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2.5.7  High Ambiguity Driven Docking (HADDOCK) 

 Areas within calbindin-D28k that undergo significant chemical shift perturbations 

upon peptide binding were used as a basis for determining active interface residues in the 

calbindin-D28k peptide complexes.  For each modeling procedure, a series of ambiguous  

 

 

 

Figure 2.16  HADDOCK modeling cluster analysis of water refined structures.  Graph 
shows intermolecular energies verses the RMSD from the lowest energy structure.  
EIntermolecular is calculated as the sum of Eelec+ Evdw+ EAIR after water refinement.  Models of 
IMPase (black) RanBPM (blue) and caspase-3 (red) result in two cluster. Each cluster 
represents one linear orientation of the peptide.  
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interaction restraints were generated based the biophysical data and used in conjunction with 

the coordinate files for calbindin-D28k and the respective peptides.  The docking procedure 

consists of three stages:  rigid body energy minimization, semi-flexible refinement with 

simulated annealing, and explicit water refinement.  The result of the docking protocol is 200 

refined protein/peptide complexes, which were subsequently clustered as a function of their 

backbone RMSD from the lowest energy structure.  Each modeling protocol resulted in two 

clusters, arising from 2 possible linear orientations of the peptide (Figure 2.16).  

  The best solution of the lowest energy cluster for each peptide studied maps to a 

region of calbindin-D28k, consisting of α3/α4 of EF-hand 2 (EF-2), α8 of EF-4, and αA in 

the linker region between EF-2 and EF-3.  The nature of the interaction is exemplified by 

IMPase in Figure 2.17A.  The average total interaction energy for each model is -11812 ±  

112 kcal/mol-1 (IMPase), -11512 ± 99 kcal/mol-1 (RanBPM), and -11643 ± 117 kcal/mol-1 

(Caspase-3).  These structures have an average buried surface energy of 1983 ± 90 Å2, 1446 

± 63 Å2, and 1666 ± 73 Å2 respectively.  Modeling of the lowest energy cluster for RanBPM 

and caspase-3 is shown in Figures 2.18 and 2.19.  A complete listing of structure statistics is 

seen in table 2.1. 

 Analysis of the interaction interface from the 20 best structures from the lowest 

energy cluster allows for the identification of potential intermolecular hydrogen bonds for 

each complex.  For example, seven potential hydrogen bonds were identified in the IMPase 

low energy cluster, consisting of Q7:S12, S8:S12, R47:S12, R93:E6, Q96:S3, V173:S3, 



 74

and E175:I1 with respect to calbindin-D28k:IMPase (Figure 2.17B).  A complete listing of 

hydrogen bonds found in each cluster is found in table 2.2.  Further analysis of the 

peptide/protein interface reveals 2 aromatic residues, as seen in Figure 2.17B, F92 which lies 

proximal to the peptide and F61 which is just adjacent to the peptide.  Perturbation of these 

residues may account for the phenylalanine absorption changes in the CD spectrum of the 

calbindin-D28k/peptide titrations.   
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Figure 2.17 HADDOCK Modeling of IMPase Peptide. (A) Model of calbindin-D28k bound 
to IMPase peptide (lowest energy model from cluster 2) displayed as a PyMOL surface plot.  
EF-hands from calbindin colored EF-1 (red) EF-2 (orange) EF-3 (green), EF-4 (yellow), EF-
5 (blue), EF-6 (magenta).  (B) Same surface plot with residues from calbindin-D28k 
involved in hydrogen bonding (Q7, S8, R47, Q96, R93, V173 and E175) colored yellow and 
F92 and F61 colored red. 
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Figure 2.18 HADDOCK Modeling of RanBPM Peptide. (A) Model of calbindin-D28k bound 
to RanBPM peptide (lowest energy model from cluster 2) displayed as a PyMOL surface plot.  
EF-hands from calbindin colored EF-1 (red) EF-2 (orange) EF-3 (green), EF-4 (yellow), EF-5 
(blue), EF-6 (magenta).  (B) Same surface plot with residues from calbindin-D28k involved in 
hydrogen bonding (H5, S8, S9, V76, P83, T84, and Q96) colored yellow. 
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Figure 2.19 HADDOCK Modeling of caspase-3 Peptide. (A) Model of calbindin-D28k bound 
to caspase-3 (lowest energy model from cluster 2) displayed as a PyMOL surface plot.  EF-
hands from calbindin colored EF-1 (red) EF-2 (orange) EF-3 (green), EF-4 (yellow), EF-5 
(blue), EF-6 (magenta).  (B) Same surface plot with residues from calbindin-D28k involved in 
hydrogen bonding (R47, E77, T84, V173, E175) colored yellow. 
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2.6 Discussion 

 Calbindin-D28k performs a number of functions within the cell, from modulation of 

neuronal firing events to controlling the activity of apoptotic proteins [31,80].  Despite the 

critical role this protein plays in the cell, there is little structural detail concerning the nature 

of calcium binding and the interaction with its binding partners.  The result of this work will 

demonstrate the stoichiometry and pH dependence of calcium binding as well as investigate 

the structural perturbations of the interaction of calbindin-D28k with RanBPM, IMPase, and 

caspase-3. 

 Inspection of the amino acid sequence of calbindin-D28k shows reveals four sites that 

agree with the consensus EF-hand profile.  The large number of binding sites made it 

difficult for analyses using CD and fluorescence to establish which sites and in what fashion 

calcium binding takes place [55].  In addition these experiments were performed on 

synthetically produced EF-hands or deletion mutants of calbindin-D28k.   µESI-Mass 

spectrometry and NMR calcium titrations were performed on calbindin-D28k to determine 

protein-metal binding stoichiometries at various pHs [59].  The use of these complementary 

techniques has shown that calcium binding is a sequential process and not a simultaneous 

event.  The relative intensities of the peaks in the deconvoluted µESI-mass spectrometry data 

at pH 7.0 suggests that one calcium ion binds calbindin-D28k with high affinity, followed by 

two others that bind with the same affinity, and a final binding event with the lowest affinity. 

NMR analysis at the same pH shows that EF-hand 1 was found to have the highest affinity 

for calcium by a order of magnitude, followed by EF-hands 4 and 5, and then finally EF-hand 

3.  The differences in relative affinities of EF-hands 3, 4, and 5 are quite small though  
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observable by mass spectrometry.  Early evidence has stated that calbindin-D28k binds 

calcium in a parallel manner, with all EF-hands loading simultaneously with calcium [20].  

This is likely the result of purification techniques in the absence of EDTA which allowed 

calbindin-D28k to become partially loaded, as evidenced by the accompanying NMR 

analysis at the time.  Starting from a well ordered apo-protein, we can follow the sequential 

nature of calcium binding.  The nature of calcium binding holds true at increasing pH, 

although we see the presence of partially and completely loaded calbindin-D28k occurring at 

higher calcium concentrations.          

 Calcium binding proteins take on one of two roles in the cell, functioning as a 

calcium buffer or a calcium sensor [7,81].  The conformational response to calcium by these 

proteins points to their individual role in this regard.  Calcium buffers such as calbindin-D9k 

typically exhibit little to no structural changes upon calcium binding, allowing for their high 

buffering capacity and structural stability.  On the other hand calcium signaling proteins, 

exemplified by calmodulin, typically undergo large conformational changes in response to 

calcium, exposing a hydrophobic patch which allows for downstream protein/protein 

interactions [7].  In order to further define calbindin-D28k’s role in the cell as a calcium 

sensor, ANS fluorescence and NMR calcium titrations demonstrate that apo calbindin-D28k 

adopts an ordered conformation that changes significantly upon calcium loading [23,59].  15N 

TROSY spectra of calbindin-D28k show the structural transition that occurs.  In the initial 

spectrum of the protein in the absence of calcium, the spectrum is well dispersed, indicating a 

conformationally stable protein.  Upon addition of even small amounts of calcium, the 

majority of the resonances broaden or disappeared completely, demonstrating that calbindin-
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D28k enters a phase of significant conformational exchange.  Continued addition of calcium 

up to four molar equivalents, results in fully folded and well structured protein, as evidenced 

by the chemical shift dispersion.  Near-UV CD is a complementary method to monitor the 

changes to tertiary structure in response to calcium.  This technique relies on perturbations of 

the aromatic side chains on residues located at the protein surface.  If a structural change 

affects the environment of an aromatic amino acid then we will see a characteristic change in 

fluorescence emission [79].  The near-UV spectrum of calbindin-D28k is significantly 

perturbed upon addition of calcium, in particular the region between 270 and 290 nm.  This 

data corresponds well to the NMR experiments, indicating that calbindin-D28k undergoes a 

large structural change in response to calcium.  These NMR and CD investigation clearly 

demonstrate that calbindin-D28k does not behave like a typical calcium buffer and provides 

evidence that calbindin-D28k indeed functions as a calcium sensor in addition to its apparent 

buffering capabilities.   

 The result of conformational changes in sensor proteins is typically the exposure of a 

hydrophobic patch designed to interact with a target protein.  Calcium sensors such as 

calmodulin normally expose such surfaces only in the calcium loaded state, with calcium 

functioning as an on/off switch for downstream protein activation.  ANS is a fluorescent dye 

commonly used to monitor the exposure of hydrophobic patches on the surface of proteins as 

a result of folding or conformational changes [75].  Fluorescence studies using this dye were 

performed in order to determine if calbindin-D28k exposes a hydrophobic surface as a result 

of the calcium induced conformational change.  The calcium induced conformational effect 

on ANS fluorescence was atypical for a calcium sensor protein as addition of the metal ion 
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reduced the fluorescence emission, indicating a decrease in overall surface hydrophobicity at 

pH 6.0, 6.5, and 7.0.  It has been previously shown that calbindin-D28k does not behave as a 

typical calcium sensor, binding targets in both the apo and calcium loaded states [20,24].  

The ANS studies of rat calbindin-D28k show behavior similar to human calbindin-D28k, 

which also has lower surface hydrophobicity in the calcium loaded state.  To further 

investigate the conformational transitions involved in calcium loading, fluorescence emission 

from bound ANS upon titration of small increments of calcium was monitored.  At pH 6.5, 

defined plateaus at integral molar equivalents of calcium were observed.  Titrations at pH 6.0 

and 7.0 resulted in transitions that are more linear in nature.  The ANS data suggests that the 

nature of the hydrophobic transition or conformational change may be pH dependant.  Serial 

titrations of calcium in conjunction with 15N TROSY correlation spectra were then used to 

investigate the conformational changes associated with calcium binding at various pHs.  The 

greatest difference observed at different pHs is there is a significant decrease in the amount 

of random coil in the apo and partially loaded spectra with decreasing pH.  In addition 

calcium pickup seems to favor lower pHs, especially pH 6.5, where calcium loading seems to 

occur very rapid.  Taken together these structural studies indicate that calbindin-D28k may 

have various means by which to fine tune its hydrophobic surface, either through calcium 

binding or reaction to changes in pH.  Such changes in surface hydrophobic character may 

allow calbindin-D28k to modulate its ability to bind different targets, or bind the same target 

with a different affinity, under different physiological circumstances.   

  To further investigate the role of calbindin-D28k as a calcium sensor, CD and NMR 

protein/peptide titrations were used to characterize the nature of the interactions.  In contrast 
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to other sensor proteins such as calmodulin, calbindin-D28k has six EF-hands in a single 

domain, thus it does not act in a similar manner to calmodulin.  Calmodulin has EF-hands in 

two independent domains, which expose hydrophobic surfaces upon binding, and clamp 

around recognition sequences of regulated proteins [7].  To determine if calbindin-D28k 

undergoes 2 independent conformational changes similar to calmodulin, near-UV CD was 

used.  Titration of RanBPM, IMPase, and caspase-3 resulted in no gross conformational 

changes, only sight alterations in the phenylalanine region of the spectrum (~260 nm).  

Protein/peptide NMR titrations were used to identify residues that are directly involved and 

proximal to the binding interface.  Because the chemical environment surrounding residues is 

affected by chemical bonding and molecular conformations, the CSP resulting from titration 

with the peptide can be used as a marker to identify residues that are actively involved in 

peptide binding  [82].  Similar chemical shift changes undergone by residues in the presence 

of RanBPM, IMPase, and caspase-3 peptides allow for the mapping of all three peptides to 

the same binding site.  Molecular modeling of these complexes identified the protein/peptide 

interaction site as α3/α4 of EF-hand 2 (EF-2), α8 of EF-4, and αA in the linker region 

between EF-2 and EF-3.     

Particularly interesting is that the protein-peptide interaction is dominated by the 

EF2-αA region. EF2 does not bind Ca2+ and NMR H/N linewidths for residues in this region 

are ~15% broader than their counterparts in EF1. Also, the RMSD of the αA segment of 

calbindin-D28k (residues 82-100) is the highest in the protein (1.7 Å). These two pieces of 

information imply that the EF2-αA section of the protein shows conformational flexibility. 

Such flexibility may enable this single region to accommodate the multiple, different binding 
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partners known to interact with calbindin-D28k. Finally, since the EF2-αA region is not 

involved in calcium binding, it may be possible for calbindin-D28k to perform its buffering 

and signaling roles simultaneously. 
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Chapter 3 

 

Characterization of the Two Domain Response Regulator 

Spo0A 

 

3.1 Foreword 

 

The research included in this chapter was preformed in collaboration with several 

groups.  Dr. James A Hoch (Department of Molecular and Experimental Medicine, The 

Scripps Research Institute) provided the construct used for expression of Bacillus subtilus 

Spo0AC.  Dr. Anthony J. Wilkinson (Department of Chemistry, University of York) 

provided the construct used for the mutation of Bacillus stearothermophilus Spo0A.  Dr. 

Michael B. Goshe and Erik Soderblom (Department of Molecular and Structural 

Biochemistry, North Carolina State University) assisted in the instrumentation use in the 

HPLC sizing experiments.  Dr. Rajiv Kumar (Mayo Clinic) provided the DNA targets used in 

the Spo0AC DNA binding work.  Dr. Benjamin Bobay (Department of Molecular and  
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Structural Biochemistry, North Carolina State University) assisted with NMR data collection 

and analysis.  Dr. John Cavanagh and Richele Thompson assisted with NMR data collection 

and were responsible for the direction of the project.  I was responsible for mutational work, 

HPLC Sizing, NMR data collection and analysis. 

 

3.2 Abstract 

 

 The response regulator Spo0A is the mater control element in the initiation of 

Sporulation in Bacillus.  This study shows that Spo0A is promiscuously phosphorylated in E. 

coli resulting in dimerization of a fraction of Spo0A in solution.  Conservative mutation of 

the phosphorylated aspartic acid in the regulatory terminus of the protein results in the 

production of monomeric Spo0A.  A suite of heteronuclear multidimensional NMR 

experiments is used to assign the sequential backbone connectivities of the isolated termini 

and the full-length protein.  The assignment of the backbone of Spo0A, in conjunction with 

subsequent generation of distance restraints, will allow for the determination of the first two-

domain solution structure of a response regulator.   

 

3.3 Introduction 

 

3.3.1 Sporulation 
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The gram-positive bacterium Bacillus subtilis is commonly found in soil were it 

experiences drastic fluctuations in its habitat.  As a means to survive environmental stress 

and starvation, conditions intolerable for growth, the bacterium has devised several strategies 

for survival.  In its natural state, B. subtilis can synthesize antibiotics to kill competitors, 

secrete degradative enzymes to scavenge nutrients, or develop motility to move towards 

nutrients or away from stress [49]. In the event that these actions do not allow for continued 

growth, the bacterium has developed the ultimate survival strategy in a deteriorating 

environment, formation of a resistant spore.   

In sporulation, asymmetric cell division yields two compartments of unequal size, 

each containing an identical chromosome (Figure 3.1) [83].  While the genomic content of 

each of these cells are the same, gene expression is compartmentalized with different RNA 

polymerase sigma factors regulating the expression of specific genes [40]. The smaller cell, 

termed the forespore, is engulfed by the larger mother cell which produces a thick 

proteinacous shell around the spore.  In the final stage the mother cell lyses releasing a 

mature spore which can lie dormant for long periods of time, until conditions favorable to 

growth develop. The decision to commit to this survival strategy is important, as sporulation 

commits a large amount of metabolic resources over a long period of time.  Once the 

asymmetric septum has developed, this process cannot be easily reversed.  A precise 

mechanism has evolved to activate an array of silent genes required for the production of the 

mature spore: the two-component signal transduction phosphorelay.   

The phosphorelay that controls the initiation of sporulation in B. subtilis is an 

expanded two-component system  [3,34,35,44].  A typical two component system consists of  
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sensor kinase and response regulator as described in section 1.3.1.  In the sporulation 

pathway, environmental signals initiate ATP-dependant autophosphorylation of one of five 

histidine kinases: KinA, KinB, KinC, KinD, or KinE on a specific histidine residue (Figure 

3.2) [84].  KinA is the primary sensor kinase in this pathway in vitro [48,84].  The 

phosphoryl group from KinA~P is then transferred to a conserved aspartic acid side-chain on  

 

                               Figure 3.1 Sporulation Response in Bacillus [83].
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the response regulator Spo0F.  The phosphotransferase Spo0B mediates the phosphoryl 

transfer from an aspartate residue on Spo0F~P to aspartate on Spo0A through a histidine on a 

Spo0B~P intermediate [39,44].  Activated Spo0A~P regulates the expression of over 500 

genes by binding to the DNA sequence 5’-TGNCGAA-3’ termed the “0A box”, located 

upstream of the transcription start site.  Activation of transcription is achieved by binding to 

the promoters of the spoIIA, spoIIE, and spoIIG operons and repression of other global 

regulators such as AbrB [48,49].     

The transfer of the phosphate through the pathway is under stringent control by a 

number of phosphatases.  The proteins involved in the phosphorelay have no intrinsic 

autophosphatase activity.  Instead, phosphatases, such as Rap and Spo0E, remove phosphoryl 

groups from the active site aspartates of the response regulators Spo0F and Spo0A (Figure 

3.2). This allows for a mechanism for signals that indicate conditions are no longer favorable  

for sporulation to have impact on the pathway [39].  The sporulation phosphorelay 

Figure 3.2 The B. subtilis phosphorelay.  Autophosphorylation of KinA results in the 
phosphoryl group being shuttled to the response regulator Spo0A. Regulation of this 
pathway can be achived by phosphatases such as Rap and Spo0E [39].  
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pathway in B. subtilis integrates an array of signals where the opposing activities of sensor 

kinases and aspartyl phosphatases control the phosphorylation status of the response 

regulator Spo0A.   

 

3.3.2  Proposed interaction 

 

 Nearly all response regulators have a multi-domain organization albeit there are a few 

exceptions, as Spo0F in this pathway demonstrates.  Spo0A is comprised of an N-terminal 

regulatory domain connected to the C-terminal trans-activation domain by a peptide linker 

region (Figure 3.3).  The regulatory domain of Spo0A has a phosphorylatable aspartate 

residue (D55 in B. stearothermophilus) and a high degree of sequence similarity with that of 

other receiver domains, approximately 120 residues, implying a similar structure.  The trans-

activation domain consists of a helix-turn-helix motif responsible for binding DNA and its 

sequence is conserved among Spo0A homologs from other spore-forming bacteria [85].  

Studies using individual isolated domains of Spo0A have found that the Spo0A N-terminal 

domain (Spo0AN) retains the ability to be phosphorylated and the Spo0A C-terminal domain 

(Spo0AC) is able to bind to DNA and activate transcription [86,87]. This would suggest that 

Spo0AN inhibits the function of Spo0AC in wild-type Spo0A and inhibition is released upon 

phosphorylation by Spo0B (Figure 3.4).  
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Figure 3.3 Secondary structure prediction of Spo0A from B. stearothermophilus. Prediction 
shows the (αβ)5 structure of the N-terminus and the entirely α-helical nature of the C-terminus.  
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Figure 3.4  Model for the activation of Spo0A.  The purple circles represent the N-terminal 
regulatory domain of Spo0A that inhibits the region responsible for DNA interaction in the 
C-terminal domain (dark purple box).  The DNA binding domain interacts to increase 
binding affinity to 0A boxes.  The blue box represents the RNA polymerase σ factor subunit 
[38]. 
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Inhibition of Spo0AC by the N-terminus may not be the only event that controls 

activation of Spo0AC.  Upon phosphorylation, Spo0A has been observed to form dimers in 

vitro, which are able to promote transcription [88].  Dimerization of response regulators upon 

phosphorylation is a common mechanism for activation due to the cooperativity of tandem 

C-terminal subunits binding DNA, which results in an increased affinity for the interaction 

[89].  Emphasis is given to this theory since “0A boxes” are typically found in two or more 

copies in promoter regions of proteins whose expression is regulated by sporulation (Figure 

3.4).  Structures of the isolated Spo0A N-terminus from B. stearothermophilus (1dz3 and 

1qmp) described in the following section have called this proposed interaction into question, 

making the conformational change upon phosphorylation and the structure of the full length 

response regulator Spo0A the outstanding unresolved question regarding the initiation of 

sporulation [90-92]. 

