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Abstract 

While protein tyrosine kinases (PTKs) have been extensively characterized in 

eukaryotes, far less is known about their emerging counterparts in prokaryotes. Studies of 

close to 20 homologs of bacterial protein tyrosine (BY) kinases have inaugurated a 

blooming new field of research, all since just the end of the last decade. These kinases are 

key regulators in the polymerization and exportation of the virulence-determining 

polysaccharides which shield the bacterial from the non-specific defenses of the host. 

This research is aimed at furthering our understanding of the BY kinases through the use 

of X-ray crystallography and various in vitro and in vivo experiments. We reported the 

first crystal structure of a bacterial PTK, the C-terminal kinase domain of E. coli tyrosine 

kinase (Etk) at 2.5Å resolution. The fold of the Etk kinase domain differs markedly from 

that of eukaryotic PTKs. Based on the observed structure and supporting evidences, we 

proposed a unique activation mechanism for BY kinases in Gram-negative bacteria. The 

phosphorylation of tyrosine residue Y574 at the active site and the specific interaction of 

P-Y574 with a previously unidentified key arginine residue, R614, unblock the Etk active 

site and activate the kinase. Both in vitro kinase activity and in vivo antibiotics resistance 

studies utilizing structure-guided mutants further support the novel activation mechanism. 

In addition, the level of phosphorylation of their C-terminal Tyr cluster is known to 

regulate the translocation of extracellular polysaccharides. Our studies have significantly 

clarified our understanding of how the phosphorylation status on the C-terminal tyrosine 

cluster of BY kinases affects the oligomerization state of the protein, which is likely the 

machinery of polysaccharide export regulation. In summary, this research makes a 

substantial contribution to the rapidly progressing research of bacterial tyrosine kinases. 
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Chapter 1 – Introduction 

1.1 Overview of protein phosphorylation 

 

Protein phosphorylation, the process by which a phosphate (PO4) group is added 

to a protein molecule by protein kinases (Figure 1.1), is a critically important regulatory 

mechanism and the most widespread type of post-translational modification occurring in 

both prokaryotic and eukaryotic organisms (Cozzone, 1988; Ubersax and Ferrell, Jr., 

2007). Kinases (or phosphotransferases) are enzymes which covalently transfer 

phosphate groups from high-energy donor molecules, such as the g-phosphate of 

adenosine triphosphate (ATP), to specific target molecules called substrates. Protein 

kinases consist one of the largest families of genes in eukaryotes (Hanks and Hunter, 

1995), making up about 2% of the genome and phosphorylating 30% of all cellular 

proteins (Ubersax and Ferrell, Jr., 2007; Cohen, 2000). The removal of phosphates, 

dephosphorylation, is performed by another class of enzymes termed phosphatases. 

Through phosphorylation, protein kinases regulate various cellular functions such 

as gene expression, cell growth and differentiation, apoptosis, membrane transport, 

metabolic pathways, and cell movement (Cowan-Jacob, 2006). The newly acquired 

phosphoryl group has a high negative charge density, the capacity to form multiple 

hydrogen bonds, a tendency to associate with positively-charged amino acids (e.g. 

arginine), as well as surface availability and enzymatic reversibility. Therefore, protein 

phosphorylation usually results in a change in enzyme activity, cellular location, or 

association with other proteins (Kennelly, 2002). 
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Figure 1.1 Protein phosphorylation reaction. 
 
(A) Catalytic cycle of protein phosphorylation performed by a kinase. First, ATP binds to 
the active site, followed by the binding of substrate. The g-phosphate of the ATP is then 
transferred to the substrate. Subsequently, the phosphorylated substrate is released by the 
kinase, and ADP disassociates to complete the cycle. (B) The substrate is attracted to the 
catalytic site of the protein kinase, with the hydroxyl (OH) group of the to-be-
phosphorylated residue (Ser, in this example) bound to a negatively-charged residue (e.g. 
Asp) of the kinase. The g-phosphate of the ATP co-factor binds to a magnesium ion, 
which is stabilized by negatively-charged residues (e.g. Asp) of the kinase. (C) A 
nucleophilic attack is performed by the oxygen of the substrate OH group on the g-
phosphorous of ATP. (D) The reaction proceeds with the breaking of the phosphoester 
bond between the g-phosphate and ADP, resulting in the phosphorylated residue (P-Ser) 
and ADP. 
Source of Figure 1A: (Ubersax and Ferrell, Jr., 2007) 
Source of Figure 1B-D:  
http://tainano.com/chin/Molecular%20Biology%20Glossary.htm (Tainano, Inc.). 
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Based on their substrate specificity, protein kinases are commonly categorized 

into tyrosine (Tyr), serine/threonine (Ser/Thr), and histidine (His) kinases. Protein 

Ser/Thr kinases and protein Tyr kinases are the two major subdivisions of the eukaryotic 

kinase superfamily (Hanks and Hunter, 1995). Out of the 518 kinase sequences encoded 

in the human genome (1.7%), 90 are Tyr kinases (Manning et al., 2002). The majority (58) 

of human Tyr kinases belong to the receptor Tyr kinase (RTK) family, acting primarily as 

growth factor receptors involved in downstream signaling from growth factors (Cowan-

Jacob, 2006). RTKs are typically transmembrane proteins, with an extracellular ligand-

binding domain and a cytoplasmic tyrosine kinase domain. Ser/Thr kinases, the larger 

division of eukaryotic protein kinases, include protein kinase A (PKA), protein kinase B 

(PKB, also known as Akt kinase), protein kinase C (PKC), and Ca2+/calmodulin-

dependent protein kinases (Figure 1.2A). 

Since the discovery of the first protein kinase in 1956, rabbit skeletal muscle 

glycogen phosphorylase (a Ser/Thr kinase) (Krebs EG and Fisher EH, 1956), there has 

been an exponentially increasing number of protein kinases and their substrates 

characterized in a wide variety of eukaryotes ranging from fungi to mammals (Cozzone, 

1988). Nonetheless, X-ray crystal structures have revealed that eukaryotic Ser/Thr and 

Tyr kinases actually share similar catalytic domains. All eukaryotic protein kinases, 

Ser/Thr and Tyr kinases alike, are related by their 250-300-amino-acid kinase domains, 

where 12 conserved sub-domains fold into a common catalytic core architecture (Hanks 

and Hunter, 1995) shown in Figure 1.2B-D. Structural features of the common eukaryotic 

kinase fold will be described in section 1.4. 
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Figure 1.2 The categorization of the human kinome and the common fold of the 
eukaryotic kinase domain. 
 
(A) The phylogenetic tree of the catalytic domains of the human kinome. Major groups 
are labeled, and are usually named after representative subfamilies within each group. For 
example, the ACG group contains cyclic AMP-dependent protein kinase (PKA), 
diacylglycerol-activated/phospholipid-dependent protein kinase C (PKC), and kinases 
that phosphorylate G protein-coupled receptors. The CMGC group contains cyclin-
dependent kinase, MAP kinase, glycogen synthase kinase 3 and Cdc-like kinase. The TK  
group consists of tyrosine kinases. (B-D) X-ray crystal structures of representative 
eukaryotic kinases: (B) From the TK  group: the tyrosine kinase domain of the human 
insulin receptor, PDB: 1IRK (Hubbard et al., 1994); (C) From the ACG group: the 
catalytic subunit of cyclic-AMP dependent protein kinase (PKA), PDB: 2UZU (Zhu et al., 
2007); (D) From the CMGC group, the human cyclin-dependent kinase 2 catalytic 
subunit, PDB: 1PXM (Wang et al., 2004).  
Source of Figure 2A: (Manning et al., 2002) 
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1.2  Protein phosphorylation in prokaryotes 

 

The investigation of protein phosphorylation was unusual, as it was initiated in 

eukaryotic systems and not extended to prokaryotes until 20 years later, a delay caused 

by the difficulty of result reproducibility and the incomplete chemical characterization of 

kinases and their substrates (Cozzone et al., 2004). At first, since no protein kinases 

similar to eukaryotic kinases were found in bacteria, it was assumed that Ser/Thr and Tyr 

phosphorylation only existed in eukaryotes (Levitzki and Gazit, 1995). Many scientists 

held the view that protein phosphorylation and dephosphorylation was a relatively late 

evolutionary event, enabling the regulation of complicated and differentiated cell 

activities (Kennelly, 2002). 

 

1.2.1  Classification of prokaryotic non-tyrosine kinases 

At present, there are three general non-tyrosine protein phosphorylating systems 

found in prokaryotes. The first confirmed prokaryotic phosphorylation mechanism 

applies to histidine and aspartic acid, and involves a different protein family from 

eukaryotic protein kinases (Garnak and Reeves, 1979). Such histidine and aspartic acid 

phosphorylation is coined the “two-component system”, an important and efficient signal 

transduction mechanism in bacteria (Parkinson, 1993). In response to an input stimulus, a 

sensor His kinase autophosphorylates a histidine residue at the expense of ATP; this 

phosphoryl group is subsequently transferred to an aspartic residue of a separate receiver 

protein, triggering cellular response (Parkinson, 1993). The majority of the sensor His 
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kinases are homodimeric proteins. They consist of a widely varied extracellular or 

periplasmic sensory domain, followed by a conserved cytoplasmic domain. The 

cytoplasmic domain can be further divided into an N-terminal His phosphotransfer 

domain and a C-terminal catalytic and ATP-binding domain (Stock et al., 2000). These 

two sub-domains are thought to exist in different conformational states to facilitate the 

autokinase and phosphotransferase activities (Marina et al., 2005). 

