350 35 GLU CA 55.647 
351 35 GLU HA 5.413 
352 35 GLU CB 34.339 
353 35 GLU HB2 2.426 
354 35 GLU HB1 2.236 
355 35 GLU CG 37.645 
356 35 GLU HG2 2.194 
357 35 GLU HG1 2.467 
358 35 GLU C 175.778 
359 36 PHE N 121.596 
360 36 PHE HN 8.648 
361 36 PHE CA 58.093 
362 36 PHE HA 5.789 
363 36 PHE CB 44.035 
364 36 PHE HB2 2.766 
365 36 PHE HB1 3.119 
366 36 PHE C 177.079 
367 37 PHE N 119.742 
368 37 PHE HN 9.982 
369 37 PHE CA 57.181 
370 37 PHE HA 5.579 
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371 37 PHE CB 44.09 
372 37 PHE C 176.315 
373 38 VAL N 119.894 
374 38 VAL HN 9.317 
375 38 VAL CA 62.205 
376 38 VAL HA 5.347 
377 38 VAL CB 36.011 
378 38 VAL HB 2.464 
379 38 VAL CG2 29.697 
380 38 VAL CG1 22.717 
381 38 VAL HG11 1.441 
382 38 VAL C 176.703 
383 39 ASP N 127.451 
384 39 ASP HN 9.16 
385 39 ASP CA 54.33 
386 39 ASP HA 5.325 
387 39 ASP CB 44.15 
388 39 ASP HB1 3.384 
389 39 ASP C 177.653 
390 40 GLY N 115.99 
391 40 GLY HN 9.318 
392 40 GLY CA 49.039 
393 40 GLY HA2 4.485 
394 40 GLY HA1 4.032 
395 40 GLY C 175.325 
396 41 ASP N 127.45 
397 41 ASP HN 8.845 
398 41 ASP CA 54.296 
399 41 ASP HA 5.004 
400 41 ASP CB 41.121 
401 41 ASP HB2 3.45 
402 41 ASP HB1 3.018 
403 41 ASP C 175.973 
404 42 LYS N 117.326 
405 42 LYS HN 8.153 
406 42 LYS CA 56.048 
407 42 LYS HA 5.303 
408 42 LYS CB 36.13 
409 42 LYS HB2 2.613 
410 42 LYS HB1 2.214 
411 42 LYS CG 24.776 
412 42 LYS HG2 1.744 
413 42 LYS HG1 1.938 
414 42 LYS CD 30.412 
415 42 LYS HD2 1.921 
416 42 LYS HD1 1.297 
417 42 LYS CE 42.521 
418 42 LYS C 176.616 

Table G.1. (continued) 



 196

     
     

419 43 ILE N 121.71 
420 43 ILE HN 9.041 
421 43 ILE CA 61.023 
422 43 ILE HA 5.233 
423 43 ILE CB 41.095 
424 43 ILE CG1 29.427 
425 43 ILE CD1 15.341 
426 43 ILE HD11 1.12 
427 43 ILE CG2 19.766 
428 43 ILE HG21 1.435 
429 43 ILE C 175.912 
430 44 ILE N 128.211 
431 44 ILE HN 9.598 
432 44 ILE CA 59.58 
433 44 ILE HA 5.505 
434 44 ILE CB 40.963 
435 44 ILE CG1 20.956 
436 44 ILE CG2 21.313 
437 44 ILE C 175.682 
438 45 LEU N 129.74 
439 45 LEU HN 8.425 
440 45 LEU CA 54.28 
441 45 LEU HA 4.905 
442 45 LEU CB 34.519 
443 45 LEU HB1 2.06 
444 45 LEU HD11 0.876 
445 45 LEU C 175.134 
446 46 LYS N 118.459 
447 46 LYS HN 8.876 
448 46 LYS CA 55.711 
449 46 LYS HA 4.58 
450 46 LYS CB 38.579 
451 46 LYS HB2 2.198 
452 46 LYS HB1 2.952 
453 46 LYS HG2 2.559 
454 46 LYS HG1 2.444 
455 46 LYS CD 26.048 
456 46 LYS HD1 2.807 
457 46 LYS CE 42.225 
458 46 LYS C 177.316 
459 47 LYS N 123.096 
460 47 LYS HN 9.488 
461 47 LYS CA 59.587 
462 47 LYS HA 4.651 
463 47 LYS CB 34.118 
464 47 LYS HB1 2.588 
465 47 LYS CG 27.59 
466 47 LYS CD 30.999 
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467 47 LYS HD2 2.103 
468 47 LYS HD1 2.241 
469 47 LYS CE 43.828 
470 47 LYS C 178 
471 48 TYR N 128.804 
472 48 TYR HN 9.037 
473 48 TYR CA 57.845 
474 48 TYR HA 5.015 
475 48 TYR CB 40.475 
476 48 TYR HB1 3.079 
477 48 TYR C 175.673 
478 49 LYS N 129.791 
479 49 LYS HN 8.419 
480 49 LYS CA 54.398 
481 49 LYS HA 4.911 
482 49 LYS CB 34.519 
483 49 LYS HB1 1.92 
484 49 LYS C 176.21 
485 50 PRO CA 64.03 
486 50 PRO HA 4.587 
487 50 PRO CB 33.18 
488 50 PRO HB2 2.363 
489 50 PRO HB1 2.662 
490 50 PRO CG 28.265 
491 50 PRO CD 51.501 
492 50 PRO HD2 3.586 
493 50 PRO HD1 3.882 
494 50 PRO C 178.307 
495 51 HIS N 119.42 
496 51 HIS HN 8.803 
497 51 HIS CA 57.033 
498 51 HIS HA 5.017 
499 51 HIS CB 31.106 
500 51 HIS HB1 3.453 
501 51 HIS C 177.188 
502 52 GLY N 110.851 
503 52 GLY HN 8.754 
504 52 GLY CA 46.411 
505 52 GLY HA2 4.408 
506 52 GLY HA1 4.385 
507 52 GLY C 175.641 
508 53 VAL N 119.803 
509 53 VAL HN 8.461 
510 53 VAL CA 63.584 
511 53 VAL HA 4.607 
512 53 VAL CB 33.865 
513 53 VAL HB 2.462 
514 53 VAL CG2 21.703 
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515 53 VAL CG1 22.287 
516 53 VAL HG11 1.393 
517 53 VAL C 177.162 
518 54 CYS N 126.815 
519 54 CYS HN 8.425 
520 54 CYS CA 60.663 
521 54 CYS HA 4.839 
522 54 CYS CB 30.244 
523 54 CYS HB1 3.362 
524 54 CYS C 180.232 
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