 

3.3.3 Isolated Domains 

 

3.3.3.1 Spo0AN – Phosphorylated Monomer 

 

 In vivo experimentation has shown that once a threshold level of phosphorylated 

Spo0A~P has accumulated in the cell, transcription of the genes necessary for sporulation is 

initiated [44].  As stated earlier there is also evidence of Spo0A forming dimers when 

phosphorylated, enhancing binding of the effector domain to 0A boxes.  The crystallographic 



 95

structure of the regulatory domain from B. stearothermophilus, residues 2-130, (PDB 1QMP) 

was solved to 2 Ǻ resolution [92,93].  The overall fold of this domain closely resembles that 

of receiver domains from other response regulators such as CheY and Spo0F [94,95].  The 

overall fold of the monomer Spo0AN consists of a five-stranded parallel β-pleated sheet, 

surrounded by 5 α-helices (Figure 3.5). While no effort was made to phosphorylate this 

protein, a phosphoryl group was detected covalently attached to the carboxlyate group of 

Asp55, coordinated by a calcium ion.  Formation of a phosphorylated monomer does not 

agree with the current literature on the oligimerization state of phosphorylated Spo0A.  The 

presence of the phosphorylated residue in this structure is likely due to promiscuous 

 

 

Figure 3.5  The overall fold of Spo0AN~P. The structure consists of a five-stranded parallel β-
pleated sheet, surrounded by 5 α-helices.  The phosphorylated aspartate in the binding pocket 
is highlighted in yellow (PDB 1QMP).  
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sensor kinase activity or a small molecule phosphor-donor in Escherichia coli.  The stability 

of the phosphorylated form has been suggested to be due to either the presence of an atypical 

coordinating metal ion, Ca2+, which perturbs the reactivity of the active site or the fact that 

this form of Spo0AN is from a moderate thermophile, where at room temperature 

phosphorylation half-life is extended [92].  While the state of the protein may not be relevant 

in vivo, it does provide information on activation following phosphorylation of Asp55.   

In the structure the phosphate group and calcium ion interact, drawing five highly 

conserved residues together: Asp10, Asp55, Thr84, Lys106, and Asp9.  While the former 

residues are direct interaction the latter interaction (Asp9) is mediated by a water-bridge. The 

structure of Spo0AN~P was compared to those of unphosphorylated CheY and Spo0F.  The 

conformations of the loops around the active site that connect the β-strands to the α-helices 

are variable, making the interpretation of the results of phosphorylation difficult, although the 

reorientation of the Thr84 side-chain is significant and has implications of signaling in other 

response regulators.  Thr84 is among the residues that draw together to around the active site, 

moving 4.5 Ǻ to form a hydrogen bond with the phosphate oxygen.  The movement of this 

residue affects Phe103, found on the distal face of the active site.  The side chain of Phe103 

moves from an outward to inward orientation in Spo0AN~P. (Figure 5) The movement of 

corresponding residues in Spo0F has been suggested previously where Thr82 controls the 

position of His101 in either a buried or exposed position [96,97].  The concerted movements 

of these residues in multiple response regulators suggest a common activation mechanism 

that is commonly referred to as an “aromatic switch”.   
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3.3.3.2 Spo0AN – Unphosphorylated Dimer 

  

The crystallographic structure of the unphosphorylated receiver domain of Spo0A 

(1DZ3) from B. stearothermophilus was solved to a resolution of 1.65Ǻ by the same 

laboratory that determined the structure of phosphorylated Spo0AN [91].  The model 

resolved residues 2-124.  As in the Spo0AN structure, Spo0AN~P is comprised of alternating  

Figure 3.6  Movements of the active site residues involved in the “aromatic switch”.  
Residues in blue (Spo0AN~P) are superimposed on corresponding residues from CheY 
(purple) [92]. 
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segments of β-strand and α-helix forming a (βα)5 structure.  In contrast to the Spo0AN 

structure, helix α5 does not pack onto the β-sheet alongside α1, but aids in the formation of a 

dimer by protruding away from the molecule.  This exchange of α5 with the partner subunit 

is referred to as a 3D domain-swapping mechanism (Figure 3.7).  In the dimer hydrophobic 

side-chains on one side of α-helix5 come together with an exposed hydrophobic patch on the  

 

Figure 3.7  Spo0AN domain swapped dimer.  Ribbon (a) and space filling (b) models of the 
Spo0AN dimer. The side chains of Lys106 and Asp55 are in blue [91]. 
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β-sheet of the partner subunit, similar to the position of α5 in the phosphorylated monomer.  

Comparison of the loop region between α5/β5 in the phosphorylated monomeric structure 

and this dimer shows large alterations in the backbone geometry of Lys106-Pro107 peptide 

bond.  This peptide bond adopts the trans conformation rather than the cis geometry seen in 

Spo0AN~P.  This isomerization allows the helix to pack alongside partner subunit instead on 

along the β-sheet of its own subunit.   

As in all response regulators, the active site pocket of Spo0AN is located at the C-

terminus of the β3 strand and comprised of 5 residues: Asp9, Asp10, Asp55, Lys106, and 

Thr84.  In the unphosphorylated form, large changes are seen in the architecture of the active 

site when compared to Spo0AN~P.  Due to the isomerization previously discussed, Lys106 

undergoes the largest movement, with its side chain projecting towards the solvent in the 

dimer.  In Spo0AN~P, the side chain of Lys106 forms and ion pair with the phosphoryl 

group on Asp55.  As discussed in the previous section, Thr84 and Phe103 coordinate an 

activation mechanism termed an “aromatic switch” when Spo0AN is phosphorylated.  In the 

dimer, Phe103 mediates contacts between the subunits and the hydroxyl of Thr84 extends 

away from Asp55.  As a whole, the active site is more exposed to the solvent in the 

unphosphorylated form of Spo0AN.  In terms of structure outside of the active site, residues 

in loop regions involved in coordination of the calcium ion in Spo0AN~P adopts a more 

open conformation due to the lack of a metal ion.  Also, a hydrogen bond, mediated by water, 

between Gln88 and Asp55 is formed in the Spo0AN dimer.   
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3.3.3.3 Spo0AC  

 

It has been stated earlier that phosphorylation of the receiver domain of Spo0A allows 

the effector domain to bind DNA.  Two crystal structures of Spo0AC have been used to 

define the surfaces involved in DNA binding and interactions of two molecules tandemly 

bound to DNA [49,98].  The oligimerization state of each structure is as follows: In the 

 

  

Figure 3.8: Tandem dimer of Spo0AC bound to the 0A box.  The HTH motif is shown in red and 
the αE helix is in purple [98]. 
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Spo0AC:DNA crystals (1LQ1), two molecules from a tandem dimer bind to adjacent “0A 

boxes” on DNA (Figure 3.8) [98]. The construct used in the crystallization of the 

Spo0AC:DNA complex comprised residues 149-268 of B. subtilis.  In the structure of 

Spo0AC by itself (1FC3), three molecules of Spo0A defined the asymmetric unit but the 

intermolecular interactions were typical of those found in lattice interactions, suggesting that 

Spo0AC is a monomer [49].  This construct comprised residues 139-259 of Spo0A from B. 

stearothermophilus.  The amino acid sequences of Spo0AC from the two Bacillus species 

share 111 identities and 6 conservative substitutions over 117 residues (Figure 3.9).   

Figure 3.9 Sequence alignment of the terminal 117 residues of Spo0A from B. 
subtilis and B. stearothermophilus. The two species share homology over 111 of 
117 residues. 
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The overall fold of Spo0AC is a six α-helix assembly of novel fold.  Helices αC and 

αD form a HTH DNA binding domain, commonly found in DNA-binding proteins.  In the 

HTH motif each helix is respectively referred to as the scaffolding and recognition helix.  

Although both helices form contacts to DNA, the scaffolding helix (αC) forms a platform for 

the second helix, which lies in the major groove of DNA and mediates binding (αD).  Three 

residues: Arg211, Arg214, and Arg217 on successive turns of αD form a large positively 

charged surface, consistent with these residues interacting with DNA.  Also, residues E213 

and H218 form hydrogen bonds with the “0A box”, suggesting that all the residues that form 

sequence specific contacts with DNA originate from the recognition helix of the HTH motif.  

Overall, no large backbone conformational changes take place in this domain, only slight 

movement in the side-chains of residues interacting with DNA.  In the seven base pair “0A 

box”, the Spo0AC:DNA structure has shown that most of the specificity for this sequence is 

due to interactions with the second, fourth, and fifth base pairs.  Unlike most dimers that bind 

to DNA, the individual subunits of Spo0AC are positioned to interact in a manner where αF 

in the C-terminus of one molecule contacts the αB helix in the N-terminus of the partner 

(Figure 3.8).   This is mediated by a network of salt bridges, hydrogen bonds, and 

hydrophobic interaction between each molecule.  Overall approximately 10% of the surface 

area of the monomer is occluded in the dimer interface.  Dimerization of the effector domain 

of Spo0A is hypothesized to stabilize the complex of Spo0AC with DNA.  Dimerization is 

thought to be relevant to transcription activation in vitro as the association places αE of both 

molecules on the same face of the dimer (shown in purple Figure 3.8) [98]. Mutational 

analysis has suggested that this helix makes contact with σA of RNA polymerase [99].    
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3.3.4 Spo0A Full-Length 

 

Prior to the crystallographic characterization of the isolated domains of Spo0A, the 

accepted theory concerning the activation of this protein was that in full-length Spo0A, the 

N-terminus dimerizes upon phosphorylation, releasing inhibition of the DNA binding activity 

of the C-terminal domain.  The structural data however, contradicts the previous biochemical 

evidence.  The crystal structure of phosphorylated Spo0AN was a monomer, while the 

unphosphorylated structure of Spo0AN was a dimer.  Analytical ultracentrifugation data 

since those structures were published have shown that the atypical species were likely due to 

the prepatory crystal growth conditions used namely low pH, lyophilization, and high 

calcium concentrations [90].  These studies concluded that the domain swapped dimers 

induced by low pH are very likely different from the Spo0AN dimers induced by 

phosphorylation, although they do activate transcription [90].  In the absence of the domain 

swapping mechanism, how are dimers then formed?  One possible mechanism involves the 

phenylalanine residue on the β4-α4-β5 surface of Spo0AN.  This residue is involved in the 

previously discussed aromatic switch.  Comparison of the Spo0AN~P structure with other 

response regulators suggested that the most significant change in structure associated with 

phosphorylation involved the reorientation of this phenylalanine side chain following the 

movement of the side chain of Thr84 towards the phosphoryl group.   This may somehow 

disrupt the proposed Spo0A interdomain interaction that is believed to be responsible for the 

inhibition of DNA binding.  Questions that remain to be unanswered involve the intersubunit 

interactions involved in full-length Spo0A.  The determination of this structure will elucidate 



 104

the interactions that likely inhibit DNA binding by the C-terminus.  

 

3.4 Methods 

 

3.4.1 Expression and Purification 

 

3.4.1.1  Spo0AN B .subtilis 

 

Cloning 

 The Spo0AN construct (B. subtilis) was provided by Dr. James Hoch (Scripps 

Research Institute).  The construct includes the truncated wild-type spo0A gene (Residues 1-

128) in a pET-28a vector (Novagen).  Cloning sites used in this vector were NcoI and Xho1.  

An N-terminal methionine was added to the sequence for the ability to express the protein in 

E. coli.  Expression of the protein provides a high level of untagged protein sufficient for 

analysis by NMR. 

 

Expression and Purification 

 

 Spo0AN plasmid DNA was transformed into E. coli BL(21)DE3pLysS competent 

cells (Novagene).  Cells from the transformation were plated on 100µg/ml LB/kanamycin 

agar plates and placed in a 32°C incubator overnight.  The next morning a single colony was 

picked from the plate and placed into 5ml of LB containing kanamycin and were 
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incubated at 160 RPM and 37°C.  Once the culture was turbid an overnight was prepared 

using 5µl of the starter and 75ml of LB with 100µg/ml kanamycin.  This overnight culture 

was used to inoculate 1L of LB broth with 100µg/ml kanamycin.    The culture was grown at 

37°C and 160 RPM to an approximate optical density (A600 nm) of 0.800.  At this point, 

induction of protein expression was initiated by the addition of 1mM IPTG.  Incubation of 

the culture was continued for 2.5 hours.  The cells were pelleted by centrifugation at 8,000 

RPM for 15 minutes and resuspended in 50ml of lysis buffer (20mM Tris-HCl, pH 8.3, 

300mM KCl, 10mM MgCl2, and 15mM imidazole) with 0.25μM AEBSF.  All subsequent 

purification was preformed at 5°C.  The cell suspension was sonicated for 10 cycles for 3 

minutes with 2 minute rests.  Between each cycle the slurry was agitated using a serological 

pipette to distribute heat evenly.  The lysate was centrifuged at 17,500 rpm for 15 minutes; 

all protein was found in the supernatant.   A Ni-NTA column was equilibrated in binding 

buffer containing 20mM Tris-HCl, pH 8.3, 300mM KCl, 10mM MgCl2, and 15mM 

imidazole and the supernatant was loaded.  The column was then washed with 100ml of 

binding buffer.  The load and wash were collected separately and 160 drop fractions were 

collected using a 500mM-15mM imidazole gradient.  Fractions containing Spo0AN were 

found to elute between fractions 15 and 30.  These fractions were dialyzed 4 times in 3 

buffers to lower the salt and imidazole in a stepwise manner.  The first buffer, in which the 

protein was dialyzed once, contained 20mM Tris-HCl, pH 8.3, 250mM KCl, 10mM MgCl2, 

3mM EDTA, 1mM DTT.  The second buffer, in which the protein was dialyzed once 

contained 20mM Tris-HCl, pH 7.5, 150mM KCl, 10mM MgCl2, 2mM EDTA, 1mM DTT.  

The third and final buffer, in which the protein was dialyzed twice contained 20mM Tris-
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HCl, pH 7.5, 50mM KCl, 10mM MgCl2, 1mM DTT and 0.02% NaN3.  The dialyzed protein 

was concentrated using an YM-10 centrifugal filter device (Millipore) to approximately 

1mM.  Throughout the purification the presence of Spo0AN was monitored using 15% SDS 

Page gel electrophoresis.   

 

3.4.1.2  Spo0AN D55N B. stearothermophilus  

 

Cloning 

The Spo0A construct (B. stearothermophilus) was provided by Dr. Anthony 

Wilkinson (Dept. of Chemistry, University of York).  This construct included the truncated 

spo0A gene (residues 1-144) in a pET-26b vector (Novagene).  The construct was site 

directed mutagenized to provide the unphosphorylatable mutant D55N.  This mutant was 

verified by sequencing.   

 

Expression and Purification 

 

 Spo0AN D55N plasmid DNA was transformed into E. coli BL(21)DE3pLysS 

competent cells (Novagene).  Cells from the transformation were plated on 100µg/ml 

LB/Kanamycin agar plates and placed in a 32°C incubator overnight.  The next morning a 

single colony was picked from the plate and placed into 5ml of LB containing 100µg/ml 

kanamycin and were incubated at 160 RPM and 37°C.  Once the culture was turbid an 

overnight was prepared using 5µl of the starter and 75ml of LB with 100µg/ml kanamycin.  
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The overnight culture was used to inoculate 1L of LB broth with 100µg/ml kanamycin.  The 

culture was grown at 37°C and 160 RPM to an approximate optical density (A600 nm) of 

0.900. The culture was gently pelleted by centrifugation at 3,000 RPM for 15 minutes.  LB 

broth was decanted and the pellet was resuspended in 1L of M9T.  Cell growth was 

monitored until the optical density (A600 nm) of the resuspended culture increased.  At this 

point, induction of protein expression was initiated by the addition of 1mM IPTG.  

Incubation of the culture was continued for 8 hours.  The cells were pelleted by 

centrifugation at 8,000 RPM for 15 minutes and resuspended in 50ml of lysis buffer (25mM 

MES, pH 7.0, 5mM EDTA, and 2mM DTT) with 0.25μM AEBSF.  All subsequent 

purification was preformed at 5°C.  The cell suspension was sonicated for 10 cycles for 3 

minutes with 2 minute rests.  Between each cycle the slurry was agitated using a serological 

pipette to distribute heat evenly.  The lysate was centrifuged at 17,500 rpm for 15 minutes; 

all protein was found in the supernatant.  The volume of the supernatant was measured and 

ammonium sulfate was added to a final concentration of 25%, adding 0.5g every 10 minutes.  

The suspension was centrifuged for 15min at 12,000 RPM.  The protein was found 

exclusively in the supernatant.  A column containing phenyl sepharose was equilibrated in 

binding buffer (25mM MES, pH 7.0, 1.1M ammonium sulfate, 2mM EDTA, and 2mM DTT)  

and the supernatant was loaded.  The column was then washed with 100ml of binding buffer.  

The load and wash were collected separately and 160 drop fractions were collected using a 

1.1M-550mM ammonium sulfate gradient.  These fractions were dialyzed twice against a 

buffer containing 25mM MES, pH 7.0, 5mM EDTA, and 2mM DTT to remove ammonium 

sulfate and to lower the KCl concentration.  A Q-sepharose column was then equilibrated in 
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wash buffer (25mM MES, pH 7.0, 5mM EDTA, and 2mM DTT) and the dialysis was loaded.  

The column was then washed with 100ml of wash buffer.  The load and wash were collected 

separately and 160 drop fractions were collected using a 0-400mM NaCl gradient.  Fractions 

containing Spo0AN were dialyzed twice into buffer containing 25mM MES, pH 7.0, 5mM 

EDTA, and 2mM DTT.  A DEAE column was then equilibrated in wash buffer (25mM MES, 

pH 7.0, 5mM EDTA, and 2mM DTT) and the protein solution was loaded.  The column was 

then washed with 100ml of wash buffer.  The load and wash was collected separately and 

160 drop fractions were collected using a 0-700mM NaCl gradient.  Spo0AN came out 

exclusively in the load and wash.  These fractions were dialyzed once in 4L of Spo0AN 

D55N NMR buffer (25mM MES, pH 5.5, 2mM EDTA, 500mM NaCl, 1mM DTT). 

Throughout the purification the presence of Spo0AN D55N was monitored using 15% SDS 

Page gel electrophoresis. The dialyzed protein was concentrated using a YM-10 centrifugal 

filter device to approximately and not to exceed 1mM.  Throughout the purification the 

presence of Spo0AN D55N was monitored using 15% SDS Page gel electrophoresis.    

 

Sample Preparation 

 

Production of 1H-15N-13C samples followed the above protocol with the only substitution 

being the addition of 1g of 15N-ammonium chloride and 1g of U-13C6 glucose.  For 2H-15N-

13C samples 1g of 15N-ammonium chloride, 3g of deuterated U-13C6 glucose, and 1L of D2O 

were used to prepare the minimal medium.  All isotopes used in the preparation of the 

samples were obtained from Cambridge Isotope Laboratories 
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3.4.1.3  Spo0AC B. subtilis 

 

Cloning 

 The Spo0AC construct (B. subtilis) was provided by Dr. James Hoch (Scripps 

Research Institute).  The construct includes the wild-type spo0AC gene (Residues 143-267) 

in a pET-16b vector (Novagen).  Cloning sites used in this vector were NcoI and BamH1.  

An N-terminal methionine was added to the sequence for the ability to express the protein in 

E. coli.  Expression of the protein provides a high level of untagged protein sufficient for 

analysis by NMR. 