The second bacterial non-tyrosine protein phosphorylation system is the 

phosphoenolpyruvate: carbohydrate phosphotransferase (PTS) system, which catalyses 

the cellular uptake and subsequent phosphorylation of carbohydrates (van Montfort et al., 

1998). The PTS system contains five protein domains, which transfer a phosphoryl group 

from a phosphoenolpyruvate molecule to a sugar, through a chain of intermediate 

proteins on mostly histidine and, in one case, serine residues (Saier, 1993). However, 

because the intermediates of the PTS cascade are analogous to the intermediates of 

certain phosphatases and mutases, and because the ultimate phosphorylation does not 

happen on a protein, the PTS system is sometimes regarded as a non-protein 

phosphorylation system (Cozzone et al., 2004). 

The third bacterial phosphorylation system is very similar to the eukaryotic 

ATP/GTP-dependent system, where O-kinases (also called STY kinases) phosphorylate 

Ser, Thr, and Tyr residues in protein substrates. The phosphorylated residues can be 

dephosphorylated by specific O-phosphatases (Kennelly and Potts, 1996; Shi et al., 1998). 

Initially, both the His phosphorylation involved in the two-component system and 

the PTS system were thought to be unique to prokaryotes (Cozzone et al., 2004). 
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However, homologs of the two-component system have since been uncovered in yeast, 

plants, and rat mitochondria, while the PTS system was found in lower eukaryotic 

organisms (Loomis et al., 1997). 

The study of prokaryotic protein phosphorylation finally bloomed in the last 

decade, due to the progress in genomics which allowed the detection of genes encoding 

eukaryotic-like Ser/Thr kinases and phosphatases in prokaryotic genomes (Bakal and 

Davies, 2000). For example, the homologs of the catalytic subunit of the cyclic AMP-

dependent protein kinase (PKA) and the ATP/GTP-dependent system were both found in 

bacteria (Kennelly 2002). Moreover, a recent large-scale microbial genomic sequencing 

project allowed the definition of 20 known and novel eukaryotic-protein-kinase-like 

families in the microbial genome, tripling the count of eukaryotic-like kinases in bacteria 

(Kannan et al., 2007). These discoveries suggest an earlier evolutionary origin of protein 

phosphorylation than previously thought (Kennelly and Potts, 1996; Zhang, 1996). In 

addition, two unique bacterial Ser kinase/phosphatase bi-functional enzymes were found 

in bacteria, AceK1 and HPr kinase/phosphatase2, which has no eukaryotic counterparts 

(Cozzone et al., 2004). Thus, it is evident that the evolution of prokaryotic kinases 

continued even after the emergence of eukaryotes. 

                                                   

1  AceK is an isocitrate dehydrogenase kinase/phosphatase that harbors a eukaryotic-kinase-like ATP-
binding motif, which is required for its kinase and phosphatases function (Stueland et al., 1989). However, 
the protein also contains a unique domain with no apparent sequence homology to other kinases and 
phosphatases. 

2 The HPr serine kinase/phosphorylase belongs to a large P-loop protein superfamily (Nessler, 2005).  
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1.2.2 Prokaryotic tyrosine kinases 

1.2.2.1 Bacterial tyrosine (BY) kinase family 

In 1997, the characterization of Acinetobacter sp. protein tyrosine kinase Ptk 

marked the most recent discovery of bacterial protein kinases. Having no sequence 

resemblance to eukaryotic tyrosine kinases, Ptk shares significant sequence homology 

with the prokaryotic nucleotide binding proteins (Grangeasse et al., 1997). A sequence 

homology search using A. johnsonii Ptk returned well-described bacterial proteins that 

had never been related to protein kinase functions (Grangeasse et al., 1997). As of today, 

there have been close to 20 biochemically characterized bacterial tyrosine kinases; all but 

a few of these tyrosine kinases share the following features (Grangeasse et al., 2007) 

(Figure 1.3): 

 

·  A short N-terminus in the cytoplasm, followed by the first transmembrane helix. 

·  A sensory, extracellular domain linked to the catalytic, intracellular domain by the 

second transmembrane helix. 

·  A catalytic, intracellular domain containing catalytic Walker A, Walker A’ and 

Walker B motifs. 

·  A C-terminus tyrosine-rich region, where the autophosphorylation sites are located. 
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Figure 1.3 Characteristics of the bacterial tyrosine (BY) kinases. 
 
All bacterial tyrosine (BY) kinases share several important features: (1) The N-terminus 
originates in the cytoplasm, quickly followed by the first transmembrane helix (TM1); (2) 
A sensory, extracellular loop linked to the catalytic, intracellular domain, either directly 
by the second transmembrane helix (TM2, Gram-negative bacteria and as predicted for 
Actinobacteria) or via specific protein-protein interaction (Gram-positive bacteria); (3) A 
catalytic, intracellular domain containing catalytic Walker A, Walker A’ and Walker B 
motifs (colored green); (4) A C-terminus tyrosine-rich region containing the 
phosphorylation sites (colored red). 
Source of Figure 1.3: (Grangeasse et al., 2007) 
 
Note: A sequence alignment of Etk and BY kinase homologs are shown in Figure 3.13. 
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Based on the above features, a new name was proposed for this family of 

prokaryotic tyrosine kinases containing Walker motifs – BY (bacterial tyrosine) kinases. 

Up to this date, BY kinases are the only extensively-studied bacterial PTK family 

(Grangeasse et al., 2007). Further sequence comparison introduced other Walker-motif 

containing proteins, such as the ATPase MinD/Mrp family, into the BY kinase 

superfamily (Leipe et al., 2002). While no kinase activity has been found for BY kinase-

related proteins such as ATPase MinD, ATPase activity has been reported for the BY 

kinase family member Sinorhizobium meliloti ExoP (Niemeyer and Becker, 2001) and 

Escherichia coli Wzc (Soulat et al., 2007). 

 

1.2.2.2 Non-BY prokaryotic protein tyrosine kinases 

While BY kinases account for the majority of prokaryotic Tyr kinases described 

to date, a couple of eukaryotic-kinase-like Tyr kinases have also been reported and 

characterized recently, following the discovery of eukaryotic-kinase-like Ser/Thr kinases 

in bacteria. The N-terminal cytoplasmic domain of the E. coli protein MasK, which is 

related to the STY kinases in eukaryotes, showed Tyr kinase activity (Thomasson et al., 

2002). Another eukaryotic-kinase-like kinase, Pseudomoas aeruginosa WaaP, a sugar 

kinase localized in the cytoplasm and involved in the biosynthesis of core 

lipopolysaccharides, has been demonstrated to harbor autophosphorylation and protein 

kinase activity (Zhao and Lam, 2002). However, no Tyr kinase activity has been reported 

in the homologs of MasK and WaaP (Grangeasse et al., 2007). Although the prokaryotic 

two-component system typically involves histidine and aspartic acid kinases, there is one 
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exception. The Caulobactoer crescentus protein DivL, which is essential for cell viability 

and division, autophosphorylates a tyrosine residue instead of a histidine (Wu et al., 

1999). 

Furthermore, a novel heat-shock response system has been described in Bacillus 

subtilis, involving a Tyr kinase McsB (Kirstein and Turgay, 2005). Different from all 

other prokaryotic Tyr kinases found to date, the catalytic site of McsB is similar to those 

of guanidine phosphotransferases (Kirstein et al., 2007). Normally, the activity of McsB 

is inhibited by Hsp100/Clp protein ClpC. However, under heat shock conditions, McsB, 

in the presence of McsA, autophosphorylates and activates ClpC. ClpC in turn binds to 

CtsR, inhibiting its function as a transcriptional repressor (Kirstein et al., 2007). With its 

multiple adapters (ClpC and McsA), McsB sets an example of the complexity of bacterial 

Tyr phosphorylation. 

To date, an impressive amount of research has been performed on prokaryotic 

phosphorylation, demonstrating that protein phosphorylation is also of major importance 

in bacteria cells (Cozzone et al., 2004). The discovery of Tyr phosphorylation systems 

unique to prokaryotes, such as the BY kinase family, also suggests that the origin of such 

kinases was more recent than the emergence of eukaryotic organisms. 
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1.3 Functions of the bacterial tyrosine (BY) kinase family 

 

From homologs of the BY kinase family identified across Gram-negative and 

Gram-positive bacteria, a common theme of function has emerged. The BY kinases 

regulate the export of bacterial capsular polysaccharides (CPS) and extracellular 

polysaccharides (EPS) (Whitfield and Naismith, 2008). Table 1.1 summarizes all known 

BY kinases, their functions, conjugate phosphatases and protein substrates.  

 

1.3.1  Bacterial surface polysaccharides 

After their synthesis and export, surface polysaccharides form a protective barrier 

loosely associated with the cell (Peleg et al., 2005; Whitfield and Roberts, 1999). Besides 

keeping the bacteria in a hydrated state, these polysaccharides are important virulence 

determinants. During the pre-immune phase of infection, surface polysaccharides help the 

bacteria to evade or counteract non-specific host defenses, by interfering with the actions 

of both the complement system and of phagocytes (Jann and Jann, 1992). 
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Table 1.1 Summary of characterized bacterial tyrosine (BY) kinase family members. 