 

Expression and Purification 

 

 Spo0AC plasmid DNA was transformed into E. coli BL(21)DE3pLysS competent 

cells (Novagene).  Cells from the transformation were plated on 100µg/ml LB/Kanamycin 

agar plates and placed in a 32°C incubator overnight.  The next morning a single colony was 

picked from the plate and placed into 5ml of LB containing 100µg/ml kanamycin and were 

incubated at 160 RPM and 37°C.  Once the culture was turbid an overnight was prepared 

using 5µl of the starter and 75ml of LB with 100µg/ml kanamycin.  The overnight culture 

was used to inoculate 1L of LB broth with 100µg/ml kanamycin.  The culture was grown at 

37°C and 160 RPM to an approximate optical density (A600 nm) of 0.900. The culture was 

gently pelleted by centrifugation at 3,000 RPM for 15 minutes.  LB broth was decanted and 

the pellet was resuspended in 1L of M9T.  Cell growth was monitored until the optical 
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density (A600 nm) of the resuspended culture increased.  At this point, induction of protein 

expression was initiated by the addition of 1mM IPTG.  Incubation of the culture was 

continued for 8 hours.  The cells were pelleted by centrifugation at 8,000 RPM for 15 

minutes and resuspended in 50ml of lysis buffer (20mM Tris-HCl, pH 8.3, 150mM KCl, 

10mM MgCl2, and 1mM EDTA) with 0.25μM AEBSF.  All subsequent purification was 

preformed at 5°C.  The cell suspension was sonicated for 10 cycles for 3 minutes with 2 

minute rests.  Between each cycle the slurry was agitated using a serological pipette to 

distribute heat evenly.  The lysate was centrifuged at 17,500 rpm for 15 minutes; all protein 

was found in the supernatant.  The volume of the supernatant was measured and ammonium 

sulfate was added to a final concentration of 25%, adding 0.5g every 10 minutes.  The 

suspension was centrifuged for 15min at 12,000 RPM.  The protein was found exclusively in 

the supernatant.  A column containing phenyl sepharose was equilibrated in binding buffer 

(20mM Tris-HCl, pH 8.3, 1.1M ammonium sulfate, 150mM KCl, 10mM MgCl2, 1mM 

EDTA) and the supernatant was loaded.  The column was then washed with 100ml of 

binding buffer.  The load and wash were collected separately and 160 drop fractions were 

collected using a 1.1M-550mM ammonium sulfate gradient.  Spo0AC was found to elute 

between fractions 19 and 29.  These fractions were dialyzed twice against a buffer containing 

20mM Tris-HCl, pH 8.3, 10mM KCl, 10mM MgCl2, and 1mM EDTA to remove ammonium 

sulfate and to lower the KCl concentration.  A Q-sepharose column was then equilibrated in 

wash buffer (20mM Tris-HC, pH 8.3l, 20mM KCl, 10mM MgCl2, and 1mM EDTA) and the 

dialysis was loaded.  The column was then washed with 100ml of wash buffer.  The load and 

wash were collected separately and 160 drop fractions were collected using a 0-400mM KCl 
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gradient.  Spo0AC was found exclusively in the load and wash.  A heparin-agarose column 

was then equilibrated in wash buffer (20mM Tris-HCl, pH 8.3, 10mM KCl, 10mM MgCl2, 

and 1mM EDTA) and the protein solution was loaded.  The column was then washed with 

100ml of wash buffer.  The load and wash was collected separately and 160 drop fractions 

were collected using a 0-700mM KCl gradient.  Spo0AC that is greater than 95% pure was 

found to elute from the column in fractions 11-20.  These fractions were dialyzed once in 4L 

to remove residual salt (20mM Tris-HCl, pH 8.3, 150mM KCl, 10mM MgCl2, and 1mM 

EDTA) and twice in 4L to place the sample in NMR buffer (20mM Tris-HCl, pH 7.5, 50mM 

KCl, and 0.02% sodium azide). The dialyzed protein was concentrated using a Centricon 

Plus-80 centrifugal filter device (Millipore) to approximately and not to exceed 500µM.  

Throughout the purification the presence of Spo0AC was monitored using 15% SDS Page 

gel electrophoresis.   

 

Sample Preparation 

 

Production of 1H-15N-13C samples followed the above protocol with the only 

substitution being the addition of 1g of 15N-ammonium chloride and 1g of U-13C6 glucose.  

For 2H-15N-13C samples 1g of 15N-ammonium chloride, 3g of deuterated U-13C6 glucose, and 

1L of D2O were used to prepare the minimal medium.  All isotopes used in the preparation of 

the samples were obtained from Cambridge Isotope Laboratories. 
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3.4.1.4   Spo0A D55N B. stearothermophilus 

 

Cloning 

 

The Spo0A construct (B. stearothermophilus) was provided by Dr. Anthony 

Wilkinson (Scripps Research Institute).  This construct included the wild-type spo0A gene in 

a pET-26b vector (Novagene).  The construct was sequenced and was found to have a 

mutation at residue 153.  This was corrected in the Spo0A F153I construct which was 

verified by sequencing.  The subsequent construct was site directed mutagenized to provide 

the unphosphorylatable mutant D55N.  This mutant was verified by sequencing.  All 

mutational work was provided by Erin Regel.  Expression of the protein provides a high level 

of untagged protein sufficient for analysis by NMR. 

 

Expression and Purification 

 

 Spo0A D55N plasmid DNA was transformed into E. coli BL(21)DE3 competent cells 

(Novagene).  Cells from the transformation were plated on 100µg/ml LB/Kanamycin agar 

plates and placed in a 32°C incubator overnight.  The next morning a single colony was 

picked from the plate and placed into 5ml of LB containing 100µg/ml kanamycin and were 

incubated at 160 RPM and 37°C.  Once the culture was turbid an overnight was prepared 

using 5µl of the starter and 75ml of LB with 100µg/ml kanamycin.  The overnight culture 

was used to inoculate 1L of LB broth with 100µg/ml kanamycin.  The culture was grown at 
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34°C and 140 RPM to an approximate optical density (A600 nm) of 0.900. The culture was 

gently pelleted by centrifugation at 3,000 RPM for 15 minutes.  LB broth was decanted and 

the pellet was resuspended in 1L of M9T.  Cell growth was monitored until the optical 

density (A600 nm) of the resuspended culture increased.  At this point induction of protein 

expression was initiated by the addition of 0.5mM IPTG.  Incubation of the culture was 

continued for 8 hours.  The cells were pelleted by centrifugation at 8,000 RPM for 15 

minutes and resuspended in 60ml of lysis buffer (25mM MES, pH 7.0, 5mM EDTA, and 

2mM DTT) with 0.25μM AEBSF.  All subsequent steps were preformed at 5°C.  The cell 

suspension was sonicated for 10 cycles for 3 minutes with 2 minute rests.  Between each 

cycle the slurry was agitated using a serological pipette to distribute heat evenly.  The lysate 

was centrifuged at 17,500 rpm for 15 minutes; all protein was found in the supernatant.  The 

volume of the supernatant was raised to 75ml with lysis buffer and the solution was applied 

to a packed MonoS column that had been previously equilibrated with MonoS wash buffer 

(25mM MES, pH 7.0, 2mM EDTA, and 2mM DTT).  The column was washed with 100ml 

of MonoS wash buffer and a 300ml 0 to 50% elution buffer (25mM MES, pH 7.0, 1.5mM 

NaCl, 2mM EDTA, 2mM DTT) gradient was applied.  Spo0A D55N was found to elute 

between fractions 14 and 22 in a 160 drop per fraction system.  These fractions were pooled 

and diluted to 150ml using heparin wash buffer (25mM MES, pH 7.0, 2mM EDTA, and 

2mM DTT).  This dilution reduces the salt concentration in the fractions eliminating a 

dialysis step.  A column containing heparin agarose was equilibrated in the heparin wash 

buffer and the diluted fractions were loaded.  The column was then washed with 100ml of 

heparin elution buffer (25mM MES, pH 7.0, 1.5mM NaCl, 2mM EDTA, and 2mM DTT). 
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The load and wash was collected separately and 160 drop fractions were collected using a 0-

500mM NaCl gradient of the equilibration buffer.  Fractions containing pure Spo0A D55N 

were found to elute between 14 and 22.  These fractions were concentrated using a YM-10 

centrifugation filter device  (Millipore) and buffer exchanged in the centrifugal device using 

Spo0A D55N NMR buffer (25mM MES, pH 5.5, 2mM EDTA, 500mM NaCl, 1mM DTT). 

Throughout the purification the presence of Spo0A D55N was monitored using 15% SDS 

Page gel electrophoresis.   

 

Sample Preparation 

 

 Production of 1H-15N-13C samples followed the above protocol with the only 

substitution being the addition of 1g of 15N-ammonium chloride and 3g of U-13C6 glucose.  

For 2H-15N-13C samples 1g of 15N-ammonium chloride, 3g of deuterated U-13C6 glucose, and 

1L of D2O were used to prepare the minimal medium.  All isotopes used in the preparation of 

the samples were obtained from Cambridge Isotope Laboratories. 

 

3.4.2 HPLC Sizing  

 

Individual Domains 

 

Spo0AC (B. subtilis) and wild-type Spo0AN (B. subtilis) was dialyzed in a buffer 

containing 20mM Tris-HCl pH7.5, 50mM KCl, and 0.02%NaN3.  A Tosoh bioscience 
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TSKgel Super SW2000 column was equilibrated in 20mM Tris-HCl pH7.5, 50mM KCl, and 

0.02%NaN3.  50µL samples were applied to the column at a flow rate of 0.30 ml/min.  A 30 

minute separation was preformed and absorbance was measured at 280nM.  The molecular 

mass standards used (Biorad) for comparison were: Thyroglobulin (670,000 Da), Gamma 

globulin (158,000 Da), Ovalbumin (44,000 Da), Myoglobin (17,000 Da), and Vitamin B-12 

(1,350 Da). 

 

Spo0A D55N Full-length 

 

Spo0A D55N was dialyzed in a buffer containing 25mM MES, pH 5.5, 2mM EDTA, 

500mM NaCl, and 1mM DTT.  A Tosoh bioscience TSKgel Super SW3000 column was 

equilibrated in 25mM MES, pH 5.5, 2mM EDTA, 500mM NaCl, and 1mM DTT.  50µL 

samples of Spo0A were applied to the column at a flow rate of 0.30 ml/min.  A 30 minute 

separation was preformed and absorbance was measured at 280nM.  The Biorad molecular 

mass standards used for comparison were: Thyroglobulin (670,000 Da), Gamma globulin 

(158,000 Da), Ovalbumin (44,000 Da), Myoglobin (17,000 Da), and Vitamin B-12 (1,350 

Da) . 

 

Beryllium Fluorination 

 

Spo0AN (B. subtilis) was dialyzed in a buffer containing 20mM Tris-HCl, pH 8.3, 

250mM KCl, 10mM MgCl2,  and 1mM DTT. The concentration of protein in a 1 ml solution 
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was 900µL.  The beryllofluoride complex with Spo0AN was prepared by adding MgCl2 to a 

final concentration of 86mM and NaF3 to a final concentration of 10mM.  This solution was 

incubated at 25°C for 20min with occasional gentle inversion.  BeCl2 was then added to a 

final concentration of 2.3mM and incubated in the hood with occasional gentle inversion for 

at least 30 minutes.  This protocol was adapted from methods described earlier [100].   

 

3.4.3   NMR Spectroscopy 

  

Spo0AC  

 

NMR data was collected at 25°C on a 600 Varian Inova spectrometer using a 

1H/13C/15N triple-resonance probe equipped with actively shielded pulsed field gradient coils 

on all three axes.  Data was processed using NMRPipe and spectra were analyzed using 

NMRView [71,72].  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.   

 

Spo0AN D55N  

 

NMR data was collected at 37°C on a 600 Varian Inova spectrometer using a 

1H/13C/15N triple-resonance probe equipped with actively shielded pulsed field gradient coils 
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on all three axes.  Data was processed using NMRPipe and spectra were analyzed using 

NMRView [71,72].  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.   

 

Spo0A D55N Full-length 

 

NMR data was collected on a 600 Varian Inova spectrometer equipped with a Varian 

cold probe at 37°C.  Data was processed using NMRPipe and spectra were analyzed using 

NMRView [71,72].  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. 

 

3.4.4  Spo0AC DNA Titration 

 

A DNA sequence corresponding to a single “0A box” was used in the Spo0AC:DNA 

complex experiments.  This 16 base pair sequence 5’ – GTTCGTGTCGAATTTG – 3’ and 

its complement was prepared by dissolving the DNA in 10µl to a final concentration of 

220µg/µl. 5.75µl of each DNA solution were combined and the complex was annealed by 

incubating the solution at 95°C for 5 min, followed by a slow cool process to 40°C.  This 
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amount of DNA is sufficient for a 1:1 protein:DNA molar ratio in  500µM Spo0AC sample.  

At each titration point a 1H, 15N - TROSY was collected at 25°C on a Varian Inova 600 MHz 

equipped with a Varian cold probe. Each TROSY data set was collected using the following 

conditions: sw(1H)=10,000, sw(15N)=2000, np(1H)=2558, t1 INCREMENTS=256, number of 

transients per FID=16.  The data was processed using the software package NMRPipe and 

were further analyzed using NMRView.  The DNA sequence was provided by the Mayo 

Clinic DNA facility (Rochester, MN) 

 

3.5 Results 

 

3.5.1 HPLC of Spo0A and its subunits 

 

Examination of the behaviors of Spo0AC (residues 143-267) and Spo0AN (residues 

1-128) of B. subtilis and Spo0A D55N of B. stearothermophilus through size exclusion 

chromatography was preformed on Tosoh Super SW2000 size exclusion column.  In the case 

of the Spo0A D55N mutant, the mutant eluted as a single peak corresponding to 1.1 times the 

expected polypeptide molecular mass.  An additional peak corresponding to 1.5 times that of 

the expected peptide molecular mass of dimerized Spo0A D55N appears in a small quantity, 

approximately 10% of the absorbance area of the major peak (Figure 3.10). The high 

molecular weight peak corresponded to a visible band on polyacrylamide gels, indicating that 

it is a high molecular weight contaminant from the purification protocol and not a oligomer  
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of Spo0A D55N. These data indicate that Spo0A D55N is a monomer at pH 5.5 in the 

presence of 500mM NaCl.  In the case of the individual domains of Spo0A from B. subtilis, 

Spo0AC elutes as a single peak corresponding to 0.7 times that of the expected peptide 

molecular mass (Figure 3.11A).   Spo0AN elutes as two major peaks, corresponding to 1.3 

times the expected polypeptide molecular mass of the monomer and 1.6 times the expected 

molecular mass of the phosphorylated dimer.  The absorbance of the dimer peak is 

approximately 27% that of the monomeric species (Figure 3.11B). As the concentration of 

Spo0AN is raised from 100µM to 500µM there is an increase in the formation of the dimmer 

(Figure 3.11C).  These values are listed in Table 3.1.  Beryllium Fluorination of Spo0AN 

resulted in an increase in absorbance of the dimeric species to 43% of that of the monomer. 

Figure 3.10 SE HPLC of Spo0A D55N. Chromatogram of the two observable peaks in the 
Spo0A D55N separation (blue) overlaid on the elution profile of the standard used to 
determine molecular weights (light blue). 
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Figure 3.11 SE-HPLC of isolated domains of Spo0A.  (A) chromatogram of Spo0AC (*) 
separation (red) and the standards (black) (B) chromatograph of spo0AN (B. subtilis) (red) 
elution as two peaks A (monomer) and B (dimer) with standard (black) (C) chromatogram of 
Spo0AN at 100µM (black), 300µM (red), and 500µM (blue) showing concentration effect on 
dimerization. 
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Table 3.1  Spo0A Sizing Summary 

 

 

3.5.2 NMR Chemical Shift Assignments 

 

Spo0AC (B. subtilis) 

Sequential connectivities for complete assignment of the backbone of Spo0AC were 

achieved through the use of the heteronuclear multidimensional NMR experiments.  The 15N 

HSQC spectrum of Spo0AC (Figure 3.12) shows the presence of a single resonance for each 

15N-1H pair.  Initial assignments were made from HNCACB, CBCA(CO)HN, HNCA, 

HN(CO)CA, HNCB, HNCO, HN(CA)CO, and C(CO)NH experiments.  These experiments 

literally connect the nucleus of residue i to residue i-1, allowing for the determination of 

backbone residues in a sequential manner. Unambiguous assignment was achieved for 119 of 

the expected 127 residues in Spo0AC.    The experiments outlined here have allowed us to 

complete approximately 94% of the sequential assignments of Spo0AC (Figure 3.12).  The 

predicted secondary structure and current crystal structure of Spo0AC show that this 
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protein is entirely α-helical in nature (Figure 3.13B).    Analysis the backbone data using the 

Chemical-Shift Index (CSI) which uses 13Cα, 13Cβ and 15N chemical shifts, allows for the 

identification and location of protein secondary structure with  predictive accuracy in excess 

of 92%., without the need for NOE measurements [101].   CSI data generated for Spo0AC 

corresponds exactly with the predicted and experimentally determined secondary structure of 

the protein (Figure 3.13A) 

 

 

 

Figure 3.12. 15N – TROSY of 500uM Spo0AC at 25°C.  Peaks are labeled with assigned 
residue as determined from sequential backbone assignments. 
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Figure 3.13 Secondary structure analysis of Spo0AC. (A) Chemical shift indices of Spo0AC 
B. subtilis generated using NMRVIEW software.  Red up arrow indicates α-helical segment 
while blue down arrow indicates β-strand elements. (B) Secondary structure prediction of 
Spo0AC B. subtilis showing agreement with NMR determined secondary structure. 
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Spo0AN (B. subtilis) 

Sequential connectivities for complete assignment of the backbone of Spo0AN were 

achieved through the use of the heteronuclear multidimensional NMR experiments.  The 15N 

HSQC spectrum of Spo0AN (Figure 3.14) shows the presence of a single resonance for each 

15N-1H pair.  Initial assignments were made from HNCACB, CBCA(CO)HN, HNCA, 

HN(CO)CA, HNCB, HNCO, HN(CA)CO, and C(CO)NH experiments.  These experiments 

literally connect the nucleus of residue i to residue i-1, allowing for the determination of 

backbone residues in a sequential manner. Unambiguous assignment was achieved for 69 of 

the expected 144 residues in Spo0AC.    The experiments outlined here have allowed us to 

complete approximately 48% of the sequential assignments of Spo0AN.  The predicted 

secondary structure and current crystal structure of Spo0AN show a α5/β5 structure.  While 

the backbone assignments are incomplete, the regions that have been assigned CSI secondary 

structure analysis agree well with the predicted structural features (Figure 3.15).      
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  Figure 3.14: 15N – TROSY of 500uM Spo0AN D55N at 37°C.  
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Figure 3.15 Secondary structure analysis of Spo0AN. (A) Chemical shift indices of Spo0AN 
B. subtilis generated using NMRVIEW software.  Red up arrow indicates α-helical segment 
while blue down arrow indicates β-strand elements. (B) Secondary structure prediction of 
Spo0AC B. subtilis showing agreement with NMR determined secondary structure. 
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Spo0A D55N NMR Analysis 

 

 Sequential connectivities for complete assignment of the backbone of Spo0A D55N 

were achieved through the use of the heteronuclear multidimensional NMR experiments.  

The 15N HSQC spectrum of Spo0AN (Figure 3.14) shows the presence of a single resonance 

for each 15N-1H pair.  Initial assignments were made from HNCACB, CBCA(CO)HN, 

HNCA, HN(CO)CA, HNCB, HNCO, HN(CA)CO, and C(CO)NH experiments.  These 

experiments literally connect the nucleus of residue i to residue i-1, allowing for the 

determination of backbone residues in a sequential manner.  In addition backbone assignment 

of Spo0AC and Spo0AN D55N will aid in the chemical shift assignment of this large protein.  

Overlay of a 15N HSQC of Spo0AC with a 15N TROSY of Spo0A D55N results in the ability 

of 41% of the residues to be directly correlated to the full-length protein, as the C-termini of 

Spo0A from B. subtilis and B. stearothermophilus share 95% sequence identity.  Overlay of a 

15N HSQC of Spo0AN D55N with a 15N TROSY of Spo0A D55N results in the ability of 

approximately 80% of the residues to be directly correlated to the full-length protein, as the 

truncation of the full-length results in identical sequences and minimal perturbation to the 

Spo0AN spectrum.  Combining the biophysical data from the heteronuclear NMR 

experiments on Spo0AN D55N with the previously determined backbone residues of the 

individual domains reduces the complexity of the full-length spectrum and has allowed for 

the identification of approximately 60% of the backbone assignments of Spo0A D55N 
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Figure 3.16: 15N – TROSY of 500uM Spo0AC at 25°C overlaid on the 15N-TROSY of 500uM 
Spo0A D55N at 37°.  Approximately 49 of 127 residues of Spo0AC can be correlated to the 
Spoo0A D55N spectrum. 
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Figure 3.17: 15N  TROSY of 500uM Spo0AN at 37°C overlaid on the 15N-TROSY of 500uM 
Spo0A D55N at 37°.  Approximately 104 of 127 residues of Spo0AC can be correlated to the 
Spoo0A D55N spectrum. 
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3.5.3 Spo0AC DNA Titration 

 

Examination of the interaction of the DNA-binding domain of Spo0A (Spo0AC) with 

a known DNA sequence was carried out using  15N  TROSY titrations.  In the base spectrum 

of Spo0AC 119 of the 127 expected resonances are identified.  Residues that are in the 

DNA/protein interaction interface can be identified by following chemical shift 

perturbations, which occur when the chemical environment within and proximal to the 

interface are changed.  Analysis of the 15N TROSY of Spo0AC reveals that the spectrum is 

well dispersed, containing 119 resolved peaks of an expected 127 (Figure 3.18A).  In Figure 

3.18B, addition of small amounts of DNA (0.25 molar equivalents) cause Spo0AC to 

immediately enter a disordered phase where approximately 95% of the chemical shifts have 

broadened and disappeared.    At a 1:1 ratio of protein/DNA, approximately 60% of the 

expected resonances are seen, although there is still likely 2 interconverting forms of 

Spo0AC (Figure 3.18C).  If the equilibrium was pushed further towards bound then we 

would expect to see all 119 resonances of Spo0AC.  This protein/DNA complex is likely in 

intermediate exchange, with moderate DNA binding affinity, where broadened signals in the 

bound and free forms exist.  When the  15N  TROSY spectrum of the final titration point is 

overlaid on the base spectrum, only 4 residues are able to be identified:  E7, I47, T68, and 

K106 (Figure 3.19).  Of these residues only T68 is in the HTH DNA-binding motif of 

Spo0AC, being found in the scaffolding or first helix.     
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Fig 3.18 Titration of ‘0A Box’ into Spo0AC.  (A) 15N  TROSY of 500uM Spo0AC at 25°C (B) 
Addition of DNA up to 125µM (0.25 molar equivalents) (C) Addition of DNA up to 500µM (1 
molar equivalent).  Upon addition of small amounts of DNA we see complete disappearance of 
95% of the chemical shifts.  At a 1:1 molar ratio of DNA/protein we see the appearance of 
approximately 50% of the expected Spo0AC chemical shifts.  
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Fig 3.19 15N TROSY overlay of Spo0AC DNA titration.  15N TROSY of the overlay of the 
base spectrum of Spo0AC (black) with a spectrum of Spo0AC in the presence of a 1:1 ratio of 
DNA.  The majority of the resonances that appear upon addition of equimolar DNA have 
undergone large chemical shift perturbations.  Residues E7, T68, K106, and I47 did not 
disappear upon titration of DNA or undergo chemical shift changes. 
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3.6 Discussion 

 

The initiation of sporulation is controlled by a multi-component phosphorelay.  Transfer 

of phosphate in this system to a conserved aspartic acid on Spo0A releases the inhibition of 

the DNA-binding properties of the carboxy-terminus of this protein, allowing for 

transcriptional activation and repression.  The mechanism by which phosphorylation allows 

DNA binding has not been determined.  It is believed that in the resting cell, the receiver 

domain occludes the DNA binding surface of Spo0AC, upon phosphorylation a 

conformational change occurs which releases the inhibitory influence of the amino-terminal 

domain and mediates the formation of homodimers.  Existing structures of the individual 

domains do not shed light on the nature of the inhibition of the DNA binding domain  

[91,92].  The result of this work will demonstrate the amenability of NMR to solving the full-

length structure of B. stearothermophilus Spo0A, by the design of an unphosphorylatable 

construct.   

 Dimer formation upon phosphorylation is common amongst response regulators such 

as FixJ or OmpR [102].  In other proteins, such as Spo0F in this pathway, phosphorylation 

does not affect the quaternary state of the protein [95].  In the case of Spo0A, there is 

conflicting evidence about the nature of the phosphorylated form of the protein [87,88].  The 

structures of the individual domains failed to answer the question as the monomeric structure 

of Spo0AN was phosphorylated and the domain swapped dimer was unphosphorylated, 

contradicting the activation theory [91,92].  Examination of the behaviors of Spo0AC 
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(residues 143-267) and Spo0AN (residues 1-144) of B. subtilis and Spo0A D55N of B. 

stearothermophilus through size exclusion chromatography was preformed.  The DNA-

binding domain, Spo0AC, was found to elute as a single peak corresponding to the 

monomeric form.  Dimerization of Spo0A has been suggested to occur to allow the protein to 

bind DNA in a cooperative manner.  In the crystal structure of Spo0AC, two carboxy 

terminus molecules form tandem dimers upon binding to sites on adjacent DNA helices.  

This interaction between two C-terminal domains is thought to only occur upon binding 

DNA, with isolated domains of the protein in the absence of DNA being completely 

monomeric. Spo0AN was found to elute as two major peaks, one corresponding to the 

monomeric form of the protein and the higher molecular weight species to the dimer.  

Phosphorylation is a prerequisite to dimerization of the amino terminus.  No attempt at 

phosphorylation was made and is likely the result of promiscuous phosphorylation in E. coli 

[103].  To prevent phosphorylation and subsequent dimerization of Spo0AN, an aspartic acid 

to asparagine mutation at D55 was made.  The conservative D55N mutation has been shown 

to prevent phosphorylation in response regulators while not perturbing the overall structure 

[104].  Size-exclusion chromatography of the D55N mutation in the full-length Spo0A 

construct from B. stearothermophilus resulted in the elution of a single peak corresponding to 

the molecular weight of the monomer.  Taken together, the size exclusion studies of Spo0A 

and its individual domains reveal that Spo0AC exists as a monomer in solution, while 

Spo0AN likely phosphorylates in E. coli resulting in the formation of a dimer.  Dimerization 

of the N-terminus of Spo0A is unfavorable for NMR studies, since it would result in two 

populations of the protein in the NMR sample, dimer and monomer.  Previous attempts to 
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produce a well dispersed TROSY spectrum of the amino-terminus and full-length protein 

resulted in only partial spectrums with poor peak dispersion.  Conservative mutation of 

Asp55 to Asn in both the N-terminal construct and full-length protein resulted in well 

dispersed spectra of both forms of Spo0A.  These constructs were used in further structural 

studies to elucidate the sequential connectivities for complete assignment of the backbone of 

Spo0A and its domains.   

Examination of the interaction of the C-terminal DNA-binding domain of Spo0A 

with a known DNA sequence was carried out by titration of a sequence of DNA representing 

a typical ‘0A box’ sequence.  Residues that are in the DNA/protein interaction interface can 

be identified by following chemical shift perturbations of individual residues in the domain.  

Unfortunately titration of even small amount of DNA into a labeled sample resulted in 

significant peak disappearance.  The moderate DNA binding affinity of isolated Spo0AC 

results intermediate exchange on the NMR timescale resulting in broadened signals in the 

bound and free forms.  Identification of residues that interact with DNA in solution will not 

be possible unless saturating amounts of DNA are added to the sample pushing the 

equilibrium to the fully bound state.     

 While a number of structural studies have been preformed on the individual domains 

of Spo0A, no full-length structure has been solved which would resolve the subunit 

interactions in the unphosphorylated state.  Size-exclusion chromatography has shown that 

both Spo0AC and Spo0A full-length are monomers in solution.  The 15N-TROSY spectrum 

of Spo0AC is well-resolved and allowed for unambiguous assignment for 119 of the 

expected 127 residues.  A suite of heteronuclear NMR experiments produced scalar 
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connectivities for approximately 94% of the assignments of Spo0AC. Analysis the backbone 

data using the Chemical-Shift Index (CSI) which uses 13Cα, 13Cβ and 15N chemical shifts 

identified protein secondary structure elements with the C-terminus.   CSI data generated for 

Spo0AC corresponds exactly with the predicted and experimentally determined secondary 

structure, showing an entirely α-helical protein.  These backbone resonances will be used to 

assist in the determination of the full-length protein and will allow for further investigations 

into the nature of the interaction between Spo0AC and Spo0AN by NMR titration with 

differential labeling of each domain.  Using the same suite of experiments, sequential 

connectivities for both the N-terminal domain and the full-length protein are at 50% and 60% 

completion respectively.  CSI data for the N-terminus agrees with the current model for the 

structure of the N-terminus.  Completion of the sequential assignments of the full-length 

protein along with additional experiments to generate the distance restraints used in the 

structure calculations will produce the first solution structure of a two-domain response 

regulator.    

 

 

 

 

 

 



 137

 

 

 

Chapter 4 

 

Conclusions 

 

4.1 Conclusions 

 

 In chapter 2, experiments utilizing CD, NMR, mass spectrometry, and 

computer modeling were preformed to examine the nature and effects of calcium and peptide 

binding to calbindin-D28k.  The investigations involving calcium binding show that EF-hand 

loading occurs in a sequential fashion and is not a simultaneous event.  Upon addition of 

calcium, one ion is sequestered initially, followed by the uptake of 3 additional ions with 

differing affinities.  The EF-hands that were found to participate in calcium binding included, 

in order of relative affinity, EF-1, EF-4, EF-5, and EF-3.  A pH dependence of calcium 

loading was also seen where calcium affinity is seen to increase in acidic conditions.  CD and 

mass spectrometry was used to determine the effects of calcium on the structure of calbindin-

D28k.  In the absence of calcium, calbindin-D28k has notable tertiary structure.  Upon the 
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addition of small amounts of calcium the protein enters a disordered phase.  When fully 

 loaded, calbindin-D28k is seen to adopt a well ordered conformation, notably different than 

that of the apo-conformation in CD and NMR spectra.  NMR was then used to identify 

contacts between individual residues of calcium loaded calbindin-D28k and three peptides of 

interest.  Perturbations to the observed chemical shifts of calbindin-D28k identified active 

interface residues in the calbindin-D28k peptide complexes.  Peptides derived from 

RanBPM, IMPase, and caspase-3 were all found to interact with a region of calbindin-D28k 

that is comprised of α3/α4 of EF-2, α8 of EF-4, and αA in the linker region between EF-2 

and EF-3.  Further examination of linewidths of individual residues of EF-2 and the overall 

RMSD of αA reveal that this section of the protein shows conformational flexibility that may 

account for the multiple binding partners for this ubiquitous calcium sensor protein.  Since 

the EF2-αA region is not involved in calcium binding, it may be possible for calbindin-D28k 

to perform its buffering and signaling roles simultaneously. 

 In chapter 3, the structure of Spo0A in the context of the full-length protein and its 

individual domains was investigated.  Size exclusion HPLC of Spo0AN revealed that it was 

phosphorylated by E. coli during protein expression, resulting in the formation of a dimer.  In 

an effort to resolve this problem, a D55N mutation was introduced to the N-terminus of 

Spo0A in both the full-length protein and the isolated regulatory domain.  The mutation 

resulted in purely monomeric Spo0A and Spo0AN, a prerequisite for NMR structure 

determination of the response regulator.  In solution, the DNA binding domain of Spo0A was 

found to be purely monomeric.  Utilizing a series of DNA titrations, an effort was made to 

study the residues of the C-terminus involved in DNA binding in solution.  The poor affinity 



 139

of the isolated domain for DNA resulted in severe linewidth broadening of resonances in the 

NMR spectra, precluding further investigation into the nature of the interaction of Spo0AC 

and DNA.  While a number of structural studies have been preformed on the individual 

domains of Spo0A, no full-length structure has been solved.  The elucidation of this structure 

in solution is necessary to resolve the questions surrounding the subunit interactions in the 

unphosphorylated state of Spo0A.  A significant step towards the elucidation of this structure 

has been made during this investigation.  Approximately 94% of the C-terminus and 50% of 

the N-terminus backbone resonances have been identified.  These backbone resonances will 

be used to assist in the determination of the full-length protein, which is currently at 60% 

completion.  Completion of the sequential assignments of the full-length protein along with 

additional experiments to generate the distance restraints used in the structure calculations 

will produce the first solution structure of a two-domain response regulator.   
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Appendix A 

NMR Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical tool that 

allows one to obtain molecular structure information including protein conformation, 

dynamics, and molecular interactions without the destruction of the analyte.  Recent 

advancements in the field have increased the practical range of proteins amenable to this 

technique.  The increase in size limit allows for the structural determination of proteins 

difficult to crystallize and enables the investigation of protein complexes.  The following 

section will provide a brief background of the theory and techniques applied in Nuclear 

Magnetic Resonance [105].  

 

A.1  General NMR Theory 

 

   The basis for nearly every kind of spectroscopy is that molecules have a set of 

energy levels that correspond to their inherent electron configuration.  Most observable 

phenomenon are the result of transitions between these energy levels.  Nuclear magnetism 

and more specifically NMR takes advantage of a quantum mechanical property called 

nuclear spin angular momentum (I) referred to as spin.  In all atoms the nucleus possess’ an 

overall spin which is determined by the number of neutrons and protons present.  There are 

three rules for determining the net spin of a nucleus: (i) for even mass nuclei that have an 

even number of neutrons the spin is zero (ii) for even mass nuclei that have an odd number of 
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neutrons the spin is an integer (iii) odd mass nuclei have a ½ integer spin.  The phenomenon 

of NMR relies on the atoms having a nuclear spin; however those with an integer number 

spin have a short lifetime of their magnetic state which makes them unobservable by NMR.  

Quantum mechanics defines the number of possible orientations of a nucleus with spin (I) as 

2I+1.  Thus a nucleus with a ½ spin will have 2 possible orientations, or energy levels.  In the 

presence of and external magnetic field (B0) these energy levels split and are given a 

magnetic quantum number, m, that is equal to + ½ and - ½.  Nuclei that are observable on the 

NMR timescale (have ½ spin) and are relevant to this study are 1H, 13C, 15N.  The most 

important nuclei for protein spectroscopy with an integer spin number (I=1) is the deuteron, 

2H.  For atoms with a spin-half nucleus the magnetic dipole oriented with the field (m = ½) 

has the lowest energy, α, and the high energy state, β, has the dipole oriented against the 

magnetic field (m = - ½) (Fig A1).    

 

 

Figure A1. Energy transition between α and β states. For spins of ± ½ the frequency 
needed to complete a transition from the α to the β state is given by vαβ [106]. 
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When the nucleus is in a magnetic field, the Boltzman distribution states that the 

lower energy level will contain slightly more nuclei than the higher level.  It is possible to 

excite these lower energy nuclei into the higher level with electromagnetic radiation.  The 

frequency of radiation needed to excite the nuclei is measured by calculating the transition 

energy, ΔE.  The nucleus itself generates a small magnetic field and posses a magnetic 

moment (µ) which is proportional to its spin, I (FigA2) [106].  In the presence of a magnetic 

field, B0, in the field direction the spins align, describing the magnetic dipole moment along 

Z as: 

 

 
µz = γIz = γmћ   [EQ.A1] 

 
Iz= mћ   [EQ.A2] 

 

Figure A2. A nuclear spin is associated with a magnetic dipole moment.  The magnetic 
dipole moment (µ) of a nucleus depends on spin (I) and gyromagnetic ratio (γ). Bo 
represents the direction of the magnetic field. 
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The constant, γ (gyromagnetic ratio) which has a different value for every nucleus and ħ is 

Planck’s constant divided by 2π.  The energy of a particular energy level is given by the 

equation: 

 

E = -µB0 = -γIzB0 = -γmћB0 [EQ.A3] 

 

The difference in the energy between levels (transition energy) is calculated by:  

 

 

ΔE = γћВ0 [EQ.A4] 

 

Through this, if the magnetic field B0 is increased so is the difference in the energy between 

levels.  Also if the gyromagnetic ratio is large for a particular nucleus then the difference in 

the energy between levels is large.   

 For an isolated spin-half nucleus it is simple to think just in terms of energy levels, 

but in a typical protein NMR experiment we deal with macromolecules on the order of 1020 

nuclei.  What then is the net effect of these atoms?  Nuclear spin has an interaction with an 

applied magnetic field which results in energy level transitions and the NMR spectrum.  Each 

nuclei in a protein behaves like a simple bar magnet which we refer to as a magnetic 

moment, µ, and can align itself in any direction.  If these magnetic moments were to align in 
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random directions the net effect would be the canceling of each small magnetic field.   

However at equilibrium and in the presence of an applied magnetic field, B0, each of these 

magnetic moments align in a way that there is a net magnetic field in the direction of B0.  

This is termed the bulk magnetization of the sample, which is represented in Figure A3 by 

the magnetization vector.   

 

 

Applying a radiofrequency pulse to the nuclei induces a tilt to the magnetization vector such 

that it creates an angle to the Z axis.  This causes the magnetization vector to rotate about the 

direction of the magnetic field (Figure A3). The motion that the vector undergoes is called 

the Larmor Precession.  The precession of the magnetization vector is what is detected in a 

NMR experiment.  The magnetization vector induces a current which is then amplified and 

recorded as a free induction signal.  A process known as relaxation occurs where the 

magnetization vector returns to equilibrium, causing the current detected by the instrument to 

decay.  This signal is often called the free induction decay or FID (Figure A4A).  The FID 

Figure A3.  Vector models of magnetization.  (A) Nuclei have a net magnetization 
along the magnetic field direction (Z) at equilibrium. (B) A radiofrequency pulse can tilt 
the magnetization vector such that is rotates about the direction of the magnetic field. 
This effect is termed Larmor precession [106]. 
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consists of a sum of decaying cosine waves, of which the frequencies represent the resonance 

frequencies of the nuclei in the NMR sample.  The FID is a signal which is a function of 

time, but NMR spectra are commonly represented by a frequency domain.  The conversion 

between a time domain function (FID) and a frequency domain function (the spectra) is 

achieved though a mathematical process called Fourier transformation.  The rate at which the 

FID decays is proportional to the line shape and height of the NMR spectrum (Figure A4B) 

[106].       

 

 

 

 NMR spectroscopy gives us three types of information that relates to the protein 

being studied, chemical shifts, scalar couplings, and dipolar couplings.  As stated previously 

when a magnetic field is applied to a sample, the electrons of all the atoms circulate about the 

direction of the applied magnetic field.  The circulation of the electrons causes a slight 

Figure A4.  Fourier transformation of NMR signal. (A) Fourier transformation converts a 
function of time (FID) to a function of frequency (spectrum). (B) Relationship between 
FID decay and linewidth broadening [106]. 
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magnetic field at the nucleus which opposes the externally applied field.  It follows that the 

electron density around each nucleus in a macromolecule will vary with the type of nuclei  

 

and bonds in the molecule, thus the effective field at each nucleus will vary.  This 

phenomenon is termed the chemical shift, δ.  The chemical shift of a nucleus is the difference 

between the resonance frequency of the particular nucleus, vs, and a reference compound, vr.  

This is measured in parts per million (ppm) and can be derived by the following equation: 

 

 

δ = (vr - vs) / vo [EQ.A5] 

 

where vo is the frequency of excitation corresponding to the basic field of the magnet.  The 

frequency of resonance for a sample proton, vs, is defined as: 

 

vs = v0 (1- σ)        [EQ.A6] 

 

where σ is the shielding coefficient. In a typical NMR spectrum characteristic chemical shifts 

can be used to identify a particular nucleus.  The environment that an atom resides in, 

whether it is the hydrophobic core or exposed to the solvent will alter the expected chemical 

shift of that atom.  Another type of information obtained is termed scalar coupling.  Scalar 
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coupling, also termed J-coupling, arises between two different nuclei and is mediated by the 

electrons surrounding these spins.  This coupling is transmitted via chemical bonds and leads 

to transfer of magnetization between the nuclei.  Scalar coupling gives rise to mutiplets in the 

spectrum, where if two spin-half nuclei are coupled the resonance from each spin splits  

 

symmetrically about the chemical shift forming a doublet.  In this simple case each doublet is 

split by the same amount and is referred to as the coupling constant, J.  These values are 

independent of the strength of the magnetic field and are given in units of Hz.  Examples of 

these couplings along the polypeptide chain are given in Figure A5. Scalar coupling 

interactions allow the user to obtain relative orientations of covalent bonds with respect to 

one another.   

 

 

 

 

Figure A5.  Summary of one-bond heteronuclear couplings along the polypeptide chain 
utilized in 3D and 4D NMR experiments. 
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The third type of information that can be determined through the use of NMR is 

dipolar couplings.  Spins interact though space by this mechanism, which depends on the 

distance between the two spins and the average orientation relative to the static magnetic 

field.  Dipolar couplings are affected by the tumbling of a molecule in solution, providing the 

main source for the two types of relaxation (T1 and T2) of the NMR signal.  Spin-lattice 

relaxation, T1, corresponds to the average lifetime of the nuclei in the high energy state.  

This depends on both the gyromagnetic ratio of the nucleus and the mobility of the lattice.  

The lattice is the sample in which the nuclei are being held.  As the mobility of the lattice 

increases the rotational and vibrational frequencies of nuclei increase and have the ability to 

interact with nuclei in the higher state, causing them to lose energy and return to the lower 

state.  This leads to a change of populations in the high and low energy states.  Spin-Spin 

relaxation, T2, refers to the ability of neighboring nuclei with identical precession 

frequencies to exchange quantum states. A spin in the high energy state will relax to the 

lower energy state and a low energy spin will excite to the high energy state.  This leads to 

the average lifetime of nuclei in the excited state to decrease, causing line broadening.  The 

nuclear Overhauser effect, NOE, is the result of this relaxation and is used to measure 

proton/proton distance restraints used in structure determination in NMR.  The intensity of 

NOEs decrease with increasing distance between protons, where protons separated by more 

than 5 Ǻ are usually not observed.    
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A.2 Large Protein NMR 

 

NMR is a powerful technique that allows the user to determine the structure of 

macromolecules, map molecular interactions, and characterize dynamics of proteins in 

solution.  Traditional structure determination experiments preformed on 1H, 13C, and 15N 

labeled proteins can be applied to elucidate the conformation of proteins in the range of 5-25 

kDa.  The structures of larger proteins, above 25 kDa, were typically analyzed by studying 

individual domains of the molecule. Advances in pulse sequence design, namely the 

transverse relaxation optimized spectroscopy (TROSY) experiment, and specific isotopic 

labeling of the proteins of interest have allowed the investigation of larger proteins by NMR 

spectroscopy.  This section will discuss two basic strategies used in this regard. 

 A problem that arises in the structural determination of large proteins in solution is 

that peak linewidths broaden as the size of the protein increases.  This is primarily due to the 

slow rotational motion of the molecule.  A normal rotational motion allows the energy of 

individual nuclei to average as the molecule rotates through different orientations with 

respect to the magnetic field.  The slow rotational motion of large proteins causes broadening 

of peaks in two manners. The nuclear spin of a particular nuclei, say an amide protein of an 

individual residue, experience a range of average energies over the whole of a homogenous 

solution, causing the linewidth of that individual peak to increase.  Secondly the differing 

average energies on the nuclei of the protein causes increased magnetization relaxation (T2).  