Organism 
BY 
kinase Function 

Conjugate 
Phosphatase 

Protein 
Substrate 

 

WzcCPS 
 

Group 1 capsule (K-antigen) 
translocation (Rahn et al., 2003) 
CPS synthesis regulation (Grangeasse et 
al., 2003) 
ATPase activity (Soulat et al., 2007) 
  

 

Wzb 
 

Ugd 
 

WzcCA EPS colanic acid production (Rahn et al., 
2003) 
 

Wzb  

 

Escherichia coli 

Etk Group 4 capsule (O-antigen) 
translocation (Peleg et al., 2005) 
Heat shock response (Klein et al., 2003) 
Polymyxin resistance (Lacour et al., 
2006) 
 

Etp 
 
 

Ugd 
  

RpoH & RseA 
 

Acinetobacter 
sp. 

Ptk Emulsan production (Grangeasse et al., 
1997) 
 

Ptp  

Acinetobacter 
lwoffii 

Wzc Synthesis of cell-associated 103kDa EPS 
(Nakar and Gutnick, 2003) 
 

Wzb  

Sinorhizobium 
meliloti 

ExoP Succinoglycan production (Niemeyer 
and Becker, 2001) 
 

  

Erwinia 
amylovora 

AmsA EPS synthesis (Bugert and Geider, 1997) 
 
 

AmsI  

Erwinia 
pyrifoliae 

AmsA EPS synthesis and virulence on pear 
slices (Kim et al., 2002) 
 

AmsI  

Klebsiella 
pneumoniae 

Yco6 CPS production (Preneta et al., 2002) 
 
 

Yor5  

Pseudomonas 
solanacearum 

EpsB EPS I production (Nierop Groot and 
Kleerebezem, 2007) 
 

EpsP  

Staphylococcus 
aureus 

Cap5B2 CPS production (Soulat et al., 2006) 
 
 

PtpA, PtpB CapO 

Streptococcus 
thermophilus 

EpsD EPS synthesis (Cieslewicz et al., 2001) 
 
 

 EpsE 

Streptococcus 
agalactiae 

CpsD CPS production and polysaccharide 
chain length regulation (Cieslewicz et 
al., 2001) 
 

  

Streptococcus 
pneumoniae 

CpsD CPS production (Morona et al., 2000) 
 
 

  

Bacillus subtilis YwqD EPS production (Mijakovic et al., 2003) 
Bacterial cell cycle regulation 
(Mijakovic et al., 2006; Petranovic et al., 
2007)  

YwqE YwqF, TuaD 
(both are Ugd) 
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Various polysaccharides, many of which are involved in a wide range of diseases, 

have been found on the surface of different strains of bacteria, reflecting differences in 

their needs across varying environments and hosts (Whitfield and Naismith, 2008). The 

term K-antigen describes capsular polysaccharides, and the term O-antigen is associated 

with the somatic lipopolysaccharides (LPS). Generally speaking, LPS O-antigens are 

important for resistance to complement-mediated serum killing, and the CPS K-antigens 

are responsible for resistance against phagocytosis (Whitfield and Paiment, 2003). 

Extracellular polysaccharides (or exopolysaccharides, EPS) are even more loosely 

associated with the cells than CPS (Goebel, 1963). 

Among more than 160 distinct O- and K-antigens in E. coli, four groups have 

been identified based on their mechanisms of synthesis and assembly (Whitfield and 

Paiment, 2003). These four groups include two fundamentally different polymerization 

pathways. Group 2 and 3 K-antigens are assembled by an ATP-binding, cassette-

transporter-dependent pathway; group 1 and 4 CPS and related EPS are assembled via a 

Wzy-dependent polymerization system (Whitfield, 2006).  

 

1.3.2  Group 1 and 4 CPS export pathways in E. coli 

Group 1 polysaccharides, which are better understood than those in group 4, are 

found in a wide variety of Gram-negative and Gram-positive bacteria of animals and 

plants (Whitfield and Paiment, 2003). The current model of Wzx/Wzy-dependent 

polymerization pathway of group 1 capsules is summarized in Figure 1.4. 
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Figure 1.4 Group 1 capsular polysaccharide export pathway. 
 
The export assembly of Group 1 CPS starts with (A) sugar monomers in the cytoplasm 
being assembled by WbaP at the inner membrane. (B) The monomers are flipped across 
the inner membrane by Wzx, and then (C) polymerized by Wzy. (D) Export of the 
polysaccharide chain is regulated by the autophosphorylation of the C-terminal tyrosine 
residues of the Wzc oligomer as well as the dephosphorylation of these tyrosine residues 
by the Wzb phosphatase. Finally, the resulting polysaccharides are exported through the 
Wza oligomer channel, and further modified by Wzi. (E) The repeating units (blue, white 
and red circles) of CPS and EPS consist of three to five repeating units. 
Source of Figure 1.4: (Whitfield, 2006). 
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First, lipid-linked oligosaccharides are recruited at the cytoplasmic side of the 

inner membrane by WbaP. The monomers are then flipped across the inner membrane by 

a process involving the tentative flippase Wzx, a protein predicted to contain 10 to 12 

transmembrane helices (Marolda et al., 2004). The repeat units undergo polymerization 

that requires membrane protein Wzy, and the polymerized polysaccharides are exported 

through the multimeric complexes of Wza (Reid and Whitfield, 2005). The final two 

steps are thought to be regulated by the phosphorylation and dephosphorylation of the C-

terminal tyrosine residues of the Tyr kinase, WzcCPS (Wugeditsch et al., 2001), possibly 

through a cross-linkage between Wza and Wzc (Reid and Whitfield, 2005). The 

phosphorylation status of Wzc is in turn regulated by its conjugate phosphatase Wzb, 

which is specific for phospho-tyrosine but not phospho-serine or phospho-threonine 

(Vincent et al., 1999). Wzi, an outer membrane protein with a beta-barrel structure, is 

found only in systems that assemble capsular polysaccharides, and is required for 

encapsulation (Rahn et al., 2003). 

Very recently, the equivalent system in group 4 polymerization of O-antigen3 

capsule was revealed in several E. coli strains (Peleg et al., 2005). In this group 4 system, 

Etk and Etp (E. coli Tyr kinase / phosphatase) are the equivalent kinase-phosphatase pair 

to WzcCPS and Wzb of the group 1 system (Peleg et al., 2005). WzcCPS shares 51% 

                                                   

3 Although CPS are different from LPS, polysaccharides of the group 4 capsule are also termed O-antigen 
capsule because they are similar to that of the cognate LPS O-side chain (Goldman et al., 1982).  
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sequence identity with Etk. There is also a third homolog of BY kinase in E. coli, WzcCA
4, 

which can be viewed as the equivalent of WzcCPS (Group 1 CPS) and Etk (Group 4 CPS) 

in the EPS colanic acid translocation pathway (Whitfield and Paiment, 2003). 

In E. coli K12, a gene cluster of wzi-wza-wzb-wzc (WzcCPS) was found in the 

cpsK30 locus, and the wza-wzb-wzc (WzcCA) gene cluster was identified in the cpsCA locus 

just upstream (Drummelsmith and Whitfield, 1999; Rahn et al., 2003). The gene cluster 

encoding Etk, wza-etp-etk, was found on the 22-minute locus on a separate region of the 

bacterial chromosome (Peleg et al., 2005). Although the bacteria apparently possess these 

redundant homologous genes, the kinase protein products were found not to be 

functionally interchangeable with homologs from another locus (Reid and Whitfield, 

2005). 

 

1.3.3  E. coli Wzc / Etk and CPS export regulation 

E. coli Wzc (720 a.a.) and Etk (726 a.a., because of the high homology, only the 

residue numbering of Wzc will be described in this section) span the inner membrane of 

the bacteria, with two transmembrane alpha helices (Trp32-Ala52, Leu426-Ser447) 

separating their N-terminal periplasmic and C-terminal cytoplasmic domains. The ATP-

binding Walker A motif and the Mg2+-binding Walker A’ and B motifs are located in the 

C-terminal domain. The C terminus of Wzc contains multiple tyrosine residues: Tyr705, 

Tyr708, Tyr710, Tyr711, Tyr714 and Tyr715, where phosphorylation occurs at the 

expense of ATP (Paiment et al., 2002; Wugeditsch et al., 2001). In Gram-positive 

                                                   

4 In the literature, both E. coli WzcCPS and WzcCA are usually abbreviated as Wzc, causing confusion. 
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bacteria BY kinase CpsD, a similar C-terminal Tyr cluster is organized into repeats of 

[YGX] 4 (Morona et al., 2000). 

Wzc undergoes autophosphorylation via a cooperative, two-step mechanism that 

involves both intra- and inter-molecular phosphorylation (Doublet et al., 2002). In 

addition to the C-terminal Tyr cluster, there is one additional phosphorylation site 

upstream, at Tyr569, which is conserved in all but one Gram-negative BY kinases. First, 

Tyr569 is autophosphorylated through an intra-molecular process. This results in a drastic 

increase in protein kinase activity (45-fold in the case of WzaCA) (Grangeasse et al., 

2002). Subsequently, five terminal tyrosines are phosphorylated via an inter-molecular 

process (Grangeasse et al., 2002). Mutation of this upstream tyrosine residue (Tyr569) 

significantly lowered, but did not abolish, the Tyr kinase activity of BY kinases (Paiment 

et al., 2002). Prior to this study the molecular mechanism underlying Tyr569 activation 

was unknown  

While it has been shown that Wzc is essential for the coordinated biosynthesis 

and secretion of group 1 K-antigens, a Wzc knock-out strain still produced K-antigen 

oligosaccharides, however, with an absence of the high-M.W. (molecular weight) 

capsular polymers (Paiment et al., 2002). Knockouts of the Wzc homolog in 

Streptococcus pneumoniae also resulted in both reduced amounts of CPS and low M.W. 

polysaccharides (Cieslewicz et al., 2001). Mutational studies that altered either the 

Walker A motif or the C-terminal, tyrosine-rich cluster indicated that both the Walker A 

motif and the C-terminal tyrosine clusters are essential for eventual capsule assembly 

(Paiment et al., 2002). When two to five C-terminal tyrosine residues were mutated to 



 

  19 

alanine, the derivatives could not produce high M.W. CPS; however, the removal of any 

single tyrosine in this region did not have a detectable effect on CPS production (Paiment 

et al., 2002). Thus, it appears as if it is the overall level of phosphorylation of the C-

terminal Tyr cluster, rather than the phosphorylation of any particular Tyr residue, that 

affects CPS export. 