The combination of increased T2 relaxation and peak broadening decreases NMR signal 

significantly.   One way of reducing the effect of slow rotational motion is through 
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deuteration.  This is accomplished by expressing the protein in deuterated media and carbon 

precursors.  During purification in aqueous buffers the liable amide protons back-exchange to 

1H.  Perdeuteration effectively narrows the range of energies that a nuclear spin experiences 

as it reorients with respect to the applied magnetic field.  The orientation dependant energies 

of spin one half nuclei are affected by the chemical shift anisotropy (CSA) and dipolar 

couplings.  CSA comes about from the interaction of the bonding electrons near the nuclear 

spin with the applied magnetic field.  For example, the shift of an amide proton is different if 

the amide bond is pointed in the direction of the magnetic field or perpendicular to it.  You 

can reduce the range of energies on nuclei by replacing the 1H in the protein by deuterium 

atoms, 2H.  The dipolar coupling between a proton and deuteron is much weaker than two 

protons, which results in sharpening of the remaining proton resonances.  To achieve another 

degree of resolution when determining the structure of a large protein another labeling 

method has been developed.  Severe overlap of residues in a typical NMR experiment can be 

markedly reduced by the selective protonation of specific atom types to obtain specific side-

chain assignments.  For example, the protonation of methyl proton of isoleucine, leucine, and 

valine in a deuterated background allow these residues, which are normally buried in the 

hydrophobic core, to provide critical NOE connectivity’s.  These connectivities allow for the 

proper folding of a structure during structure calculations.     

Selective labeling strategies such as deuteration and specific labeling can increase 

resolution of NMR spectra but they do not eliminate the strong interactions between protons 

and their directly bonded 15N or 13C spin.  Consider the amide bond in the protein backbone.  

Each 1H and 15N resonance will be split into two components by the scalar coupling 
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component between the nuclei.  The energy of each component of the doublet will change as 

the molecule rotates, changing the orientation of the spin with the applied magnetic field.  

The CSA and dipolar coupling effects on each component will cause one member of each 

doublet to increase and the other to decrease.  This averaging effect caused by rotational 

diffusion causes undesired effects in the two dimensional 15N-1H spectrum. (Figure A6A)  

With no spin-spin decoupling each 15N-1H pair will generate four resonances, one with 

narrow linewidths in both dimensions and one with broad components in each dimension.  In 

typical 15N-1H two dimensional spectra, decoupling causes the four components to be 

averaged together which is a problem when studying large proteins.  The TROSY pulse 

sequence was developed to aid in the study of large proteins [107,108].  They take advantage 

of the fact that energies produced by the CSA are dependent on the magnetic field while 

dipolar coupling is field independent.  The range of energies experienced by the narrow 

component in a 15N-1H experiment can be tuned to a minimum using high field 

instrumentation.  The TROSY experiment selectively detects the sharp components without 

averaging them with the broad components (Figure A6B).  Increased sensitivity through the 

use of TROSY based experiments and the application of selective labeling allows one to get 

detailed information on a large protein which was previously unobtainable in the past [109].  
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A.3  Protein Backbone Assignment 

 

 The first step in the traditional approach to NMR structure determination of a protein 

is the sequential assignment of backbone resonances.  This is achieved by running a suite of 

at least 6 experiments on uniformly 15N and 13C labeled proteins. Figure A7 describes 

common triple resonance NMR experiments and the information that each provides.  Initial 

Figure A6. TROSY NMR on large proteins.  (A) linewidtha of an NMR signal from a 
large protein and a small protein. (B) Difference between a conventional experiment and 
the averaging of signal, while a TROSY experiment only selects the narrow linewidths. 
[109] 
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data collection is performed by running 3 pairs of complementary experiments; the 

HNCACB / CBCA(CO)HN pair, the HNCA / HN(CO)CA pair, and finally the HNCO / 

HN(CA)CO pair.  These experiments connect the nucleus of residue i to residue i-1, allowing 

the experimentalist to “walk” down the resonances of the backbone in a sequential manner.  

For example, the HNCA, which collects information about the Cα atom at positions i and i-1, 

is collected alongside the HN(CO)CA, which collects information about only the i-1 atom.  

Ambiguity in the sequential assignment can be improved using a variety of experiments 

which include the HNCB, C(CO)NH, and HC(CO)NH pulse sequences.  These experiments 

allow the user to identify particular residue types, useful in validation of uncertain areas of 

assignment.  Once sufficient data is collected, the spin systems are put together and linked 

using common nuclei between amino acids.  Certain amino acids have defining 

characteristics, such as a unique number of atoms or chemical shift profiles that are 

significantly different than other amino acids.  This facilitates the linking of spin systems and 

identification of each amino acid in the protein of interest.   
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Figure A7. Triple resonance experiments for resonance assignment of 15N, 13C-labeled 
proteins. 
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Appendix B 

Mass Spectrometry 

 

Mass Spectrometry is a technique by which the mass of a molecule can be determined 

with a very high degree of sensitivity.  For large biomolecules molecular masses can be 

measured with an accuracy of 0.01% of the total molecular mass of the protein or complex of 

interest.  For a 30,000 Da protein the error would be within 3Da or atomic mass units.  This 

high degree of sensitivity is sufficient for small molecular mass changes in an object to be 

identified.  In this study the primary use of mass spectrometry is the study of specific non-

covalent interactions of protein of interest and a metal ion.  The methodologies of adapting 

mass spectrometry to this technique promote the use of conditions that favor the maintenance 

of the protein in the native state, in this case a low flowrate interface and an electrospray 

ionization source (ESI) [110]. 

A typical mass spectrometer can be divided into 3 primary parts, the ionization 

source, the analyzer, and the detector.  The ionization source in this study was an ESI source.  

Liquid that contains the analyte is pumped at low flow rates through a narrow stainless steel 

capillary, where a high voltage is applied.  This electrostatically disperses the fine droplets, 

which rapidly decrease in size through solvent evaporation, imparting the charge onto the 

analyte of interest (Figure 1).  Stabilization of this spray in this study was achieved by using 

sulfur hexafluoride gas which reduces corona discharge or the ionization of nitrogen in the 

air, allowing for the use of the negative ionization mode.  
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To aid deprotonation of the sample, trace amounts of ammonia in the form of 

ammonium bicarbonate is added to the solution.  Sample ions that are charged then pass 

though a sampling cone into an intermediate vacuum and through a small aperture into 

analyzer of the mass spectrometer, held under a high vacuum.  This ionization process is 

considered “soft” as compared to other techniques, as the sample is ionized through the 

addition or removal of a proton, with little energy remaining to cause fragmentation of the 

sample ions.  This allows for weakly bound non-covalent interactions to survive the 

ionization process.  The next part of the spectrometer is the analyzer, which separate ions 

according to their mass-to-charge (m/z) ratios.  All mass spectrometers measure the 

                          Figure B1.  Electrospray ionization process 
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mass to charge ratio of the molecule of interest.  Separation of mass can be achieved on the 

basis of time-of-flight (TOF MS), quadrupole electric fields generated by electronic rods 

(quadrupole MS), bending the trajectories of ions (magnetic sector), or through selective 

ejection of ions from a trapping field (ion trap MS).  The type of analyzer used in this study 

employs a tandem magnetic sector in EB configuration.  As previously stated magnetic 

sectors bend the trajectories of ions into circular paths that depend on the mass-to-charge 

ratios of the ions.  Ions of larger m/z follow larger radius paths than ions of smaller m/z 

values so ions of differing m/z values are dispersed in space. By changing the ion trajectories 

through variations of the magnetic field strength, ions of different nominal mass-to-charge 

ratios can be focused on a detector.  Double focusing of the mass spectrometer use a 

combination of the above magnetic sector following an electric sector, that focuses the ions 

by the differences in kinetic energies they possess as they exit the source region.  This type of 

electrostatic-magnetic geometry allows for additional increases in mass resolution.  The third 

element in the mass spectrometer is the detector, which records when the ion passes or hits 

the surface, usually recording in induced charge or current.  This signal is usually multiplied, 

as the number of ions that leave the analyzer at any given point is small.  A position and time 

resolved ion counter (PATRIC) detection system was used in these analyses.   

 The ESI-MS system employed in this analysis has been used to study protein/metal 

ion interactions, providing an accurate measure of the calcium ion binding stoichiometry of 

calbindin-D28k.  This is based on the observation of a shift in the mass of calbindin-D28k 

arising from the non-covalent binding of the calcium ion.  The data produced can be used to 

identify mass difference of the metal bound protein from the apo or metal free protein.  In  
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Figure B2.  Example ESI-MS of calbindin D9k.  Deconvoluted spectra of calbindin-D9k 
bound with (A) calcium in increasing concentrations displaying cooperative binding and 
(B) cadmium in increasing concentrations displaying sequential calcium binding. Adapted 
from [111] 
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this case, the adduction of a calcium ion will result in the deconvoluted mass difference of 

the addition of 38 amu to the protein (although calcium has a mass of 40 Da, a mass increase 

of 38 Da is observed since the binding of the calcium ion results in a loss of two protons by 

the protein).     

 Electrospray ionization allows for the investigation of relative populations of metal 

bound protein species that co-exist in solution.  This provides detailed information about the 

sequence and characteristic of the binding event, such as cooperative binding and sequential 

binding.  For example, calbindin-D9k is found to bind two ions of both calcium and 

cadmium, but in different manners [111].  Titration of calbindin-D9k with calcium revealed 

three species of the protein, apo, 1 calcium ion bound, and 2 calcium ions bound (Fig 2A).  

The lowest population of analyte was found in the 1 calcium ion bound state, with a larger 

population in the calcium free and 2 calcium ion bound forms.  This suggests that the binding 

of calcium to the first hand, increases the calcium affinity of the second hand, binding 

calcium cooperatively.  This occurs to such an extent that calcium is seen to bind to the 

single calcium ion bound form over that of the apo protein.  In the case of cadmium, a large 

population is seen to be in the single cadmium ion bound form, followed by the 2 ion bound 

form (Fig 2B).  The binding of the first cadmium ion has no effect on the second EF-hand, 

depicting a sequential binding event.  These results agree well with the solution phase 

experiments conducted on calbindin-D9k, demonstrating that gas phase ions are able to 

reflect the properties of the proteins in solution.   
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Theory - Calculation of mass  

Below is an example of how mass calculations are completed. 

m/z = (MW + nH+) / n            [EQ.B1] 

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. 
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Appendix C 

Circular Dichroism and Fluorescence 

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 proteins are 

different. The analysis of CD spectra can therefore yield valuable information about 

secondary structure of biological macromolecules. 

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.  
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Experimentally, 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 obtained through CD represent the ellipticity of 

the sample in radians  

         [EQ.C1] 

this can be easily converted into degrees. 

Figure C1.  Forms of polarized light.  (A) plane polarized light which is the sum of (B) left and 
right circularly polarized light; (C) in the presence of an optically active substance, the left and 
right circular polarized light are absorbed by different amounts resulting in elliptically polarized 
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     [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 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. 

The contributions of aromatic side chains to the near-UV CD spectra of proteins are sensitive 

probes of protein conformation and subsequent perturbations of tertiary structure due to 

ligand binding [77].  Problems arise in the near-UV CD spectrum (250-350 nm) due to the 

fact that absorption is much weaker in this region than that of far-UV CD, requiring larger 

amounts of protein and/or peptide.  The existence of a relatively small number of aromatic 

chromophores (Phe, Tyr, Trp) in proteins allows for conformational changes that occur to be 
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detected.  In the far-UV spectrum, a large portion of the amino acids must be perturbed in 

order for a structural change to be seen.  In the case of near-UV CD, if the binding event 

affects the aromatic side chain of an amino acid that contributes to the near-UV CD signal, 

then the binding event can be detected.  In addition specific wavelength differences of 

aromatic sidechains allow for specific features or changes in the near-UV region to be 

assigned to specific residue types.  Phenylalanine has a small extinction coefficient, due to 

the high symmetry of the benzene chromophore and is the least sensitive to changes in its 

environment (Fig C3).  Phenylalanine typically has absorption maxima at 254, 256, 262, and 

267 nm.  Tyrosine has a lower symmetry than that of phenylalanine due to the phenol 

resulting in a larger absorption band.  Tyrosine residues have absorption maxima at 276 nm 

with a shoulder component at 283 nm.  Hydrogen bonding to the hydroxyl can also lead to 

perturbation of the absorption.  Of all the aromatics tryptophan has the least symmetry in its 

side-chain. This residue has its most intense absorption around 282 nm, and perturbation of 

this residue can result in very large absorption changes.     

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.  

 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 (Fig. C5), unstable electronic singlet  
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state (S1’). This process is distinct from chemiluminescence, in which the excited state is 

created by a chemical reaction.  The excited state of a fluorophore is characterized by a very 

short halflife, 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 (Fig C5). 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 (Fig C5), 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. 

Figure C2. 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. 
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                           Appendix D 

HADDOCK 

Structural studies involving protein complexes are usually carried out using NMR or 

X-ray crystallography.  A number of alternative methods based on docking methodologies 

have been developed recently but involve energetics and shape complementarity, as opposed 

to actual experimental restraints.  In order to incorporate actual biophysical restraints, in this 

case NMR chemical shift perturbations, an approach called HADDOCK (High Ambiguity 

Driven protein-protein Docking) was used [70]. 

 An advantage to using NMR in combination with HADDOCK is that it allows for the 

study of protein complexes under conditions that are close to the physiological environment 

of the cell.  NMR is also able to work with weakly interacting systems and give information 

at the atomic level in the solution state.  Thus biophysical restraints generated using NMR are 

highly applicable to studies investigating protein-protein interaction interfaces.  The basis of 

these restraints is that NMR active nuclei absorb electromagnetic radiation at characteristic 

radiofrequencies that are dependant on their chemical environment.  The local environment 

of a nucleus of interest is influenced by chemical bonds, molecular conformations, and 

dynamics.  These nuclei thus give rise to distinct spectral lines in NMR experiments called 

chemical shifts.  Chemical shift perturbations (CSP) are a very good indicator of interaction 

interfaces because the environment around the interface is changed upon binding, altering the 

chemical shifts of nuclei proximal to that site.  This type of data can be generated by titrating 

the peptide or protein of interest into an isotopically labeled sample and following chemical 
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shifts perturbations of backbone atoms in a series two-dimensional spectra.  While this gives 

an array of information about the rearrangements of backbone atoms, no information is 

generated concerning the side chain rearrangements that occur at the binding interface.  

When investigating the nature of a protein-protein interaction it is necessary to consider the 

best orientation of the side chains involved as this leads to minimum energies.  In order to 

achieve this, the side chains at the interface need to be able to adapt their conformation.  The 

protein docking approach, HADDOCK is therefore very useful in combination with NMR as 

it allows for ambiguity in side chains during docking through the generation of ambiguous 

interaction restraints.     

    Ambiguous interaction restraints (AIR) were generated in this study through CSP 

data.  These restraints are typically separated into two categories, active residues and passive 

residues.  Active residues correspond to all residues showing a significant chemical shift 

change upon titration as well a high solvent accessibility.  Passive residues are those residues 

that are also solvent accessible but have reduced chemical shifts.  The use of the AIRs allows 

the HADDOCK program to search through all the possible configurations around the 

interaction site defined by the CSP data to find the most favorable pair of interacting amino 

acids among the given restraints.   

 The docking protocol employed by HADDOCK uses CNS for structure calculations 

and python scripts from ARIA for automation [112,113].  PDB files are then obtained for the 

protein(s) of interest or they are generated for specific peptides.  The docking protocol 

consists of three stages.  The first stage consists of randomization of orientations and rigid 

body energy minimization.  In this stage, the two proteins or a peptide and a protein are 



 181

positioned 150Å from each other and then randomly rotated around their center of mass, 

followed by rigid energy minimization.  Orientational optimization is performed where each 

protein is allowed to rotate to minimize the intermolecular energy.  Then each protein is 

allowed to rotate and translate, then is docked by rigid energy minimization.  In this study 

2000 complexes were generated in this fashion.  The next stage consists of simulated 

annealing (from 2000K to 50K).  During this stage, the amino acids at the interface are 

allowed to move to optimize the interface packing.  The only amino acids that are allowed to 

move are the ones that are defined as active or passive and the 2 amino acids that precede and 

follow them.  The last stage is composed of final refinement in Cartesian space with explicit 

solvent, which improves the energies at the interface.  The structures generated by haddock 

are then clustered based on the RMSD to the lowest energy structure and their buried surface 

area.  In this study we utilized the top twenty structures taken from the lower energy cluster 

for generation of hydrogen bonding data.  PyMOL was then used for visualization of the 

lowest energy structure.   
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Appendix E 
 

Spo0AN D55N B. stearothermophilus Chemical Shift Table 
 
 

 
 

Table E1. Spo0AN Chemical Shifts. 
Residue 

# Residue Atom
Chemical 

Shift 
      
4 LYS  CA 54.725 
4 LYS  CB 31.313 
4 LYS  C 177.09 
5 VAL N 128.19 
5 VAL HN 9.438 
5 VAL CA 60.253 
5 VAL CB 34.044 
5 VAL C 176.37 
6 CYS N 124.56 
6 CYS HN 8.714 
6 CYS CA 56.814 
6 CYS CB 31.843 
6 CYS C 173.55 
7 ILE N 123.19 
7 ILE HN 7.914 
7 ILE CA 59.759 
7 ILE CB 40.57 
7 ILE C 173.43 
8 ALA  N 131.65 
8 ALA  HN 9.125 
8 ALA  CA 49.168 
8 ALA  CB 20.973 
8 ALA  C 173.65 
9 ASP N 123.69 

Table E1. Spo0AN Chemical Shifts.  Chemical Shift values for all the known 
assignable resonances. 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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Table E1. Spo0AN Chemical Shifts. 
9 ASP HN 8.069 
9 ASP CA 52.238 
22 ILE CA 67.146 
22 ILE C 177.5 
23 SER N 115.73 
23 SER HN 7.867 
23 SER CA 60.958 
23 SER CB 68.557 
23 SER C 173.71 
24 SER N 118.07 
24 SER HN 7.773 
24 SER CA 57.757 
24 SER CB 69.197 
24 SER C 172.55 
26 PRO CA 63.22 
26 PRO CB 30.535 
26 PRO C 176.97 
27 ASP N 115.67 
27 ASP HN 9.125 
27 ASP CA 51.228 
27 ASP CB 38.673 
27 ASP C 175.07 
28 MET N 117.78 
28 MET HN 7.169 
28 MET CA 53.659 
28 MET CB 35.682 
28 MET C 173.24 
29 GLU N 119.04 
29 GLU HN 8.511 
29 GLU CA 53.751 
29 GLU CB 32.781 
29 GLU C 174.56 
30 VAL N 127.28 
30 VAL HN 8.924 
30 VAL CA 60.536 
30 VAL CB 30.299 
30 VAL C 177.44 
31 ILE N 121.06 
31 ILE HN 8.67 
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Table E1. Spo0AN Chemical Shifts. 
31 ILE CA 59.663 
31 ILE CB 38.039 
31 ILE C 175.54 
32 GLY N 110.14 
32 GLY HN 7.1 
32 GLY CA 45.982 
32 GLY C 171.41 
33 THR N 115.11 
33 THR HN 8.05 
33 THR CA 58.021 
33 THR CB 71.518 
33 THR C 172.6 
34 ALA  N 123.82 
34 ALA  HN 8.512 
34 ALA  CA 49.698 
34 ALA  CB 21.507 
34 ALA  C 176.08 
35 TYR N 116.96 
35 TYR HN 8.807 
35 TYR CA 54.84 
35 TYR CB 38.375 
35 TYR C 175.41 
36 ASN N 111.6 
36 ASN HN 7.446 
36 ASN CA 51.714 
36 ASN CB 39.786 
36 ASN C 175.72 
37 GLY CA 47.223 
37 GLY C 174.64 
38 GLN N 124.98 
38 GLN HN 8.565 
38 GLN CA 58.331 
38 GLN CB 26.937 
38 GLN C 179.3 
39 ASP N 122.46 
39 ASP HN 8.987 
39 ASP CA 55.558 
39 ASP CB 38.992 
39 ASP C 179.08 
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Table E1. Spo0AN Chemical Shifts. 
40 CYS N 122.64 
40 CYS HN 7.964 
40 CYS CA 61.289 
40 CYS CB 24.935 
40 CYS C 175.16 
41 LEU N 120.61 
41 LEU HN 7.798 
41 LEU CA 57.482 
41 LEU CB 39.744 
41 LEU C 179.09 
42 GLN N 120.23 
42 GLN HN 7.67 
42 GLN CA 57.926 
42 GLN CB 27.451 
42 GLN C 178.53 
43 MET N 122.29 
43 MET HN 8.213 
43 MET CA 57.693 
43 MET CB 31.874 
43 MET C 178.02 
44 LEU N 119.71 
44 LEU HN 7.937 
44 LEU CA 55.889 
44 LEU CB 39.85 
44 LEU C 178.82 
45 GLU N 121.75 
45 GLU HN 8.1 
45 GLU CA 58.775 
45 GLU CB 28.34 
45 GLU C 178.99 
46 GLU N 121.67 
46 GLU HN 8.29 
46 GLU CA 58.588 
46 GLU CB 28.032 
46 GLU C 178.95 
53 LEU CA 55.895 
53 LEU CB 40.034 
53 LEU C 173.57 
54 LEU N 129.95 
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Table E1. Spo0AN Chemical Shifts. 
54 LEU HN 8.771 
54 LEU CA 51.402 
54 LEU CB 44.809 
54 LEU C 174.01 
55 ASN N 127.84 
55 ASN HN 8.593 
55 ASN CA 52.497 
65 ALA  CA 54.776 
65 ALA  CB 16.46 
65 ALA  C 179.11 
66 VAL N 117.44 
66 VAL HN 8.174 
66 VAL CA 58.171 
66 VAL CB 27.647 
66 VAL C 177.72 
67 LEU N 120.61 
67 LEU HN 7.979 
67 LEU CA 54.138 
67 LEU CB 37.167 
69 ARG CA 57.46 
69 ARG CB 28.416 
69 ARG C 179.92 
70 ILE N 123.28 
70 ILE HN 8.44 
70 ILE CA 63.928 
70 ILE C 178.45 
71 ARG N 118.38 
71 ARG HN 8.158 
71 ARG CA 56.156 
71 ARG CB 28.49 
71 ARG C 178.42 
72 ALA  N 119.99 
72 ALA  HN 7.681 
72 ALA  CA 52.193 
72 ALA  CB 18.669 
72 ALA  C 178.09 
73 GLY N 105.22 
73 GLY HN 7.756 
73 GLY CA 44.983 
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Table E1. Spo0AN Chemical Shifts. 
73 GLY C 173.84 
83 LEU CA 61.618 
83 LEU C 175.78 
84 THR N 116.38 
84 THR HN 7.401 
84 THR CA 58.726 
84 THR CB 62.483 
84 THR C 174.98 
85 ALA  N 124.43 
85 ALA  HN 7.667 
85 ALA  CA 51.4 
85 ALA  CB 26.181 
85 ALA  C 175.91 
95 ALA  CA 53.827 
95 ALA  CB 16.63 
95 ALA  C 179.5 
96 VAL N 120.61 
96 VAL HN 8.004 
96 VAL CA 64.31 
96 VAL CB 35.15 
96 VAL C 181.17 
97 GLU N 124.45 
97 GLU HN 7.978 
97 GLU CA 58.115 
97 GLU CB 28.346 
97 GLU C 178.35 
98 LEU N 119.93 
98 LEU HN 7.438 
98 LEU CA 53.594 
98 LEU C 176.92 
99 GLY N 109.13 
99 GLY HN 8.041 
99 GLY CA 45.026 
99 GLY C 174.5 
100 ALA  N 125.46 
100 ALA  HN 8.14 
100 ALA  CA 50.253 
100 ALA  CB 20.373 
100 ALA  C 176.74 
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Table E1. Spo0AN Chemical Shifts. 
101 SER N 114.77 
101 SER HN 8.161 
101 SER CA 55.769 
101 SER CB 63.67 
101 SER C 170.21 
102 TYR N 125.59 
102 TYR HN 8.773 
102 TYR CA 60.989 
102 TYR CB 37.758 
102 TYR C 175.25 
103 PHE N 130.69 
103 PHE HN 9.811 
103 PHE CA 54.79 
103 PHE C 173.18 
117 ILE CA 65.502 
117 ILE C 177.14 
118 ARG N 118.46 
118 ARG HN 7.779 
118 ARG CA 59.816 
118 ARG CB 28.639 
118 ARG C 179.24 
119 GLN N 121.55 
119 GLN HN 8.038 
119 GLN CA 57.617 
119 GLN CB 27.937 
119 GLN C 178.76 
120 VAL N 120.65 
120 VAL HN 8.059 
120 VAL CA 64.309 
120 VAL CB 30.794 
120 VAL C 177.84 
121 TYR N 121.87 
121 TYR HN 8.186 
121 TYR CA 59.525 
121 TYR CB 38.384 
121 TYR C 177.29 
122 GLY N 107.49 
122 GLY HN 7.898 
122 GLY CA 44.646 
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Table E1. Spo0AN Chemical Shifts. 
122 GLY C 174.43 
123 LYS  N 121.54 
123 LYS  HN 7.548 
123 LYS  CA 55.547 
123 LYS  CB 31.786 
123 LYS  C 176.93 
129 ARG CA 54.728 
129 ARG CB 29.844 
129 ARG C 176.01 
130 LYS  N 125.55 
130 LYS  HN 8.292 
130 LYS  CA 55.071 
130 LYS  CB 32.222 
130 LYS  C 176.04 
131 ALA  N 127.72 
131 ALA  HN 8.26 
131 ALA  CA 51.104 
131 ALA  CB 18.534 
132 ALA  C 175.49 
133 PRO CA 61.706 
133 PRO CB 30.973 
133 PRO C 176.4 
134 ALA  N 127.44 
134 ALA  HN 8.29 
134 ALA  CA 49.382 
134 ALA  CB 17.239 
134 ALA  C 175.75 
135 PRO CA 62.77 
135 PRO CB 34.959 
135 PRO C 178.3 
136 GLN N 115.5 
136 GLN HN 8.63 
136 GLN CA 61.332 
136 GLN CB 31.699 
136 GLN C 176.56 
137 VAL N 126.61 
137 VAL HN 8.15 
137 VAL CA 61.122 
137 VAL CB 31.653 
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Table E1. Spo0AN Chemical Shifts. 
137 VAL C 175.92 
138 ARG N 127.65 
138 ARG HN 8.36 
138 ARG CA 54.913 
138 ARG CB 30.051 
138 ARG C 175.87 
139 ASP N 123.33 
139 ASP HN 8.295 
139 ASP CA 53.211 
139 ASP CB 40.188 
139 ASP C 175.85 
140 ASN N 120.86 
140 ASN HN 8.309 
140 ASN CA 52.187 
140 ASN CB 37.999 
140 ASN C 174.43 
141 LYS  N 125.04 
141 LYS  HN 8.11 
141 LYS  CA 53.189 
141 LYS  CB 31.469 
141 LYS  C 173.73 
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Appendix F 
 

Spo0AC B. subtilis Chemical Shift Table 

 
Table F1. Spo0AC Chemical Shifts. 
Residue Residue Atom Chemical 

      
3 SER CA 57.18 
3 SER CB 62.754 
3 SER C 175.55 
4 SER N 124.88 
4 SER HN 8.187 
4 SER CA 57.446 
4 SER CB 62.846 
5 GLN N 123.01 
5 GLN HN 8.1 
5 GLN CA 62.141 
5 GLN CB 30.481 
6 PRO CA 61.885 
6 PRO HA 4.292 
6 PRO CB 31.019 
6 PRO HB2 2.135 
6 PRO CG 26.306 
6 PRO HG2 1.871 
6 PRO HG1 1.732 
6 PRO CD 49.609 
6 PRO HD2 3.641 
6 PRO HD1 3.51 
6 PRO C 176.74 
7 GLU N 125.22 
7 GLU HN 8.557 
7 GLU CA 53.566 
7 GLU HA 4.414 
7 GLU CB 28.738 
7 GLU C 174.89 

Table F1. Spo0AC Chemical Shifts.  Chemical Shift values for all the known 
assignable resonances. 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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Table F1. Spo0AC Chemical Shifts. 
8 PRO CA 62.335 
8 PRO HA 4.226 
8 PRO CB 30.925 
8 PRO HB1 2.145 
8 PRO CG 26.371 
8 PRO HG2 1.879 
8 PRO HG1 1.739 
8 PRO CD 49.633 
8 PRO HD2 3.694 
8 PRO C 177.23 
9 LYS  N 123.62 
9 LYS  HN 8.445 
9 LYS  CA 55.634 
9 LYS  HA 4.1 
9 LYS  CB 31.72 
9 LYS  HB1 1.674 
9 LYS  CG 23.766 
9 LYS  HG1 1.291 
9 LYS  HD1 1.546 
9 LYS  CE 41.06 
9 LYS  HE1 2.848 
9 LYS  C 176.89 
10 LYS  N 124.31 
10 LYS  HN 8.173 
10 LYS  CA 54.563 
10 LYS  CB 31.768 
10 LYS  C 176.17 
11 LYS  N 126.85 
11 LYS  HN 7.688 
11 LYS  CA 63.403 
11 LYS  CB 36.111 
11 LYS  C 181.04 
13 LEU CA 56.08 
13 LEU CB 41.337 
13 LEU C 177.94 
14 ASP N 116.39 
14 ASP HN 7.902 
14 ASP CA 57.047 
14 ASP HA 4.022 
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Table F1. Spo0AC Chemical Shifts. 
14 ASP CB 39.655 
14 ASP HB2 2.527 
14 ASP HB1 2.413 
14 ASP C 178.91 
15 ALA  N 124.75 
15 ALA  HN 8.129 
15 ALA  CA 53.859 
15 ALA  HA 4.082 
15 ALA  HB1 1.363 
15 ALA  C 180.83 
16 SER N 119.44 
16 SER HN 8.142 
16 SER CA 60.158 
16 SER HA 4.111 
16 SER CB 61.762 
16 SER C 176.79 
17 ILE N 124.77 
17 ILE HN 8.446 
17 ILE CA 65.271 
17 ILE CB 37.069 
17 ILE CD1 12.538 
17 ILE HD11 0.679 
17 ILE CG2 17.482 
17 ILE HG21 1.654 
17 ILE C 177.39 
18 THR N 116.9 
18 THR HN 8.312 
18 THR CA 66.042 
18 THR HA 3.741 
18 THR CB 67.491 
18 THR HB 3.491 
18 THR CG2 20.813 
18 THR HG21 1.079 
18 THR C 176.09 
19 SER N 117.36 
19 SER HN 8.042 
19 SER CA 61.03 
19 SER HA 4.142 
19 SER HB2 3.892 
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Table F1. Spo0AC Chemical Shifts. 
19 SER C 177.02 
20 ILE N 123.38 
20 ILE HN 7.846 
20 ILE CA 63.952 
20 ILE HA 3.866 
20 ILE CB 36.936 
20 ILE HB 1.729 
20 ILE CD1 12.888 
20 ILE HD11 0.666 
20 ILE CG2 16.788 
20 ILE HG21 0.845 
20 ILE C 177.64 
21 ILE N 118.98 
21 ILE CA 64.373 
21 ILE HA 3.835 
21 ILE CB 36.044 
21 ILE HB 1.905 
21 ILE HG12 1.473 
21 ILE HD11 0.447 
21 ILE HG21 0.902 
21 ILE C 177.77 
22 HIS N 122.92 
22 HIS HN 8.519 
22 HIS CA 58.547 
22 HIS HA 4.373 
22 HIS CB 29.025 
22 HIS HB2 3.243 
22 HIS HB1 2.006 
22 HIS C 179.39 
23 GLU N 123.85 
23 GLU HN 8.279 
23 GLU CA 58.29 
23 GLU HA 3.761 
23 GLU CB 28.317 
23 GLU HB1 2.207 
23 GLU C 178.85 
24 ILE N 118.29 
24 ILE HN 7.983 
24 ILE CA 62.398 
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Table F1. Spo0AC Chemical Shifts. 
24 ILE HA 3.721 
24 ILE CB 37.23 
24 ILE CD1 14.232 
24 ILE HD11 1.02 
24 ILE CG2 16.482 
24 ILE C 174.8 
25 GLY N 105.41 
25 GLY HN 7.416 
25 GLY CA 43.981 
25 GLY HA2 4.212 
25 GLY HA1 3.434 
25 GLY C 175.41 
26 VAL N 124.14 
26 VAL HN 7.669 
26 VAL CA 59.509 
26 VAL HA 3.952 
26 VAL CB 30.85 
26 VAL C 173.66 
27 PRO HA 4.29 
27 PRO CB 31.397 
27 PRO HG1 2.082 
27 PRO HD2 3.293 
27 PRO C 176.3 
28 ALA  N 122.75 
28 ALA  HN 7.965 
28 ALA  CA 51.247 
28 ALA  CB 17.22 
28 ALA  HB1 2.197 
28 ALA  C 177.85 
29 HIS N 112.93 
29 HIS HN 7.373 
29 HIS CA 55.281 
29 HIS HA 4.389 
29 HIS CB 29.317 
29 HIS HB2 3.141 
29 HIS HB1 2.89 
29 HIS C 175.7 
30 ILE N 116.29 
30 ILE HN 6.559 
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Table F1. Spo0AC Chemical Shifts. 
30 ILE CA 58.505 
30 ILE HA 4.446 
30 ILE CB 37.829 
30 ILE C 178.18 
31 LYS  CA 57.776 
31 LYS  CB 30.783 
31 LYS  CG 24.098 
31 LYS  CD 27.708 
31 LYS  CE 41.118 
31 LYS  C 177.8 
32 GLY N 104.41 
32 GLY HN 8.821 
32 GLY CA 45.156 
32 GLY HA2 3.081 
32 GLY HA1 3.393 
32 GLY C 173.9 
33 TYR N 123.35 
33 TYR HN 7.397 
33 TYR CA 61.113 
33 TYR HA 3.663 
33 TYR CB 37.301 
33 TYR HB2 3.121 
33 TYR HB1 2.853 
34 LEU N 119.68 
34 LEU HN 7.017 
34 LEU CA 55.979 
34 LEU HA 5.313 
34 LEU CB 40.133 
34 LEU HB1 1.405 
34 LEU CD1 23.771 
34 LEU CD2 22.262 
34 LEU HD21 0.762 
34 LEU C 180.18 
35 TYR N 118.53 
35 TYR HN 7.056 
35 TYR CA 55.672 
35 TYR HA 4.154 
35 TYR CB 35.308 
35 TYR HB2 3.062 
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Table F1. Spo0AC Chemical Shifts. 
35 TYR HB1 2.716 
35 TYR C 178.1 
36 LEU N 122 
36 LEU HN 8.544 
36 LEU CA 56.76 
36 LEU HA 4.027 
36 LEU CB 41.772 
36 LEU CD1 24.654 
36 LEU CD2 23.644 
36 LEU HD21 0.777 
36 LEU C 178.13 
37 ARG N 120.6 
37 ARG HN 7.769 
37 ARG CA 59.23 
37 ARG HA 4.057 
37 ARG CB 29.029 
37 ARG HD2 2.662 
37 ARG HD1 2.826 
37 ARG C 178.09 
38 GLU N 120.61 
38 GLU HN 7.565 
38 GLU CA 57.559 
38 GLU HA 4.008 
38 GLU CB 28.571 
38 GLU HB1 2.295 
38 GLU CG 34.826 
38 GLU C 178.03 
39 ALA  N 122.92 
39 ALA  CA 54.452 
39 ALA  HA 3.793 
39 ALA  CB 17.575 
39 ALA  HB1 1.384 
39 ALA  C 179 
40 ILE N 117.6 
40 ILE HN 8.594 
40 ILE CA 64.304 
40 ILE HA 3.398 
40 ILE CB 36.591 
40 ILE CD1 13.405 
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Table F1. Spo0AC Chemical Shifts. 
40 ILE HD11 0.638 
40 ILE CG2 17.575 
40 ILE HG21 1.666 
40 ILE C 176.98 
41 SER N 117.14 
41 SER HN 7.83 
41 SER CA 61.04 
41 SER HA 3.981 
41 SER HB2 3.729 
41 SER C 177.16 
42 MET N 121.29 
42 MET HN 8.487 
42 MET CA 58.473 
42 MET HA 4.12 
42 MET CB 32.458 
42 MET HB1 1.207 
42 MET C 179.31 
43 VAL N 121.76 
43 VAL HN 8.149 
43 VAL CA 63.45 
43 VAL HA 3.668 
43 VAL CB 30.582 
43 VAL HB 1.714 
43 VAL CG2 21.075 
43 VAL CG1 23.101 
43 VAL HG11 0.694 
43 VAL C 177.34 
44 TYR N 123.6 
44 TYR HN 8.835 
44 TYR CA 60.977 
44 TYR HA 4.219 
44 TYR CB 37.408 
44 TYR HB2 3.076 
44 TYR C 177.68 
45 ASN N 117.37 
45 ASN HN 7.545 
45 ASN CA 54.359 
45 ASN HA 4.239 
45 ASN CB 38.831 
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Table F1. Spo0AC Chemical Shifts. 
45 ASN HB1 2.664 
45 ASN C 174.9 
46 ASP N 122.23 
46 ASP HN 7.876 
46 ASP CA 52.496 
46 ASP HA 4.558 
46 ASP CB 39.751 
46 ASP C 175.28 
47 ILE N 128.24 
47 ILE HN 8.429 
47 ILE CA 62.016 
47 ILE HA 4.078 
47 ILE CB 37.86 
47 ILE HB 1.965 
47 ILE CD1 13.156 
47 ILE CG2 16.165 
47 ILE C 178.35 
48 GLU N 123.38 
48 GLU HN 8.185 
48 GLU CA 56.94 
48 GLU HA 4.539 
48 GLU CB 27.48 
48 GLU HB2 1.745 
48 GLU HB1 2.074 
48 GLU HG1 2.223 
48 GLU C 179.37 
49 LEU N 122.91 
49 LEU HN 7.999 
49 LEU CA 55.883 
49 LEU HA 4.027 
49 LEU CB 41.819 
49 LEU CG 28.233 
49 LEU CD1 25.601 
49 LEU HD11 0.806 
49 LEU CD2 22.175 
49 LEU HD21 0.662 
49 LEU C 178.99 
50 LEU N 118.99 
50 LEU CA 56.293 
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Table F1. Spo0AC Chemical Shifts. 
50 LEU HA 3.758 
50 LEU CB 40.382 
50 LEU HB1 1.561 
50 LEU CG 26.168 
50 LEU CD1 22.497 
50 LEU CD2 24.331 
50 LEU HD21 0.774 
50 LEU C 179.03 
51 GLY N 108.33 
51 GLY HN 7.85 
51 GLY CA 44.663 
51 GLY HA2 4.027 
51 GLY HA1 3.753 
51 GLY C 174.9 
52 SER N 118.76 
52 SER HN 7.711 
52 SER CA 54.952 
52 SER HA 4.865 
52 SER CB 62.82 
52 SER HB1 4.387 
52 SER C 175.37 
53 ILE N 126.85 
53 ILE HN 7.669 
53 ILE CA 63.49 
53 ILE HA 4.165 
53 ILE CB 36.353 
53 ILE CG1 27.447 
53 ILE HG11 1.173 
53 ILE CD1 12.136 
53 ILE HD11 0.514 
53 ILE CG2 15.313 
53 ILE HG21 0.609 
53 ILE C 175.43 
54 THR N 112.97 
54 THR HN 7.79 
54 THR CA 63.458 
54 THR HA 3.946 
54 THR CB 67.63 
54 THR CG2 21.538 
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Table F1. Spo0AC Chemical Shifts. 
54 THR HG21 1.184 
54 THR C 176 
55 LYS  N 121.53 
55 LYS  HN 7.643 
55 LYS  HA 4.085 
55 LYS  CB 33.072 
55 LYS  HG1 1.372 
55 LYS  HD1 1.536 
55 LYS  HE1 2.834 
55 LYS  C 177.01 
56 VAL N 117.13 
56 VAL HN 7.865 
56 VAL CA 63.008 
56 VAL HA 4.026 
56 VAL HB 1.808 
56 VAL HG11 0.712 
56 VAL C 175.83 
57 LEU N 123.14 
57 LEU HN 7.412 
57 LEU CA 59.274 
57 LEU CB 41.511 
57 LEU CD1 25.187 
57 LEU HD11 0.61 
57 LEU C 178.03 
58 TYR N 116.67 
58 TYR HN 8.268 
58 TYR CA 58.869 
58 TYR HA 4.57 
58 TYR CB 33.095 
58 TYR C 176.71 
59 PRO CA 65.411 
59 PRO CB 30.017 
59 PRO CG 27.5 
59 PRO HG1 1.224 
59 PRO CD 49.966 
59 PRO C 178.77 
60 ASP N 122.42 
60 ASP HN 8.14 
60 ASP CA 56.865 
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Table F1. Spo0AC Chemical Shifts. 
60 ASP HA 4.099 
60 ASP CB 39.443 
60 ASP HB1 2.881 
60 ASP C 179.95 
61 ILE N 124.97 
61 ILE HN 8.32 
61 ILE CA 64.929 
61 ILE CB 37.252 
61 ILE HB 1.478 
61 ILE CG2 17.485 
61 ILE HG21 1.478 
61 ILE C 177.39 
62 ALA  N 122.3 
62 ALA  HN 8.212 
62 ALA  CA 53.645 
62 ALA  HA 3.361 
62 ALA  CB 16.362 
62 ALA  HB1 1.022 
62 ALA  C 179.42 
63 LYS  N 119.67 
63 LYS  HN 7.922 
63 LYS  CA 57.882 
63 LYS  HA 4.03 
63 LYS  CB 31.274 
63 LYS  HB1 1.8 
63 LYS  CG 23.768 
63 LYS  HG1 1.364 
63 LYS  CD 28.395 
63 LYS  HD1 1.573 
63 LYS  CE 40.954 
63 LYS  HE1 2.836 
63 LYS  C 179.99 
64 LYS  N 122.46 
64 LYS  HN 7.566 
64 LYS  CA 58.126 
64 LYS  HA 3.702 
64 LYS  CB 31.415 
64 LYS  HB1 1.351 
64 LYS  CG 24.346 
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Table F1. Spo0AC Chemical Shifts. 
64 LYS  HG1 1.205 
64 LYS  CD 28.515 
64 LYS  CE 40.802 
64 LYS  HE1 2.618 
64 LYS  C 177.64 
65 PHE N 115.52 
65 PHE HN 7.596 
65 PHE CA 56.65 
65 PHE HA 4.588 
65 PHE CB 38.118 
65 PHE C 174.2 
66 ASN N 120.13 
66 ASN HN 7.722 
66 ASN CA 53.151 
66 ASN CB 36.043 
66 ASN C 173.97 
67 THR N 117.14 
67 THR HN 8.687 
67 THR CA 57 
67 THR HA 4.84 
67 THR CB 68.261 
67 THR HB 4.817 
67 THR CG2 18.102 
67 THR HG21 0.905 
67 THR C 173.15 
68 THR N 114.13 
68 THR HN 8.582 
68 THR CA 57.648 
68 THR HA 4.767 
68 THR CB 70.304 
68 THR C 175.52 
70 SER CA 59.862 
70 SER HA 4.036 
70 SER CB 61.392 
70 SER HB1 3.71 
70 SER C 177.35 
71 ARG N 124.08 
71 ARG HN 7.484 
71 ARG CA 58.628 