Moreover, it has lately been shown that EPS production is not merely regulated 

by an on/off switch mechanism based on the phosphorylation status of WzcCA; instead, 

both phosphorylated and non-phosphorylated forms of WzcCA are important in colanic 

acid synthesis (Obadia et al., 2006). Table 1.2 summarizes the effects of BY kinase 

modifications on EPS and CPS production. Because these studies have shown a mixed 

relationship between phosphorylation states of the C-terminal Tyr cluster and EPS / CPS 

production, it has been speculated that the BY kinase needs to cycle between 

phosphorylated and non-phosphorylated forms for CPS production (Whitfield and 

Paiment, 2003; Wugeditsch et al., 2001; Obadia et al., 2006). The exact cycling 

mechanism remains unknown at present. 
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Table 1.2 BY kinase modifications and effects on EPS/CPS production. 

BY kinase Modification Effect 
Whole BY kinase modifications 
E. coli WzcCPS Knockout No CPS, but unaffected LPS (Drummelsmith and 

Whitfield, 1999) 
S. agalactiae CpsD Knckout 10% CPS production with reduced M.W. (Cieslewicz et 

al., 2001) 
A. lwoffii Wzc Knockout Much reduced CPS and EPS production (Nakar and 

Gutnick, 2003) 
Walker A Motif modifications 
S. pneumoniae CpsD G48A, K49A No CPS (Morona et al., 2000) 
E. coli WzcCPS K540R No CPS (Wugeditsch et al., 2001) 
S. meliloti ExoP A583D, A583P, 

G588E, G588V, 
K589I 

Low levels of EPS consisting only of monomers 
(Niemeyer and Becker, 2001) 

E. coli WzcCA K540M Very low EPS production (Obadia et al., 2006) 
Key upstream Tyr residue modifications 
E. coli WzcCPS Y569F No significant change in high-M.W. CPS production, 

although the overall phosphorylation level of the kinase 
was slightly reduced (Paiment et al., 2002) 

E. coli WzcCA Y569F No change in EPS production, more homogeneous in 
M.W. (Obadia et al., 2006) 

C-terminal Tyr cluster modifications 
S. pneumoniae CpsD [YGX]4 to [FGX]4 Increased CPS export (mucoid) (Morona et al., 2000) 
E. coli WzcCPS No Tyr cluster No CPS (Wugeditsch et al., 2001) 
E. coli WzcCPS Combinations of 

Y705F, Y706F, 
Y13F, Y715F, 
Y717F 

The more Y� F mutations, the less CPS; 
No specific Tyr residue is essential for high-M.W. CPS 
(Paiment et al., 2002) 

A. lwoffii Wzc All Y � F Much reduced cell-associated emulsan, but increased 
production of a particular, viscous EPS (Nakar and 
Gutnick, 2003) 

All Y � F ~20% reduction in EPS production, more homogeneous in 
M.W. (Obadia et al., 2006) 

All Y � E Very low EPS production (Obadia et al., 2006) 

E. coli WzcCA 

No Tyr cluster Very low EPS production (Obadia et al., 2006) 
Conjugate phosphatases modifications 
E. amylovora AmsI Knockout Strong reduction in EPS production (Bugert and Geider, 

1997) 
E. coli Wzb(CPS) Overexpression 3.7-fold decrease in CPS production (Paiment et al., 2002) 
A. lwoffii Wzb Knockout Much reduced CPS and EPS production (Nakar and 

Gutnick, 2003) 
E. coli Wzb(CA) Overexpression Largely increased EPS production (Obadia et al., 2006) 
Other modifications 
S. meliloti ExoP Y505S ~50% EPS production with significantly reduced 

molecular weight (Niemeyer and Becker, 2001) 
E. coli WzcCA N-terminal domain 

only 
Very low EPS production (Obadia et al., 2006) 
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1.3.4  Additional specific functions of Wzc and Etk 

It has become evident that prokaryotic tyrosine phosphorylation not only regulates 

the translocation of CPS and EPS, but also plays a role in the biosynthesis of the high-

M.W. polysaccharide components and other cellular functions. New evidence has 

suggested that E. coli Wzc phosphorylates undetermined tyrosine residues on an 

endogenous enzyme, UDP-glucose dehydrogenase (Ugd), which participates in the 

synthesis of the exopolysaccharide (EPS) colanic acid (Grangeasse et al., 2003). The 

result of Ugd phosphorylation by Wzc is a significant increase of its dehydrogenase 

activity, converting UDP-glucose to UDP-glucuronic acid (Grangeasse et al., 2003). Like 

the phosphorylation of the C-terminal Tyr cluster, the phosphorylation of Ugd by Wzc 

was shown to be also stimulated by the autophosphorylation of Tyr569. In addition, Wzb, 

the phosphotyrosine protein phosphatase that effectively dephosphorylate Wzc, does not 

dephosphorylate Ugd (Grangeasse et al., 2003). 

Besides Ugd from the Gram-negative bacteria E. coli, two Ugd proteins in Gram-

positive bacteria Bacillus subtilis have been also shown to be phosphorylated by a 

homolog of BY kinase, YwqD (Mijakovic et al., 2003). Recently, YwqD was found to 

also phosphorylate single-stranded DNA-binding proteins, increasing their binding 

affinity by almost 200-fold in vitro (Mijakovic et al., 2006). YwqD (renamed to PtkA in 

recent publications) knockouts also exhibited impaired DNA replication (Petranovic et al., 

2007). 

While E. coli Wzc and Etk play highly similar roles in CPS export, more detailed 

studies have determined the specific functions for one kinase but not the other. Etk and its 
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conjugate phosphatases, Etp, were found to be involved in a complex, fine-tuned heat 

stress response system. Etk phosphorylates Tyr260 of RpoH, reducing the activity of the 

RNA polymerase sigma factor, which controls the expression of heat shock genes (Klein 

et al., 2003). Etk was also shown to phosphorylate Tyr38 of the antisigma factor RseA. 

Both of these Etk phosphorylation events, of RpoH and RseA, could be reversed by the 

activity of the conjugate phosphatase Etp (Klein et al., 2003). Interestingly, although all E. 

coli strains contain the etk gene, only a subset of pathogenic strains express it (Ilan et al., 

1999). A recent study found that Etk, not Wzc, was essential to the antibiotic resistance 

of polymyxin (Lacour et al., 2006). 
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1.4  Eukaryotic protein kinase activation mechanism 

 

The advance in structural biology over the past decade has contributed 

significantly to our understanding of the functional mechanisms of protein kinases. To 

date, more than two thousand entries of eukaryotic protein kinase structures have been 

deposited into the protein data bank. For eukaryotic protein Tyr kinases alone, more than 

20 proteins have reported structures, and many of these have structures of both 

inactivated and activated forms (Cowan-Jacob, 2006). These studies provide valuable 

insights into the activation mechanisms of eukaryotic protein kinases (Hanks and Hunter, 

1995).  

Despite different substrate specificities and control mechanisms, eukaryotic 

protein kinases have significant structural similarities in their active states due to 

constraints imposed by catalytic activity (Cowan-Jacob, 2006). The typical eukaryotic 

kinase domain consists of an N-terminal b-sheet domain, and a larger, C-terminal a-

helical domain (Figure 1.2B-D). The catalytic site, lying in the middle of these two 

domains, contains the following motifs (Figure 1.5A-B): 

 

·  Hinge region: a short loop loosely connecting the N- and C-terminal domains, 

allowing relative movement necessary for enzymatic functions. The adenosine group 

of ATP also binds to this region. 

·  Activation loop (A-loop): a long (>20 a.a.) loop in the C-terminal domain, 

containing multiple (~3) tyrosine residues. The peptide substrate binds to a platform 
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partially formed by the activated A-Loop. Mg2+ binds to a conversed DFG sequence 

(Asp being the coordinator of the metal ion) at the N-terminal end of the A-loop 

(Cowan-Jacob, 2006). 

·  Catalytic loop: a short loop at the start of the C-terminal domain, containing strictly 

conserved Asp and Asn residues directly responsible for kinase activity. The Asp 

residue is thought to direct the substrate hydroxyl group to attack the g-phosphate of 

ATP. It is also possible that the negative charge of Asp repels the phosphorylated 

product, facilitating substrate dissociation (Strauss et al., 2005) 

·  P-loop: located at the beginning of the N-terminus. The glycine-rich P-loop assists in 

binding the ATP cofactor and contains the consensus sequence G-X-G-X-F/Y-G. 

The hydrophobic residue is important for the binding of the adenosine moiety 

(Ubersax and Ferrell, Jr., 2007). 

·  Helix C: located in the N-terminal domain. The helix contains residues that stabilize 

the Mg2+-binding DFG motif in the A-loop. The lysine residue in strand 3, which 

assists in phosphoryl group transfer without influencing ATP binding, is stabilized 

by a Glu residue from helix C (Cowan-Jacob, 2006). 
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Figure 1.5 Activation mechanism of eukaryotic tyrosine kinases. 
 
(A) Overall structures of phosphorylated / dephosphorylated insulin receptor kinase, PDB: 
1IR3 / 1IRK (Hubbard et al., 1994), and dephosphorylated Abl kinase, PDB: 1IEP (Nagar 
et al., 2002). The following structural features are colored: hinge (dark blue), catalytic 
loop (light blue), P-loop (red), helix C (green), and A-loop (purple). (B-C) The activation 
of Insulin-like Growth Factor 1 Receptor Kinase, PDB 1K3A (Favelyukis et al., 2001) 
and 1M7N (Munshi et al., 2002). The phosphorylation of Y1131, Y1135 and Y1136 
stabilizes the activation loop far away from the active site (orange), which is now 
occupied by the ATP analogue (green) and the peptide substrate (magenta). When these 
three Tyr residues are dephosphorylated (yellow), the activation loop occupies the same 
location as the peptide substrate, inhibiting its kinase activity. 
Source of Figure 1.5A-B: (Cowan-Jacob, 2006). 
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The activation of eukaryotic receptor Tyr kinases (Figure 1.5B-C) is triggered by 

the autophosphorylation of the tyrosine residues on the A-loop. In the inactive state, the 

A-loop blocks the binding of cofactor and substrate, while one particular tyrosine residue 

occupies the location of the future substrate tyrosine. When these tyrosine residues are 

phosphorylated, the entire A-loop adopts a completely different conformation far away 

(~10Å) from its dephosphorylated position, with its new found negatively charged 

phospho-tyrosines stabilized by local positively charged residues (Hubbard et al., 1994). 

The large structural shift also unblocks the ATP binding site and appropriately aligns the 

A-loop Asp side chain to coordinate the Mg2+ ion for ATP positioning (Cowan-Jacob, 

2006). For non-receptor tyrosine kinases, a phosphorylated tyrosine on the A-loop acts, 

instead, as an inhibitor of kinase activity by increasing the rigidity of the active site 

(Young et al., 2001). When such binding is interrupted, the newly-gained flexibility of 

the A-loop allows for its full phosphorylation as well as the activation of kinase activity 

(Lerner and Smithgall, 2002). 

Prior to this study, none of the determined protein Tyr kinase-related structures in 

the protein data bank came from a prokaryotic source (Lee et al., 2008). However, the 

recent characterization of non-eukaryotic-like bacterial kinases, such as the BY kinase 

family, has stimulated considerable research efforts aimed at both determining the 

structures of such unique prokaryotic kinases and understanding their novel activation 

mechanisms. Moreover, the activation mechanisms for Gram-positive and Gram-negative 

BY kinases are likely to be different. The key upstream Tyr residue involved in the two-

step activation process in Gram-negative BY kinase is absent in Gram-positive BY 
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kinases, while a protein-protein interaction was proposed to trigger Gram-positive BY 

kinase activation (Soulat et al., 2006). 

 

1.5  Cryo-EM structures of BY kinase Wzc 

 

Low-resolution cryo-electromicroscopy (cryo-EM) structures have revealed 

valuable clues about the oligomerization state of BY kinases as well as its interaction 

with the CPS export channel protein in the translocation complex. The first three-

dimensional structure of E. coli Wzc was determined to 14Å resolution by single-particle 

cryo-EM on cryo-negatively stained samples (Figure 1.6A). The EM model of Wzc 

showed a tetrameric complex with a C4 rotational symmetry, even though the Wzc C-

terminal catalytic domain alone was previously reported to form a trimer or hexamer in 

vitro (Doublet et al., 2002). The tetrameric complex of Wzc resembles the shape of a 

molar tooth, with a diameter of 100Å and a height of 110Å. The upper “crown” region of 

Wzc complex is formed by protein-protein contacts from the four Wzc N-terminal 

periplasmic domains, while each lower “root” section represents an individual 

cytoplasmic tyrosine autokinase domain (Collins et al., 2006). 

Following the publication of the high-resolution crystal structure of Wza (Dong et 

al., 2006), the protein channel of the group 1 CPS export pathway, the cryo-EM structure 

of the Wzc tetramer in complex with the Wza octamer was determined (Collins et al., 

2007). Interestingly, the Wzc tetramer adopts a different conformation when complexed 

with the Wza octamer (Figure 1.6B). The N-terminal domains of Wzc, which join 
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together to form the “crown” in the Wzc tetrameric complex, are now separated, forming 

a 50Å-in-diameter central channel extending through the Wza octamer and exiting to the 

extracellular space (Collins et al., 2007). This channel was shown, however, in its closed 

conformation when the Wza octamer was crystallized on its own (Dong et al., 2006). As 

no high-resolution crystal structure of BY kinase was available, the channel opening 

mechanism was not known. 
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Figure 1.6 Cryo-EM structure of BY kinase E. coli Wzc. 
 
(A) Wzc appears to be a tetramer in the cryo-EM model, displayed at 1�  (red mesh) and 
1.5�  (blue mesh) above the mean density. (B) 3D cryo-EM structure of the Wza-Wzc 
complex, representing an octamer Wza of 320kDa, a tetramer Wzc of 320kDa and 
160kDa of detergent. The cross-sectional views on the right reveal the internal structure 
and overall dimensions of the central cavity and the pore on the top of the Wza octamer. 
The density thresholds of 2�  (yellow), 3�  (turquoise) and 3.5�  (red) are used in the slices 
on the right. 
Source of Figure 1.6A: (Collins et al., 2006). 
Source of Figure 1.6B: (Collins et al., 2007). 
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1.6  Objectives and Hypotheses 

 

X-ray crystallography is an important experimental technique for studying protein 

function. X-rays have the proper wavelength (~1Å) to be scattered by the repeated 

assembly of protein molecules in a crystal, and a structural model of a protein can be 

reconstructed by the resulting X-ray diffraction. The knowledge of high-resolution 

molecular structures can provide some of the best insights into protein catalytic 

mechanisms, substrate specificities, protein-protein interactions, and rational drug design. 

The primary goal of this research is to study the prokaryotic BY kinase family by X-ray 

crystallography based on the following rationale: 

 

·  BY kinases are the only extensively studied bacterial protein kinase family without 

known kinase structural homologs, and they share no sequence homology with 

well-characterized eukaryotic kinases. It is expected that BY kinases utilize a 

different set of catalytic residues (Walker motifs) and activation mechanism from 

other known kinases. 

·  High-resolution 3-D crystal structure should provide direct insight into the 

enzymatic mechanism of BY kinases, addressing key issues such as the 

arrangement of catalytic residues and the machinery of the two-step activation 

involving the upstream tyrosine residue (Y569 in Wzc). 
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·  To date, all atomic-level protein kinase structures were determined by protein 

crystallography (Cowan-Jacob, 2006). Mutant structures with systematic alteration 

of key residues will further clarify the function of individual structural components. 

 

While BY kinases pose immense research potential, crystallization of 

transmembrane proteins has been proven to be very difficult. This is because 

transmembrane peptides are usually hydrophobic and do not express well in regular 

expression systems. Detergents may improve protein solubility but, at the same time, 

possibly interfere with the regularity of crystal packing. Because published eukaryotic 

protein kinase structures only consist of the kinase domains, and because the cytoplasmic 

domain of BY kinases alone is sufficient for kinase activity (Grangeasse et al., 2002), this 

research will focus on the structural determination of the cytoplasmic kinase domain of 

the BY kinases, starting with Gram-negative bacteria E. coli K12 BY kinases WzcCA and 

Etk. These two proteins have well-documented expression and purification protocols 

(Grangeasse et al., 2002), functional information from both in vitro and in vivo 

experiments (section 1.3.3), and identified protein substrates for future protein-protein 

interaction studies (section 1.3.4). BY kinases in Gram-positive bacteria, such as B. 

subtilis YwqD, will also be investigated for the same reasons mentioned above. 

This research centers on the following three hypotheses: 

(1) The crystal structure of the Wzc/Etk kinase domain will represent the first ever 

prokaryotic Tyr kinase structure, and it has no known structural homology to any 

other known kinase. 
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(2) The crystal structure of the Wzc/Etk kinase domain will explain the role of a key 

upstream Tyr residue in the two-step activation mechanism. It is possible that this 

Tyr residue, along with the structural loop it resides in, adapts an alternative 

conformation that unblocks the active site, as seen in the case of the A-loop in 

eukaryotic kinases. Nonetheless, since BY kinases share low sequence homology 

with eukaryotic kinase, differences in its catalytic and activation machinery are 

also expected. 

(3) The structure of the Wzc/Etk kinase domain will uncover previously unidentified 

structural features, which play a key role in the regulation of polysaccharide 

transport based on the phosphorylation profile of the C-terminal tyrosine cluster. 

 

In this thesis, I report the crystal structure of the E. coli tyrosine kinase (Etk) 

domain determined at 2.5Å resolution. The structure of Etk is the first high-resolution 

structure of a bacterial Tyr kinase reported to date, and bears no similarity to eukaryotic 

kinases. From structural insights and both in vitro and in vivo experimental evidence, the 

unique activation of Gram-negative BY kinases was confirmed in detail. Furthermore, 

various structural and experimental clues led to a solid understanding of how the 

oligomerization state of BY kinases is affected by the extent of phosphorylation of their 

C-terminal Tyr cluster, which is known to ultimately regulate the export of capsular and 

extracellular polysaccharides. 
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Chapter 2 – Materials and Methods 
 

A general pipeline of experiments for X-ray crystallography studies has been well 

established by structural genomics projects (Figure 2.1). The determination of the crystal 

structures, however, could reveal various functional clues leading to a wide range of 

functional experiments. This chapter will be presented in the order of this pipeline, 

followed by in vitro and in vivo functional studies. 