 204

Table F1. Spo0AC Chemical Shifts. 
71 ARG HA 3.757 
71 ARG CB 28.303 
71 ARG HD1 3.03 
71 ARG C 180.03 
72 VAL N 123.22 
72 VAL HN 7.897 
72 VAL CA 64.78 
72 VAL HA 3.345 
72 VAL CB 30.314 
72 VAL HB 1.817 
72 VAL CG2 20.682 
72 VAL HG21 0.523 
72 VAL CG1 20.869 
72 VAL HG11 0.124 
72 VAL C 177 
73 GLU N 122.45 
73 GLU HN 7.681 
73 GLU CA 59.589 
73 GLU CB 27.694 
73 GLU HB1 1.714 
73 GLU C 178.73 
74 ARG N 119.68 
74 ARG HN 7.883 
74 ARG CA 57.729 
74 ARG HA 3.757 
74 ARG CB 29.385 
74 ARG C 178.68 
75 ALA  N 124.86 
75 ALA  HN 8.354 
75 ALA  CA 53.748 
75 ALA  CB 17.486 
75 ALA  HB1 1.651 
75 ALA  C 181.93 
76 ILE N 123.38 
76 ILE HN 8.541 
76 ILE CA 64.558 
76 ILE HA 4.631 
76 ILE CB 36.865 
76 ILE HG11 1.253 
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Table F1. Spo0AC Chemical Shifts. 
76 ILE HD11 0.332 
76 ILE HG21 0.696 
76 ILE C 177.56 
77 ARG N 122.44 
77 ARG HN 8.279 
77 ARG CA 58.76 
77 ARG CB 29.28 
77 ARG HB1 1.892 
77 ARG CD 42.601 
77 ARG HD1 3.103 
77 ARG C 179.03 
78 HIS N 120.84 
78 HIS HN 8.384 
78 HIS CA 58.188 
78 HIS CB 29.778 
78 HIS HB1 3.014 
78 HIS C 176.13 
79 ALA  N 122.23 
79 ALA  HN 7.748 
79 ALA  CA 54.125 
79 ALA  CB 16.934 
79 ALA  HB1 1.191 
79 ALA  C 178.53 
80 ILE N 119.67 
80 ILE CA 64.583 
80 ILE CB 36.672 
80 ILE CD1 14.823 
80 ILE CG2 15.463 
81 GLU N 122.69 
81 GLU HN 8.265 
81 GLU CA 58.95 
81 GLU HA 3.531 
81 GLU CB 28.04 
81 GLU HB1 1.837 
81 GLU CG 35.643 
81 GLU HG2 2.245 
81 GLU HG1 2.035 
81 GLU C 179.94 
82 VAL N 121.99 
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Table F1. Spo0AC Chemical Shifts. 
82 VAL HN 8.453 
82 VAL CA 65.137 
82 VAL CB 30.253 
82 VAL HB 1.812 
82 VAL CG2 20.362 
82 VAL HG21 0.708 
82 VAL CG1 21.19 
82 VAL HG11 0.571 
82 VAL C 178.83 
83 ALA  N 125.1 
83 ALA  HN 7.896 
83 ALA  CA 54.107 
83 ALA  HA 3.864 
83 ALA  CB 17.309 
83 ALA  HB1 1.298 
83 ALA  C 179.15 
84 TRP N 121.53 
84 TRP HN 8.951 
84 TRP CA 58.899 
84 TRP HA 4.204 
84 TRP CB 27.882 
84 TRP HB1 3.201 
84 TRP C 177.55 
85 SER N 115.59 
85 SER HN 8.077 
85 SER CA 58.261 
85 SER HA 4.376 
85 SER CB 63.236 
85 SER C 175.59 
86 ARG CB 31.232 
86 ARG C 178.07 
87 GLY N 116.93 
87 GLY HN 8.356 
87 GLY CA 44.833 
87 GLY HA1 3.841 
87 GLY C 173.99 
88 ASN N 121.05 
88 ASN HN 8.243 
88 ASN CA 51.385 
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Table F1. Spo0AC Chemical Shifts. 
88 ASN HA 4.116 
88 ASN CB 37.643 
88 ASN C 175.97 
89 ILE N 124.74 
89 ILE HN 8.041 
89 ILE CA 61.84 
89 ILE HA 3.547 
89 ILE CB 36.749 
89 ILE HB 1.706 
89 ILE HD11 0.508 
89 ILE HG21 0.716 
90 ASP N 124.77 
90 ASP HN 8.505 
90 ASP CA 56.409 
90 ASP HA 4.292 
90 ASP CB 38.879 
90 ASP HB1 2.534 
90 ASP C 178.8 
91 SER N 119.43 
91 SER HN 7.983 
91 SER CA 60.2 
91 SER HA 4.091 
91 SER CB 61.598 
91 SER HB2 4.783 
91 SER C 176.77 
92 ILE N 124.76 
92 ILE HN 8.048 
92 ILE CA 64.041 
92 ILE HA 3.675 
92 ILE CB 36.972 
92 ILE CG1 28.542 
92 ILE HG11 1.546 
92 ILE CD1 11.605 
92 ILE HD11 0.255 
92 ILE HG21 0.582 
92 ILE C 177.89 
93 SER N 118.29 
93 SER HN 8.456 
93 SER CA 60.727 
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Table F1. Spo0AC Chemical Shifts. 
93 SER HA 4.157 
93 SER CB 61.667 
93 SER HB1 3.711 
93 SER C 177.13 
94 SER N 119.22 
94 SER HN 7.922 
94 SER CA 59.934 
94 SER HA 4.027 
94 SER CB 61.871 
94 SER HB1 3.801 
94 SER C 176.31 
95 LEU N 124.08 
95 LEU HN 7.792 
95 LEU CA 56.135 
95 LEU HA 3.873 
95 LEU CB 41.367 
95 LEU CG 25.816 
95 LEU CD1 23.257 
95 LEU CD2 23.816 
95 LEU HD21 0.526 
95 LEU C 177.94 
96 PHE N 116.43 
96 PHE HN 7.916 
96 PHE CA 57.401 
96 PHE HA 4.428 
96 PHE CB 38.751 
96 PHE HB2 3.028 
96 PHE HB1 2.582 
96 PHE C 176.55 
97 GLY N 110.66 
97 GLY HN 8.031 
97 GLY CA 44.707 
97 GLY HA2 4.041 
97 GLY HA1 3.739 
97 GLY C 174.15 
98 TYR N 120.61 
98 TYR HN 7.933 
98 TYR CA 56.275 
98 TYR HA 4.579 
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Table F1. Spo0AC Chemical Shifts. 
98 TYR C 175.41 
99 THR N 116.67 
99 THR HN 8.233 
99 THR CA 61.837 
99 THR HA 4.268 
99 THR CB 68.26 
99 THR HB 4.071 
99 THR CG2 20.786 
99 THR HG21 1.062 
99 THR C 175.22 
100 VAL N 125.93 
100 VAL HN 8.109 
100 VAL CA 61.888 
100 VAL HA 3.919 
100 VAL CB 31.468 
100 VAL HB 1.9 
100 VAL CG1 20.078 
100 VAL HG11 0.728 
100 VAL C 176.06 
101 SER N 119.41 
101 SER HN 8.25 
101 SER CA 57.409 
101 SER HA 4.293 
101 SER CB 62.844 
101 SER HB1 3.708 
101 SER C 178.72 
102 MET N 122.92 
102 MET HN 8.113 
102 MET CA 52.091 
102 MET HA 4.286 
102 MET CB 29.227 
102 MET C 174.41 
103 THR CA 61.874 
103 THR CB 68.328 
103 THR C 175.24 
104 LYS  N 125.82 
104 LYS  HN 8.096 
104 LYS  CA 55.332 
104 LYS  HA 4.169 
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Table F1. Spo0AC Chemical Shifts. 
104 LYS  CB 31.692 
104 LYS  HB1 1.713 
104 LYS  CG 23.842 
104 LYS  HG1 1.539 
104 LYS  CD 28.065 
104 LYS  CE 41.22 
104 LYS  HE1 2.825 
104 LYS  C 176.11 
105 ALA  N 126.7 
105 ALA  HN 8.096 
105 ALA  CA 51.255 
105 ALA  HA 4.131 
105 ALA  CB 18.221 
105 ALA  HB1 1.214 
105 ALA  C 178.65 
106 LYS  N 124.87 
106 LYS  HN 8.353 
106 LYS  CA 53.177 
106 LYS  HA 4.275 
106 LYS  C 181.92 
107 PRO CA 61.003 
107 PRO CB 30.851 
107 PRO HB1 2.32 
107 PRO CG 26.261 
107 PRO HG2 1.875 
107 PRO HG1 1.717 
107 PRO CD 48.237 
107 PRO C 177.08 
108 THR N 114.12 
108 THR HN 8.616 
108 THR CA 60.222 
108 THR HA 4.06 
108 THR CB 69.473 
108 THR CG2 14.887 
108 THR HG21 1.179 
108 THR C 174.71 
109 ASN N 123.15 
109 ASN HN 9.075 
109 ASN CA 55.378 
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Table F1. Spo0AC Chemical Shifts. 
109 ASN HA 3.922 
109 ASN CB 35.993 
109 ASN HB1 2.867 
109 ASN C 177.77 
110 SER N 114.36 
110 SER HN 8.462 
110 SER CA 61.154 
110 SER HA 3.717 
110 SER C 175.99 
111 GLU N 123.85 
111 GLU CA 57.768 
111 GLU HA 3.995 
111 GLU CB 29.204 
111 GLU HB1 2.128 
111 GLU CG 35.949 
111 GLU HG1 1.701 
111 GLU C 179.27 
112 PHE N 122 
112 PHE HN 8.684 
112 PHE CA 60.832 
112 PHE HA 3.057 
112 PHE CB 39.631 
112 PHE HB1 2.704 
112 PHE C 176.4 
113 ILE N 119.91 
113 ILE HN 8.322 
113 ILE CA 64.807 
113 ILE HA 3.177 
113 ILE CB 37.423 
113 ILE CG1 29.527 
113 ILE HG11 1.615 
113 ILE CD1 16.657 
113 ILE HD11 0.65 
113 ILE C 177.1 
114 ALA  N 121.76 
114 ALA  HN 8.285 
114 ALA  CA 54.243 
114 ALA  HA 5.044 
114 ALA  CB 17.888 
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Table F1. Spo0AC Chemical Shifts. 
114 ALA  HB1 1.337 
114 ALA  C 179.81 
115 MET N 118.99 
115 MET HN 8.064 
115 MET CA 57.751 
115 MET HA 3.997 
115 MET CB 31.481 
115 MET HB2 1.886 
115 MET HB1 2.108 
115 MET HG1 2.226 
115 MET C 179.38 
116 VAL N 121.76 
116 VAL HN 7.813 
116 VAL CA 65.987 
116 VAL HA 3.347 
116 VAL HB 1.638 
116 VAL CG2 21.568 
116 VAL HG21 0.792 
116 VAL CG1 22.184 
116 VAL HG11 0.36 
116 VAL C 177.35 
117 ALA  N 123.15 
117 ALA  HN 8.484 
117 ALA  CA 55.153 
117 ALA  HA 3.848 
117 ALA  CB 16.612 
117 ALA  HB1 1.301 
117 ALA  C 179.35 
118 ASP N 119.22 
118 ASP HN 8.597 
118 ASP CA 56.478 
118 ASP HA 4.284 
118 ASP CB 39.632 
118 ASP HB2 2.72 
118 ASP HB1 2.493 
118 ASP C 178.84 
119 LYS  N 123.38 
119 LYS  HN 7.641 
119 LYS  CA 57.765 
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Table F1. Spo0AC Chemical Shifts. 
119 LYS  HA 4.015 
119 LYS  CB 31.078 
119 LYS  HB1 1.819 
119 LYS  HG1 1.259 
119 LYS  CD 28.233 
119 LYS  HD1 1.56 
119 LYS  CE 41.239 
119 LYS  HE1 2.74 
119 LYS  C 179.2 
120 LEU N 120.83 
120 LEU HN 8.036 
120 LEU CA 56.383 
120 LEU CB 41.308 
120 LEU C 179.17 
121 ARG N 121.63 
121 ARG HN 8.47 
121 ARG CA 58.466 
121 ARG HA 4.061 
121 ARG CB 29.223 
121 ARG HB1 1.795 
121 ARG C 178.7 
122 LEU N 121.07 
122 LEU HN 7.772 
122 LEU CA 56.035 
122 LEU HA 4.069 
122 LEU CB 41.119 
122 LEU HB1 1.654 
122 LEU CG 25.781 
122 LEU CD1 22.5 
122 LEU CD2 23.9 
122 LEU HD21 0.789 
122 LEU C 179.09 
123 GLU N 120.82 
123 GLU HN 7.917 
123 GLU CA 56.74 
123 GLU HA 3.999 
123 GLU CB 29.39 
123 GLU C 178.13 
124 HIS N 120.86 
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Table F1. Spo0AC Chemical Shifts. 
124 HIS HN 8.286 
124 HIS CA 55.753 
124 HIS HA 4.434 
124 HIS CB 29.679 
124 HIS HB2 3.075 
124 HIS HB1 3.003 
124 HIS C 175.55 
125 LYS  N 125 
125 LYS  HN 7.936 
125 LYS  CA 55.467 
125 LYS  HA 4.183 
125 LYS  CB 31.763 
125 LYS  HB1 1.735 
125 LYS  CG 23.575 
125 LYS  HG1 1.532 
125 LYS  CD 28.087 
125 LYS  HD1 1.382 
125 LYS  CE 41.174 
125 LYS  HE1 2.844 
125 LYS  C 176.14 
126 ALA  N 128.23 
126 ALA  HN 8.327 
126 ALA  CA 51.444 
126 ALA  HA 4.255 
126 ALA  CB 18.304 
126 ALA  C 176.98 
127 SER N 123.58 
127 SER HN 7.856 
127 SER CA 58.762 
127 SER HA 4.093 
127 SER CB 63.704 
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Appendix G 
 

Spo0A D55N B. stearothermophilus Chemical Shift Table 
 
 
 

 
 

Table G1. Spo0A Chemical Shifts. 
Residue # Residue Atom Chemical Shift

      
7 ILE CA 56.486 
7 ILE CB 39.871 
7 ILE CG1 23.23 
7 ILE CG2 18.519 
7 ILE C 178.417 
8 ALA  N 124.989 
8 ALA  HN 7.838 
8 ALA  CA 53.77 
8 ALA  HA 4.151 
8 ALA  CB 17.552 
8 ALA  HB1 1.556 
8 ALA  C 169.604 

21 TYR C 178.266 
22 ILE N 115.482 
22 ILE HN 8.624 
22 ILE CA 61.358 
22 ILE HA 4.116 
22 ILE C 176.061 
23 SER N 119.899 
23 SER HN 8.637 
23 SER CA 61.214 
23 SER CB 65.675 
23 SER C 177.089 
24 SER N 118.51 