 

Figure 2.1 Pipeline of structural genomics projects. 
 

This pipeline is employed by typical structural genomics projects, from target selection to 
structure determination and beyond. Source of Figure 2.1: (Chayen and Saridakis, 2008). 
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2.1  Cell lines and cloning 

 

2.1.1 Source of cell lines, clones and proteins 

The C-terminal domains of BY kinases E. coli K12 Wzc and Etk were subcloned 

into pGEX-4T-3 and pET16b-derivative expression vectors, yielding fusion proteins with 

an N-terminal glutathione S-transferase (GST) tag, an N-terminal 10-histidine tag or a C-

terminal 6-histidine tag. As the research progressed, other protein constructs were also 

subcloned into pET vectors with the aforementioned affinity tags. 

Table 2.1 lists all BY kinase-related constructs involved in this study and their 

corresponding sources. Wild type E. coli K12 W3110 strains and knockouts of wzc and 

etk were obtained from the Genome Analysis Project in Japan (http://ecoli.aist-nara.ac.jp). 

Dr. J. Wagner and Dr. A. Matte, our collaborators at the Biotechnology Research Institute, 

National Research Council, Canada, supplied us with the plasmids of full-length E. coli 

Etk (in pCA24N vector with N-terminal 6-histidine tag), truncated E. coli YccZ86-169, 

(pFO4 vector with N-terminal 6-histidine tag), B. subtilius YwqD (pFO4 vector), and Etk 

kinase domains mutants Y574A, Y574E, Y574G and R614A (pFO4 vector). Dr. I. 

Mijakovic at Laboratoire de Génétique des Microorganismes, France provided us with 

the plasmid of B. subtilius YwqCN15C45 fusion (Mijakovic et al., 2003). Dr. C. Grangeasse 

at Institut de Biologie et Chimie des Proteines, France provided us with protein samples 

of Ugd (Grangeasse et al., 2003). 
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Table 2.1 BY kinase constructs used for this research. 

Plasmid / Strain Genotype description Source 
pET-GST-wzc451-720 WzcCA kinase domain with N-terminal GST tag This study 
pET-His10-wzc451-720 WzcCA kinase domain with N-terminal His10 tag This study 
 
pET-His10-etk451-726 

 
Etk kinase domain with N-terminal His10 tag 

 
This study 

pET-His10-etkY574A Etk kinase domain with mutation Y574A This study5 
pET-His10-etkY574E Etk kinase domain with mutation Y574E This study 
pET-His10-etkY574F Etk kinase domain with mutation Y574F This study 
pET-His10-etkY574G Etk kinase domain with mutation Y574G This study 
pET-His10-etkY574N Etk kinase domain with mutation Y574N This study 
pET-His10-etkR614A Etk kinase domain with mutation R614A This study 
pET-His10-etkR614K Etk kinase domain with mutation R614K This study 
pET-His10-etkR572A Etk kinase domain with mutation R572A This study 

 
E. coli K12 W3110 

 
E. coli K12 W3110 wild type 

 
Japan6 

E. coli K12 W3110 Detk E. coli K12 W3110 with etk knockout Japan6 
 
pCA24N-etk 

 
Full length Etk 

 
Matte, A.7 

pCA24N-etkY574A Full length Etk with mutation Y574A This study 
pCA24N-etkY574E Full length Etk with mutation Y574E This study 
pCA24N-etkY574F Full length Etk with mutation Y574F This study 
pCA24N-etkY574N Full length Etk with mutation Y574N This study 
pCA24N-etkR614A Full length Etk with mutation R614A This study 
pCA24N-etkR614K Full length Etk with mutation R614K This study 
pCA24N-etkRK� A Full length Etk with mutations K478A, R479A, R481A This study 

 
pET-His10-etk52-422 

 
Etk N-terminal domain with N-terminal His10 tag 

 
This study 

 
pFO4 -ywqd 

 
B. subtilis YwqD with N-terminal His6 tag 

 
Matte, A. 

 
pGEX-2T-GST-ywqcN15C45 

 
B. subtilis YwqC with N-terminal GST tag, followed by its 
first 15 residues fused with last 45 residues 

 
Mijakovic, I. 

 
pFO4-yccz86-169 

 
E. coli YccZ residue 86-169 with N-terminal His6 tag 

 
Matte, A. 

 

 

                                                   
5 Site-directed mutagenesis of Etk Y574A, Y574E, Y574G and R614A were performed in both pJW and 

pFO4 plasmids by Dr. J. Wagner at the Biotechnology Research Institute of Canada. 
6 Genome Analysis Project in Japan (http://ecoli.aist-nara.ac.jp). 
7 The original source of this particular plasmid is the same as 6.  
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2.1.2 Site-directed Mutagenesis 

As structural information of Etk became available, site-directed mutagenesis was 

carried out to verify the hypothesized function of individual residues of Y574, R614 and 

R572. Table 2.2 lists the primers designed for various mutants. Site-directed mutagenesis 

was performed with the QuickChange Site-directed Mutagenesis Kit (Strategene), while a 

doubled number of PCR cycles were used in the thermal cycler (Eppendorf). After 

confirming the success of PCR with agarose gel electrophoresis, full-plasmid PCR 

products were transformed into E. coli DH5a cells for plasmid annealing. Sense and anti-

sense primers of the K478A-R479A-R481A triple mutant were first subjected to PCR 

separately, as such two-stage PCR was reported to increase the success rate of multiple 

mutations significantly (Wang and Malcolm, 1999). 

 

Table 2.2 Primers designed for side-directed mutagenesis. 

Plasmid Primer 

pET-His10-etkR572A GATGCCGACTTACGCGCTGGGTATTCGCATAACCTGTTTACC 

pET-His10-etkY574A 

pCA24N-etkY574A 
GACTTACGCCGTGGTGCTTCGCATAACCTGTTTACC 

pET-His10-etkY574E 

pCA24N-etkY574E 
GACTTACGCCGTGGTGAGTCGCATAACCTGTTTACC 

pET-His10-etkY574F 

pCA24N-etkY574F 
GACTTACGCCGTGGTTTTTCGCATAACCTGTTTACC 

pET-His10-etkY574N 

pCA24N-etkY574N 
GACTTACGCCGTGGTAATTCGCATAACCTGTTTACC 

pET-His10-etkR614A 

pCA24N-etkR614A 
GGCTTTGATGTGATTACTGCCGGTCAGGTGCCACC 

pET-His10-etkR614E GGAGGCTTTGATGTGATTACTGAGGGTCAGGTGCCACCTAAC 

pET-His10-etkR614K 

pCA24N-etkR614K 
GGAGGCTTTGATGTGATTACTAAGGGTCAGGTGCCACCTAAC 

pCA24N-etkR� K CCAATGTCCGAGTGGCTGGATGCAGCGACCGCTCTGCGTAAGAAAAATTTATTTTC 
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2.2 Protein expression and purification 

 

2.2.1 Protein expression 

Recombinant vectors were transformed into either E. coli K12 BL21(DE3) cells, 

which are deficient in lon and ompT proteases, or methionine auxotroph DL41 cells. The 

latter cell line was used for selenomethionine expressions, providing essential selenium 

anomalous signals for structure determination. Small-scale 5mL expression studies were 

first carried out in order to select constructs (GST, N-terminal His10 or C-terminal His6 

tag), growth temperatures and induction conditions that resulted in the highest expression 

level of the target protein determined by sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). 

The recombinant cells with best small-scale expression level were scaled-up for 

over-expression. Fresh colonies were picked and grown in 25mL Terrific Broth (Bioshop) 

at 37ºC overnight with 100mg/mL ampicillin for pET, pFO4 and pGEX-2T plasmids, or 

33mg/mL chloramphenicol for pCA24N plasmids. The resulting overnight culture was 

used to inoculate 1L Terrific Broth at 37ºC containing the same concentration of 

antibiotics. Selenomethionine expression was carried out in LeMaster medium 

(Hendrickson et al., 1990), which contains all essential nutrients with the exception of 

methionine. 25mg/L selenomethionine (Sigma) was added to the growth medium. One 

additional intermediate scale-up step (5mL overnight culture) was needed to ensure 

healthy cell growth, carried out at a shaker speed of 200-250rpm. 
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Protein expression was induced by adding 0.05-0.5mM of isopropyl-b-D-

thiogalactopyranoside (IPTG)8  upon reaching a cell density of O.D.600 = 0.8. After 

induction, protein expression at 37ºC usually resulted in large amounts of proteins in 

inclusion bodies; therefore, cell growth was continued at room temperature (22ºC) 

overnight. 

 

2.2.2 Protein purification 

Cell lysis was carried out by sonication (Branson) with the addition of 0.5mM 

protease inhibitor phenylmethyl sulphonyl fluoride (PMSF). For proteins with His tags, 

the lysate was purified by nickel nitrilotriacetate agarose (Qiagen) affinity 

chromatography in 50mM phosphate buffer (pH8.5) and 300mM NaCl. Protein samples 

underwent an extensive (usually 100 column volumes) 10mM imidazole wash and a brief 

(usually 10 column volumes) 50mM imidazole wash, and were eluted at 150mM 

imidazole. 

Proteins containing an N-terminal GST fusion were purified by glutathione 

affinity chromatography using a GST-trap column (Amersham-Pharmacia) in phosphate 

buffer saline (PBS) buffer at pH 7.0-8.0. Protein samples were eluted with 50mM Tris 

(tris-hydroxymethyl-aminomethane)-HCl, pH8.0 with 10mM reduced glutathione. 

Subsequently, the GST tag was cleaved by overnight incubation with bovine a-thrombin 

(Haematologic Technologies). 

                                                   
8 IPTG is a stable analog of lactose. It inactivates the lac repressor on the vector, resulting in the 

transcription of the desired protein gene. 
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The resulting protein sample was dialyzed into a desired protein buffer (section 

2.2.3), and further purified over a size-exclusion column (HiLoad 16/60 or 26/60, 

Superdex 200; GE) operated by � TKA Explorer fast protein liquid chromatography 

(FPLC). Four molecular weight standards (Amersham) were first used to plot a standard 

curve for elution volume vs. protein size. For the Etk kinase domain, typically 0.5mL of 

concentrated sample were injected and the column was operated at a flow rate of 

1.5mL/min. The low M.W. (monomeric) fraction from the size exclusion column was 

further dialyzed into 100mM tris(hydroxymethyl)aminomethane (Tris) buffer at pH9.5 

and 300mM NaCl, and concentrated to 10-20mg/mL for crystallization trials. The 

concentration and dialysis of protein samples were performed with centricons (Millipore) 

with a cutoff M.W. of 15,000Da spun at 200g. 

 

2.2.3 Protein buffer optimization 

Biochemically pure protein samples homogenous in their oligomerization state 

are very important for structural studies by X-ray crystallography. Therefore, protein 

buffer optimization screening (Collins et al., 2004; Jancarik et al., 2004) has been 

integrated into standard protein sample preparation protocols in this laboratory.  

For protein samples of Etk, Wzc, Etk N-terminal domain and YwqD, a spectrum 

of buffers with pH increment of 0.2 were mixed with equal volume of maximally 

concentrated purified protein. The mixture had a total volume to 5mL, and was stored as a 

hanging drop in a sealed chamber of a 24-well crystallization plate (Hampton Research) 

overnight. The buffer condition yielding the least degree of precipitation (assessed by an 
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optimal microscope) and the lowest apparent molecular weight / polydispersity index as 

measured through a DynaPro dynamic light scattering machine (Protein Solutions) was 

selected. The pH of the final buffer was kept at >1.5 pH value away from the isoelectric 

point (pI) of the protein sample. If the protein remained unstable, further additives were 

evaluated with the same approach. Protein stability was further tested at various 

incubation temperatures (37ºC, 22ºC and 4ºC). 

 The protein buffer for full-length Etk was optimized by an alternative approach 

(Gosavi et al., 2008). 5mg of protein samples were first completely dried by a spinning 

vacuum dryer operated at room temperature overnight. The pellet was resuspended in 

100mL of a total of 10 combinations of buffer and salt overnight at pH 8.5. The buffer 

resulting in the highest solubility of protein pellet was determined by Bradford assay 

(Bioshop). 

 

2.3 Protein crystallization 

 

Protein crystallization was carried out with 5-20mg/mL of protein sample using 

the vapor diffusion method. The protein solution was mixed with a certain volume ratio 

(usually 1:1) of crystallization solution, and the mixture was set up as either a hanging or 

a sitting drop. As the drop equilibrated against a reservoir containing only crystallizing 

solutions in a sealed chamber, the equilibrium was driven from the undersaturation zone 

(or, more rarely, the precipitation zone) into the nucleation zone. Crystal growth was 

finally stopped as the protein concentration inside the drop was lowered enough to exit 
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the supersaturated state. During this study protein crystallization trials were attempted 

using a few other crystallization methods discussed in Appendix A. 

Vapor diffusion screening trials were conducted in 24-well hanging drop 

(Hampton Research) or 96-well sitting drop plates (Greiner Bio-One). In 24-well hanging 

drop plates, each well contained 500mL of reservoir solution. In 96-well sitting drop 

plates each well contained 100mL of reservoir solution. The hanging and sitting drops 

usually consisted of 1mL of protein solution mixed with 1mL of reservoir solution. The 

24-well hanging drops were set up on glass (Hampton Research) cover slips, which were 

sealed onto the plate with High Vacuum Grease (Dow Corning). Alternatively, screw-cap 

plates (Qiagen) were used and the plastic cover slip was tightened to the plate via rubber 

ring sealing. The 96-well sitting drop plates were sealed with Crystal Clear Tapes 

(Henkel). 

Drops with putative crystal growth were subject to crystallization condition 

optimization in 24-well hanging drop plates or other crystallization methods. The 24-well 

plates combined with a high drop volume (4mL) allowed larger crystal growth and easier 

crystal looping. 

 

2.3.1 Crystallization condition screening 

Purified protein solutions were mixed with various precipitant solutions from the 

following screening kits: Hampton Research: Crystal Screen I, Crystal Screen II, 

Crystal Screen Lite, Index I, Index II, Cryo; Qiagen: Classics, Classics II, Classics L, 

PEGs (polyethylene glycol), PEGs II, MPD (Methyl-pentane-diol), AmSO4 (ammonium 
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sulfate), Cations, Anions, Cryos, pH Clear, pH Clear II, ProComplex, Nucleix, JCSG+ 

(Joint Center for Structural Genomics), and PACT (PEG with anions and cations) suites. 

A crystallization robot (Cyberlab) was used to automate the crystal screening process 

during the early stages of this study. Protein samples were also screened using a high 

throughput, large-scale screening service provided by the Hauptman-Woodward Medical 

Research Institute at the Buffalo Niagara Medical Campus. 

Customized crystal screening was also carried out on a 24-well hanging drop plate 

when prepackaged screening kits did not yield satisfactory results. The setup resembled a 

phase diagram (Figure A1E, Appendix A), where protein concentration was varied on the 

Y-axis and a particular precipitant concentration was varied on the X-axis. After 

overnight incubation at room temperature, the resulting precipitation pattern was used to 

determine the supersaturation curve and likely nucleation zone. 

The resulting screening trial drops fell into the following categories: clear drops, 

amorphous precipitate, phase separation, tiny crystal showers, and large crystals. 

Conditions leading to the latter two categories were subject to optimization in order to 

produce X-ray diffraction quality crystals. If no promising lead was obtained, the protein 

construct was re-examined (section 2.3.3). 

2.3.2 Crystallization condition optimization 

The first attempt of crystal optimization typically involved bi-directional fine 

adjustment of the buffer pH, or the concentration of a particular reagent in promising 

crystallization condition. Two variables were examined together in a 24-well hanging 

drop plate. If the crystallization reagent contains PEG, the original PEG compound was 
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replaced with PEGs of different average molecular weight such as PEG1000, PEG2000, 

PEG4000, and PEG8000. While such variation was usually enough to reduce the number 

of nuclei and produce larger crystals, the quality of crystals was also improved by 

additives and detergents (Hampton Research). 

The additive screens consist of salts such as BaCl2, CdCl2, CaCl2 and organic 

compound such as methanol, ethanol and 2-propanol. The additives and detergents were 

mixed along with the protein and precipitant solution at the beginning of the trial, in a 

ratio similar to 1:1:0.5 (protein:precipitant:additive/detergent). Further adjustment of the 

concentration and amount of additive or detergent was carried out based on the resulting 

crystal quality. A second additive was sometimes added in a second round screening. 

The final crystallization condition for Etk kinase domain was 140mM ammonium 

sulfate (Sigma-Aldrich), 17% PEG 8000 (Fluka), 14% glycerol (Bioshop), 14mM EDTA 

(Bioshop) at pH8.0, and 86mM bis-Tris (Bioshop) at pH6.0 or 6.5 with additives of 1.0M 

sodium bromide (Fisher) or 40% acetonitrile (Hampton Research). The ADP-bound form 

was produced by in-drop soaking with identical buffer solution and a mixture of 

20µg/mL ATP, ADP and AMP-PNP (adenylyl imidodiphosphate) over 48 hours. 

 

2.3.3 Redesigning protein construct 

When protein optimization still fails to improve crystal quality, crystallographers 

look one step back to modify the protein to be crystallized. The following approaches 

were applied in this study. 
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·  Limited proteolysis. 

The protein sample was subject to a short period (ranging from a few minutes to 

hours) of degradation by proteases (e.g. trypsin, chymotrypsin), and the resulting partially 

degraded protein solution was examined by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Since flexible loop regions of a protein molecule were 

more easily accessed by proteases, the resulting partially-degraded protein would be more 

tightly packed than the original molecule, and would be theoretically easier to crystallize. 

The exact protease cut sites were determined by whole-mass mass spectrometry, and such 

construct would be re-cloned and used in crystallization. The Etk protein sample 

(0.45mg/mL) was treated with trypsin and chymotrypsin in a 20,000:1 protein:protease 

weight ratio in 50mM Tris buffer pH8.5. Aliquots were taken and analyzed after 5 

minutes, 1 hour and 17 hours. 

 

·  Surface residue mutation. 

While successful crystal packing is contributed by recurring surface residue 

interactions, certain flexible surface residues might interfere with systematic packing, 

inhibiting crystal growth. Likely candidates for mutation, such as non-conserved Glu or 

Lys residues in a likely flexible loop region (Derewenda, 2004), were determined by 

secondary structure prediction or 3-D structural modeling with a homolog with known 

structure. Reduced protein solubility is a potential drawback of this approach. Two 

mutations, E530A and E584A, were designed for the Etk kinase domain construct. 
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·  Homologs from the same or other species. 