Table G1. Spo0A Chemical Shifts.  Chemical Shift values for all the known 
assignable resonances. 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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Table G1. Spo0A Chemical Shifts. 
24 SER HN 7.778 
24 SER CA 59.591 
24 SER CB 69.212 
26 PRO CA 61.811 
26 PRO C 176.85 
27 ASP N 125.22 
27 ASP HN 7.724 
27 ASP CA 57.058 
27 ASP CB 41.482 
27 ASP C 178.032 
28 MET N 120.593 
28 MET HN 7.711 
28 MET CA 59.236 
28 MET CB 28.919 
28 MET C 178.26 
29 GLU N 119.436 
29 GLU HN 7.621 
29 GLU CA 57.651 
29 GLU CB 28.709 
29 GLU C 178.553 
30 VAL CA 65.291 
30 VAL C 177.12 
31 ILE N 118.742 
31 ILE HN 7.842 
31 ILE CA 59.753 
31 ILE CB 37.806 
31 ILE C 175.563 
32 GLY N 110.181 
32 GLY HN 7.101 
32 GLY CA 45.928 
32 GLY HA2 4.294 
32 GLY HA1 3.942 
32 GLY C 171.269 
33 THR N 115.271 
33 THR HN 8.043 
33 THR CA 58.066 
33 THR HA 5.266 
33 THR CB 71.556 
33 THR C 172.454 
34 ALA  N 124.063 
34 ALA  HN 8.509 
34 ALA  CA 49.663 
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Table G1. Spo0A Chemical Shifts. 
34 ALA  CB 21.455 
34 ALA  C 175.937 
35 TYR N 117.122 
35 TYR HN 8.796 
35 TYR CA 54.967 
35 TYR HA 4.454 
35 TYR C 175.335 
36 ASN N 111.569 
36 ASN HN 7.441 
36 ASN CA 51.749 
36 ASN HA 4.758 
36 ASN CB 39.623 
45 GLU CA 57.598 
45 GLU CB 28.371 
45 GLU C 177.977 
46 GLU N 118.048 
46 GLU HN 7.617 
46 GLU CA 56.438 
46 GLU HA 4.331 
46 GLU CB 30.487 
46 GLU CG 34.911 
46 GLU C 177.145 
47 LYS  N 118.973 
47 LYS  HN 8.421 
47 LYS  CA 54.04 
47 LYS  HA 4.432 
47 LYS  CB 33.221 
47 LYS  C 175.516 
48 ARG N 117.009 
48 ARG HN 8.004 
48 ARG CA 52.9 
48 ARG HA 4.433 
48 ARG C 173.304 
59 PRO CA 62.088 
59 PRO CB 30.981 
59 PRO C 176.933 
60 HIS N 122.444 
60 HIS HN 8.409 
60 HIS CA 54.68 
60 HIS HA 4.305 
60 HIS CB 28.53 
60 HIS C 176.062 
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Table G1. Spo0A Chemical Shifts. 
61 LEU N 123.6 
61 LEU HN 8.134 
61 LEU CA 61.309 
61 LEU C 176.02 
62 ASP N 119.667 
62 ASP HN 8.567 
62 ASP CA 56.245 
62 ASP HA 4.896 
62 ASP CB 40.076 
63 GLY N 117.122 
63 GLY HN 7.19 
63 GLY CA 42.452 
121 TYR CA 59.467 
121 TYR CB 38.233 
121 TYR C 177.184 
122 GLY N 107.636 
122 GLY HN 7.898 
122 GLY CA 44.716 
122 GLY C 174.308 
123 LYS  N 121.518 
123 LYS  HN 7.558 
123 LYS  CA 55.481 
123 LYS  CB 31.821 
123 LYS  CG 23.485 
123 LYS  CD 27.384 
123 LYS  CE 41.13 
123 LYS  C 176.859 
124 THR N 115.965 
124 THR HN 7.963 
124 THR CA 60.804 
124 THR CB 68.807 
124 THR CG2 19.902 
125 THR N 121.287 
125 THR HN 8.02 
125 THR CA 58.763 
125 THR CB 68.607 
126 PRO CA 62.136 
126 PRO CB 31.052 
126 PRO CG 26.092 
126 PRO CD 49.828 
126 PRO C 176.728 
127 VAL N 122.906 
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Table G1. Spo0A Chemical Shifts. 
127 VAL HN 8.125 
127 VAL CA 61.408 
127 VAL CB 31.645 
127 VAL CG1 19.835 
127 VAL C 176.148 
128 VAL N 126.146 
128 VAL HN 8.143 
128 VAL CA 61.302 
128 VAL CB 31.674 
128 VAL CG1 19.648 
128 VAL C 175.841 
129 ARG N 126.608 
129 ARG CA 54.943 
129 ARG CB 29.961 
129 ARG CG 26.113 
129 ARG CD 42.288 
129 ARG C 175.75 
130 LYS  N 125.451 
130 LYS  HN 8.29 
130 LYS  CA 55.016 
130 LYS  CB 32.231 
130 LYS  CG 23.718 
130 LYS  CD 27.304 
130 LYS  CE 41.081 
130 LYS  C 175.899 
131 ALA  N 127.765 
131 ALA  HN 8.257 
131 ALA  CA 51.057 
131 ALA  CB 18.524 
131 ALA  C 176.756 
132 ALA  N 126.84 
132 ALA  HN 8.206 
132 ALA  CA 49.246 
132 ALA  CB 17.306 
132 ALA  C 175.379 
133 PRO CA 61.73 
133 PRO CB 31.014 
133 PRO CG 26.074 
133 PRO CD 48.043 
133 PRO C 176.313 
134 ALA  N 127.534 
134 ALA  HN 8.291 
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Table G1. Spo0A Chemical Shifts. 
134 ALA  CA 49.296 
134 ALA  CB 17.186 
134 ALA  C 175.688 
136 GLN C 178.349 
137 VAL N 122.023 
137 VAL HN 7.36 
137 VAL CA 61.591 
137 VAL CB 31.691 
137 VAL CG1 19.998 
137 VAL C 176.264 
138 ARG N 127.534 
138 ARG HN 8.352 
138 ARG CA 54.768 
138 ARG CB 29.971 
138 ARG CG 26.209 
138 ARG C 175.813 
139 ASP N 123.369 
139 ASP HN 8.287 
139 ASP CA 53.102 
139 ASP CB 40.242 
139 ASP C 175.751 
140 ASN N 121.545 
140 ASN HN 8.348 
140 ASN CA 51.492 
140 ASN CB 37.925 
140 ASN C 174.921 
141 LYS  N 124.295 
141 LYS  HN 8.155 
141 LYS  CA 53.63 
141 LYS  CB 31.205 
142 PRO CA 62.391 
142 PRO CB 31.145 
142 PRO CG 26.055 
142 PRO CD 49.828 
142 PRO C 177.312 
143 LYS  N 123.733 
143 LYS  HN 8.455 
143 LYS  CA 55.612 
143 LYS  CB 32.076 
143 LYS  CG 23.584 
143 LYS  CD 27.361 
143 LYS  CE 41.08 
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Table G1. Spo0A Chemical Shifts. 
143 LYS  C 176.591 
144 ASN N 120.824 
144 ASN HN 8.22 
144 ASN CA 51.95 
144 ASN CB 37.845 
144 ASN C 175.838 
145 LEU N 126.608 
145 LEU HN 8.416 
145 LEU CA 57.056 
145 LEU CB 40.622 
145 LEU CG 24.806 
145 LEU CD1 21.805 
145 LEU C 178.079 
146 ASP N 120.13 
146 ASP HN 8.238 
146 ASP CA 57.008 
146 ASP CB 39.852 
146 ASP C 178.748 
147 ALA  HN 8.1 
147 ALA  CA 53.813 
147 ALA  CB 17.284 
147 ALA  C 180.756 
148 SER N 118.742 
148 SER HN 8.098 
148 SER CA 61.157 
148 SER C 176.475 
149 ILE N 124.149 
149 ILE HN 8.438 
149 ILE CA 65.338 
149 ILE CB 37.141 
149 ILE C 177.521 
150 THR N 116.197 
150 THR HN 8.382 
150 THR CA 65.803 
150 THR CB 67.318 
150 THR CG2 21.048 
150 THR C 176.383 
151 SER N 117.585 
151 SER HN 8 
151 SER CA 60.919 
151 SER CB 61.731 
151 SER C 177.07 
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Table G1. Spo0A Chemical Shifts. 
152 ILE N 123.138 
152 ILE HN 7.736 
152 ILE CA 64.118 
152 ILE CB 37.036 
152 ILE C 177.717 
153 ILE N 118.048 
153 ILE HN 8.256 
153 ILE CA 64.183 
153 ILE CB 36.012 
153 ILE C 177.791 
154 HIS N 121.518 
154 HIS HN 8.602 
154 HIS CA 57.979 
154 HIS CB 27.527 
154 HIS C 178.537 
155 GLU N 123.399 
155 GLU HN 8.266 
155 GLU CA 58.105 
155 GLU CB 28.032 
155 GLU CG 34.782 
155 GLU C 178.473 
156 ILE HN 7.885 
156 ILE CA 62.421 
156 ILE CB 37.278 
156 ILE CG1 27.472 
156 ILE CG2 16.121 
156 ILE C 174.705 
157 GLY N 105.01 
157 GLY HN 7.346 
157 GLY CA 43.998 
157 GLY C 175.299 
158 VAL N 123.6 
158 VAL HN 7.623 
158 VAL CA 59.672 
158 VAL CB 31.058 
158 VAL C 173.674 
159 PRO CA 61.565 
159 PRO CB 31.538 
159 PRO CD 51.14 
159 PRO C 175.936 
160 ALA  N 121.75 
160 ALA  HN 7.852 
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Table G1. Spo0A Chemical Shifts. 
160 ALA  CA 50.99 
160 ALA  CB 17.51 
160 ALA  C 177.886 
161 HIS N 112.495 
161 HIS HN 7.42 
161 HIS CA 54.821 
161 HIS CB 28.385 
161 HIS C 175.103 
162 ILE N 115.04 
162 ILE HN 6.632 
162 ILE CA 58.54 
162 ILE CB 38.167 
162 ILE CG1 32.42 
162 ILE C 177.968 
163 LYS  N 127.534 
163 LYS  HN 8.985 
163 LYS  CA 58.043 
163 LYS  CB 30.884 
163 LYS  CD 27.433 
163 LYS  CE 41.342 
163 LYS  C 177.786 
164 GLY N 104.499 
164 GLY HN 8.8 
164 GLY CA 45.343 
165 TYR N 123.138 
165 TYR HN 7.377 
165 TYR CA 60.965 
165 TYR CB 37.601 
165 TYR C 176.214 
166 LEU N 119.899 
166 LEU HN 6.849 
166 LEU CA 56.196 
166 LEU CB 40.108 
166 LEU C 179.443 
167 TYR N 121.518 
167 TYR HN 8.362 
167 TYR CA 58.193 
167 TYR CB 29.453 
167 TYR C 178.379 
168 LEU N 121.287 
168 LEU HN 7.868 
168 LEU CA 55.872 
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Table G1. Spo0A Chemical Shifts. 
168 LEU CB 41.159 
168 LEU CG 22.447 
168 LEU C 178.779 
169 ARG N 119.889 
169 ARG HN 7.859 
169 ARG CA 56.322 
169 ARG CB 29.026 
169 ARG C 177.088 
170 GLU N 119.667 
170 GLU HN 8.096 
170 GLU C 179.71 
171 ALA  N 120.593 
171 ALA  HN 7.998 
171 ALA  CA 54.144 
171 ALA  CB 17.49 
171 ALA  C 179.012 
172 ILE N 117.354 
172 ILE HN 8.572 
172 ILE CA 64.34 
172 ILE CB 36.785 
172 ILE C 176.958 
173 ALA  N 123.832 
173 ALA  HN 7.698 
173 ALA  CA 55.064 
173 ALA  CB 16.744 
173 ALA  C 179.863 
174 MET N 118.048 
174 MET CA 58.667 
174 MET CB 32.595 
174 MET CG 32.277 
174 MET C 179.36 
175 VAL N 121.518 
175 VAL HN 8.067 
175 VAL CA 63.455 
175 VAL CB 30.537 
175 VAL C 177.082 
176 TYR N 122.675 
176 TYR HN 8.717 
176 TYR CA 60.84 
176 TYR CB 37.299 
176 TYR C 177.705 
177 HIS N 116.197 
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Table G1. Spo0A Chemical Shifts. 
177 HIS HN 7.557 
177 HIS CA 57.004 
177 HIS CB 28.304 
177 HIS C 174.62 
178 ASP N 121.75 
178 ASP HN 7.94 
178 ASP CA 52.254 
178 ASP CB 39.8 
178 ASP C 175.103 
179 ILE N 127.765 
179 ILE HN 8.336 
179 ILE CA 61.81 
179 ILE CB 37.992 
179 ILE C 178.232 
180 GLU N 122.906 
180 GLU HN 8.18 
180 GLU CA 56.923 
180 GLU CB 27.496 
180 GLU CG 35.044 
180 GLU C 179.177 
181 LEU N 122.212 
181 LEU HN 7.943 
181 LEU CA 55.872 
181 LEU CB 41.886 
181 LEU CG 24.809 
181 LEU C 178.833 
182 LEU N 118.742 
182 LEU HN 7.452 
182 LEU CA 56.196 
182 LEU CB 40.512 
182 LEU C 178.951 
183 GLY N 107.636 
183 GLY HN 7.789 
183 GLY CA 44.716 
183 GLY C 174.77 
184 SER N 118.048 
184 SER HN 7.666 
184 SER CA 54.938 
184 SER CB 62.906 
184 SER C 176.131 
185 ILE N 126.377 
185 ILE HN 7.601 
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Table G1. Spo0A Chemical Shifts. 
185 ILE CA 63.714 
185 ILE CB 36.55 
185 ILE CG1 27.521 
185 ILE CD1 15.012 
185 ILE C 175.442 
186 THR N 112.726 
186 THR HN 7.758 
186 THR CA 63.552 
186 THR CB 67.595 
186 THR CG2 21.135 
186 THR C 175.822 
187 LYS  N 120.824 
187 LYS  HN 7.504 
187 LYS  CA 56.762 
187 LYS  CB 33.236 
187 LYS  CE 41.08 
187 LYS  C 176.874 
188 VAL N 116.66 
188 VAL HN 7.807 
188 VAL CA 63.067 
188 VAL CB 33.155 
188 VAL CG1 19.92 
188 VAL C 175.773 
189 LEU N 122.444 
189 LEU HN 7.311 
189 LEU CA 59.187 
189 LEU CB 41.644 
189 LEU CG 24.897 
189 LEU C 178.025 
190 TYR N 116.428 
190 TYR HN 8.187 
190 TYR CA 58.841 
190 TYR CB 33.099 
193 ILE CA 64.83 
193 ILE CB 37.487 
193 ILE CG2 17.374 
193 ILE C 177.311 
194 ALA  N 122.675 
194 ALA  HN 8.478 
194 ALA  CA 53.691 
194 ALA  CB 16.63 
194 ALA  C 179.408 
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Table G1. Spo0A Chemical Shifts. 
195 LYS  N 118.973 
195 LYS  HN 7.939 
195 LYS  CA 57.812 
195 LYS  CB 31.376 
195 LYS  CE 41.225 
195 LYS  C 179.774 
196 LYS  N 121.981 
196 LYS  HN 7.435 
196 LYS  CA 58.055 
196 LYS  CB 31.457 
196 LYS  C 177.41 
197 TYR N 115.04 
197 TYR HN 7.477 
197 TYR CA 57.247 
197 TYR CB 37.116 
197 TYR C 174.156 
198 ASN N 119.436 
198 ASN HN 7.649 
198 ASN CA 53.204 
198 ASN CB 36.146 
198 ASN C 173.865 
199 THR N 116.66 
199 THR HN 8.56 
199 THR CA 56.89 
199 THR CB 68.408 
199 THR CG2 17.199 
199 THR C 173.101 
200 THR N 113.652 
200 THR HN 8.542 
200 THR CA 57.59 
200 THR CB 70.459 
200 THR C 175.47 
201 ALA  N 127.302 
201 ALA  HN 9.107 
201 ALA  CA 54.624 
201 ALA  CB 17.249 
202 SER N 114.114 
202 SER HN 8.491 
202 SER CA 59.903 
202 SER CB 61.398 
202 SER C 177.166 
203 ARG N 123.832 
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Table G1. Spo0A Chemical Shifts. 
203 ARG HN 7.466 
203 ARG CA 58.621 
203 ARG CB 28.628 
203 ARG CD 42.305 
203 ARG C 179.869 
204 VAL N 122.906 
204 VAL HN 7.812 
204 VAL CA 64.765 
204 VAL CB 30.245 
204 VAL CG1 19.823 
204 VAL C 177.016 
205 GLU N 121.75 
205 GLU HN 7.659 
205 GLU CA 59.51 
205 GLU CB 27.981 
205 GLU C 178.723 
206 ARG N 119.436 
206 ARG HN 7.906 
206 ARG CA 56.273 
206 ARG CB 29.583 
206 ARG CG 26.296 
206 ARG CD 42.48 
206 ARG C 178.624 
207 ALA  N 124.757 
207 ALA  HN 8.377 
207 ALA  CA 53.932 
207 ALA  CB 17.714 
207 ALA  C 181.954 
208 ILE N 122.675 
208 ILE HN 8.487 
208 ILE CA 65.986 
208 ILE CB 36.958 
208 ILE C 176.336 
209 ARG N 122.212 
209 ARG HN 8.059 
209 ARG CA 58.753 
209 ARG CB 29.103 
209 ARG CD 42.527 
209 ARG C 179.145 
210 HIS HN 8.481 
210 HIS CA 57.329 
210 HIS CB 27.541 
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Table G1. Spo0A Chemical Shifts. 
210 HIS C 175.785 
211 ALA  N 122.675 
211 ALA  HN 7.858 
211 ALA  CA 54.237 
211 ALA  CB 16.976 
211 ALA  C 178.291 
212 ILE N 119.436 
212 ILE HN 7.726 
212 ILE CA 64.603 
212 ILE CB 36.874 
212 ILE CD1 14.662 
212 ILE C 177.366 
213 GLU N 121.715 
213 GLU HN 8.224 
213 GLU CA 58.832 
213 GLU CB 28.107 
213 GLU C 179.665 
214 VAL N 121.055 
214 VAL HN 8.108 
214 VAL CA 65.008 
214 VAL CB 30.487 
214 VAL C 178.544 
215 ALA  N 124.526 
215 ALA  HN 7.779 
215 ALA  CA 54.094 
215 ALA  CB 17.39 
215 ALA  C 178.887 
216 TRP N 120.824 
216 TRP HN 8.833 
216 TRP CA 58.846 
216 TRP CB 28.007 
216 TRP C 177.462 
217 SER N 115.271 
217 SER HN 8.06 
217 SER CA 58.136 
217 SER CB 63.472 
217 SER C 175.524 
218 ARG N 122.444 
218 ARG HN 8.125 
218 ARG CA 56.206 
218 ARG CB 29.749 
218 ARG CD 42.305 
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Table G1. Spo0A Chemical Shifts. 
219 GLY N 109.95 
219 GLY HN 8.067 
219 GLY CA 44.797 
219 GLY C 177.431 
220 ASN N 120.361 
220 ASN HN 8.167 
220 ASN CA 51.426 
220 ASN CB 37.925 
220 ASN C 175.865 
221 LEU N 124.295 
221 LEU HN 8.049 
221 LEU CA 56.711 
221 LEU CB 40.219 
221 LEU CD1 23.584 
221 LEU C 178.991 
222 GLU N 122.212 
222 GLU HN 8.61 
222 GLU CA 58.786 
222 GLU CB 27.724 
222 GLU CG 34.869 
222 GLU C 179.051 
223 SER N 118.279 
223 SER HN 7.88 
223 SER CA 60.048 
223 SER CB 61.768 
223 SER C 176.701 
224 ILE N 123.832 
224 ILE HN 7.926 
224 ILE CA 64.199 
224 ILE CB 37.116 
224 ILE CG1 28.586 
224 ILE CD1 11.095 
224 ILE CG2 16.107 
224 ILE C 177.68 
225 SER N 117.354 
225 SER HN 8.318 
225 SER CA 60.677 
225 SER CB 61.721 
225 SER C 177.082 
226 SER N 118.279 
226 SER HN 7.892 
226 SER CA 60 
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Table G1. Spo0A Chemical Shifts. 
226 SER CB 61.923 
226 SER C 176.188 
227 LEU N 123.832 
227 LEU CA 56.034 
227 LEU CB 41.563 
227 LEU CD1 23.497 
227 LEU C 177.946 
228 PHE N 115.965 
228 PHE HN 7.889 
228 PHE CA 57.247 
228 PHE CB 38.733 
228 PHE C 176.523 
229 GLY N 110.413 
229 GLY HN 8.01 
229 GLY CA 44.958 
229 GLY C 174.139 
230 TYR N 119.899 
230 TYR HN 7.866 
230 TYR CA 56.651 
230 TYR CB 37.598 
230 TYR C 175.519 
231 THR N 115.965 
231 THR HN 8.133 
231 THR CA 61.855 
231 THR CB 68.322 
231 THR CG2 19.998 
231 THR C 174.802 
232 VAL N 124.295 
232 VAL HN 7.956 
232 VAL CA 61.35 
232 VAL CB 31.888 
232 VAL CG1 19.735 
232 VAL C 175.784 
233 SER N 119.667 
233 SER HN 8.163 
233 SER CA 57.207 
233 SER CB 62.757 
233 SER C 175.033 
234 VAL N 122.444 
234 VAL HN 8.039 
234 VAL CA 61.774 
234 VAL CB 31.376 
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Table G1. Spo0A Chemical Shifts. 
234 VAL CG1 19.735 
234 VAL C 176.112 
235 SER N 118.973 
235 SER HN 8.228 
235 SER CA 57.425 
235 SER CB 62.924 
236 LYS  N 123.369 
236 LYS  HN 8.042 
236 LYS  CA 55.684 
236 LYS  CB 31.748 
236 LYS  CG 23.637 
236 LYS  CD 27.336 
236 LYS  CE 41.105 
236 LYS  C 176.224 
237 ALA  N 125.683 
237 ALA  HN 7.992 
237 ALA  CA 50.86 
237 ALA  CB 18.603 
237 ALA  C 176.51 
238 LYS  N 123.418 
238 LYS  HN 7.956 
238 LYS  CA 52.961 
238 LYS  CB 30.156 
238 LYS  C 173.846 
239 PRO CA 60.954 
239 PRO CB 30.798 
239 PRO C 176.983 
240 THR N 113.189 
240 THR HN 8.43 
240 THR CA 60.213 
240 THR CB 69.495 
240 THR C 174.77 
241 ASN N 122.906 
241 ASN HN 8.985 
241 ASN CA 55.487 
241 ASN CB 36.048 
241 ASN C 177.743 
242 SER N 114.114 
242 SER HN 8.434 
242 SER CA 60.739 
242 SER C 175.98 
243 GLU N 126.751 
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Table G1. Spo0A Chemical Shifts. 
243 GLU HN 8.387 
243 GLU CB 30 
243 GLU C 180.017 
244 PHE N 122.212 
244 PHE HN 8.78 
244 PHE CA 57 
244 PHE C 178.136 
245 ILE N 119.91 
245 ILE HN 8.369 
245 ILE C 178.151 
246 ALA  N 121.981 
246 ALA  HN 8.675 
246 ALA  CA 54.375 
246 ALA  CB 17.919 
246 ALA  C 179.692 
247 MET N 118.51 
247 MET HN 8.036 
247 MET CA 57.812 
247 MET CB 31.134 
247 MET C 179.159 
248 VAL N 121.055 
248 VAL HN 7.712 
248 VAL CA 66.007 
248 VAL CB 30.091 
248 VAL CG1 21.048 
248 VAL C 177.346 
249 ALA  N 122.675 
249 ALA  HN 8.44 
249 ALA  CA 55.053 
249 ALA  CB 16.699 
249 ALA  C 179.362 
250 ASP N 118.51 
250 ASP HN 8.565 
250 ASP CA 56.362 
250 ASP CB 39.508 
250 ASP C 178.605 
251 LYS  N 122.444 
251 LYS  HN 7.564 
251 LYS  CA 57.651 
251 LYS  CB 31.134 
251 LYS  C 178.903 
252 LEU N 119.436 



 234

Table G1. Spo0A Chemical Shifts. 
252 LEU HN 7.904 
252 LEU CA 58.124 
252 LEU CB 41.431 
252 LEU C 175.22 
253 ARG C 178.579 
254 LEU N 121.055 
254 LEU HN 8.036 
254 LEU CA 56.542 
254 LEU CB 38.824 
254 LEU C 175.971 
255 GLU N 124.757 
255 GLU HN 8.64 
255 GLU CB 29.005 
255 GLU CG 34.826 
255 GLU C 176.953 
256 HIS N 119.899 
256 HIS HN 8.145 
256 HIS CA 54.791 
256 HIS CB 28.16 
256 HIS C 174.435 
257 LYS  N 124.526 
257 LYS  HN 8.061 
257 LYS  CA 55.517 
257 LYS  CB 31.951 
257 LYS  CG 23.547 
257 LYS  CD 27.361 
257 LYS  CE 41.138 
257 LYS  C 176.1 
258 ALA  N 127.765 
258 ALA  HN 8.309 
258 ALA  CA 51.502 
258 ALA  CB 18.465 
258 ALA  C 176.826 
259 SER N 122.444 
259 SER HN 7.854 
259 SER CA 58.842 
259 SER CB 63.871 
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