Homologs of the target protein may differ by a few amino acids, which provide 

the intermolecular contact necessary for successful crystallization. Comprehensive tools 

that assess the likelihood of crystallization of the target protein and its homologs have 

been developed and made available online (Slabinski et al., 2007). In this study, E. coli 

Wzc was initially attempted for structural determination; however, the attention 

subsequently shifted to its homolog Etk, which had a better protein stability and 

crystallization outcome. 

 

2.3.4 Crystal handling 

Protein crystals encountered in this research were difficult to handle. Two crystal 

handling techniques were developed: 

 

·  Drop “skin” breaking . 

A skin, which likely contained precipitated protein, was usually found covering 

the entire surface of the protein drop. When this skin was broken, the exposed crystal-

containing drop was quickly overwhelmed by newly formed salt crystals and protein 

precipitation, usually within one minute. At first, such skin was promptly removed by 

either a small crystal mounting loop or a specialized crystal manipulating tool, and 

immediately an equal volume (compared to the drop) of precipitant solution was 

transferred from the reservoir and added directly to the (rapidly drying) drop. Subsequent 

addition of reservoir solution may be required to extend the usefulness of the protein drop. 
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Unfortunately, the removal of the skin resulted in the inevitable loss of the majority of the 

crystals, which firmly adhered to the skin. 

 

·  Plate crystal looping. 

Due to the increased drop volume after skin removal, plate crystals were buried 

deep in the drop. A long stretched nylon loop was required to successfully reach the 

crystal without drawing the majority of the drop to the copper loop base (hence severely 

disturbing the drop). For successful looping of plate crystal, the loop must slowly 

approach from the bottom of the crystal, with the loop parallel to the flat surface of the 

plate crystal. Often, the plate crystals were attached to the glass slip. In such cases, the 

crystals were carefully provoked from the sides with the nylon loop to lift it into the 

solution. Crystals firmly attached to the bottom were usually damaged and rendered 

unusable in such process. 

 

2.3.5 Cryo condition searching 

As crystals were cooled to 100ºK during data collection to avoid substantial X-

ray radiation damage, a suitable cryo protectant was required to prevent intrusive ice 

crystal growth. Crystals were tested in potential cryo protectants such as 15% glycerol, 

40% PEG 400, and light mineral oil. Visual assessment of cracking and X-ray diffraction 

snapshot were used to evaluate the stability of crystals and the effectiveness of ice growth 

prevention. In the cases of glycerol and PEG, the final cryo protectant solution was made 

up to match the precipitant solution (salt concentration, buffer pH, etc.) in order to 
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minimize crystal disruption. In this study, glycerol was found to have the least negative 

impact on the quality of Etk kinase domain crystals. Subsequently, ~15% glycerol was 

incorporated into the crystal growth solution, since Etk crystals were found in a crystal 

screen condition containing 15% glycerol. This removed a likely source of crystal 

damage before data collection. 

 

2.4 Data collection and processing 

 

2.4.1 Home source testing 

Diffraction-quality crystals were first tested on the X-ray facility at Queen’s 

University. The X-ray machine consists of a 30cm Mar Research imaging plate and a 

Rigaku RU-200 rotating anode X-ray generator with Osmic focusing mirrors operated at 

50kV and 100mA. Some crystals were tested on a second X-ray facility at Queen’s 

University with a Bruker SMART 6000 model, equipped with a charged coupled device 

(CCD) detector and a sealed tube X-ray source operated at 33kV and 20mA. The data 

were collected typically with 1º oscillation around the f  (loop) axis, with an exposure 

time between 5-10 minutes for the first MAR facility mentioned above and 1-2 minutes 

for the Bruker SMART 6000 model. Crystals with satisfactory X-ray diffraction were 

flash-frozen in liquid nitrogen, and later used in synchrotron light sources. 
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2.4.2 Synchrotron data collection 

The datasets in this study were collected at two synchrotron light sources. The 

SAD (single-wavelength anomalous dispersion) dataset of selenomethionine-derivative 

Etk kinase domain was collected at the National Synchrotron Light Source (NSLS) at 

Brookhaven National Laboratory (BNL), Upton, New York, courtesy of Dr. H. Robinson. 

(Alternative methods of structural determination are discussed in Appendix C.) Various 

other datasets, which were eventually not useful for structural determination due to poor 

crystal quality, were collected at NSLS beamlines X8C and X29A. An X-ray 

fluorescence scan was first performed with the mounted crystal to fine tune the most 

suitable wavelength (maximal f”) at selenium K-absorption edge. The 2.5Å native dataset 

was collected at the A1 beamline of Cornell High Energy Synchrotron Source (CHESS), 

Ithaca, New York, with an ADSC (Area Detector System Cooperation) Quantum-4 CCD 

detector. The ADP-bound dataset of Etk kinase domain was collected, courtesy of Dr. Q. 

Ye, at the F1 beamline at CHESS. The optimal data collection strategy was determined 

by STRATEGY of the HKL2000 suite (Otwinowski Z. and Minor W., 1997). 

 

2.4.3 Data processing 

The HKL2000 suite (Otwinowski Z. and Minor W., 1997) was used for data 

reduction and processing. The initial crystal information such as space group and cell 

dimensions was determined by the index function. The digital diffraction image was then 

reduced to a list of indexed reflection and their corresponding integrated spot intensity. 

The reduced data from each individual image frame were combined and scaled to 
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produce a final dataset by the Scale function in HKL2000. The intensity was converted to 

structure factor amplitude corresponding to each (h,k,l) reciprocal plane. 

The structure factor file was processed by SOLVE (Terwilliger and Berendzen, 

1999) to determine the coordinates of heavy atoms (selenomethionine). The phase 

information was calculated from the anomalous and non-anomalous signal from a single 

dataset. The heavy atom coordinates were then used by RESOLVE (Terwilliger, 2000) for 

maximum-likelihood density modification, phase extension and automated model 

building by iterative fragment extension (Terwilliger, 2003). Recently, such programs 

were combined in the highly automated suite PHENIX (Terwilliger et al., 2008). 

Alternatively, the heavy atom sites were determined by automated program suite 

AUTOSHARP (Vonrhein et al., 2007), which utilizes SHARP for heavy-atom search, 

SOLOMON (Abrahams and Leslie, 1996) for density modification and phase extension, 

and the ARP/wARP (Perrakis et al., 1997) package for automated model building. The 

ADP-bound structure was determined by the direct plug-in method using the protein 

coordinates of the unbound structure. 

 

2.4.4 Model building and refinement 

Since the quality of the Etk dataset was not satisfactory enough for automated Etk 

kinase domain model building by RESOLVE (Terwilliger, 2000) or ARP/wARP (Perrakis 

et al., 1997), a conventional route was chosen which involves manual backbone tracing 

and iterative model extension. 
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Residues were assigned by first matching short sequence segments with easily-

recognized large side chain densities. For example, 626-MRDRMRQKKEW-635 was 

used as one of the starting points in manual tracing. As the Ca backbone was mostly 

traced and residues matched, the partially-completed model was used in structural 

homology search. The Blast search returned a high z-score for bacterial ATPase MinD. 

Therefore, P. furiosus MinD (PDB: 1G3R) (Hayashi et al., 2001) was superimposed on 

the preliminary Etk model to accelerate the tracing process. It was found that MinD and 

Etk were indeed highly similar in the b-strand core region. However, many a helices, 

although occupying similar spatial locations, were composed of residues from different 

sequence regions. 

The further-traced model of Etk contains a large number (~30%) of uncounted 

residues as a large gap of electron density existed between layers of molecules. Therefore, 

a more fundamental and thorough approach was used to extend the model residue by 

residue. After the addition of every new residue, a complete round of CNS (Brunger et al., 

1998) refinement was performed. The resulting new R-factor was compared to the 

original value in order to decide whether to keep, modify or discard the newly added 

residue. Such process was repeated until no improvement of R-factor was possible. 

Further refinement and water molecule addition was performed by ARP/wARP (Perrakis 

et al., 1997) and the REFMAC program package (Murshudov et al., 1999). 
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2.5 Kinase activity assay 

 

Kinase activity assays of E. coli Etk kinase domain and B. subtilis YwqD were 

performed based on its autophosphorylation activity on its C-terminal Tyr cluster. Three 

variations of kinase assays were attempted. 

At first, kinase activity measurement was carried out with the ADP Quest Assay 

Kit (Discoverx), where the product of kinase phosphorylation, ADP, was detected with a 

coupled enzyme reaction system. This system produced hydrogen peroxide, which was 

used to generate a fluorescently active dye (excitation l= 530nm, emission l= 590nm). 

This experiment was later discontinued due to high fluorescence reading fluctuations 

inherent to the sample plate. 

The second kinase activity assay measures the strength of radioactive signal, 

which comes from autophosphorylated protein in the presence of [� -32P]. Etk kinase 

domain wild type, Y574A, Y574E, Y574F, Y574G, Y574N, R614A and R614K (20� M, 

in 50mM Tris, pH8.5) were incubated with 200� M of ATP and 200� M of MgCl2 at room 

temperature for five minutes. The ATP solution contained 10� Ci of [� -32P]. Aliquots of 

20mL were blotted onto precut 1” squares of Whatman paper (Biometra). The blotted 

paper squares were washed three times by stirring in 500mL 75mM H3PO4 for 30 

minutes each. The washed blot papers were then placed into individual scintillation vials, 

and mixed with 5.3mL of ScintiVerse solution (Fisher). Scintillation readings were taken 

from both the protein sample and 20� L of reaction mixture using an LS6500 Multi-

purpose Scintillation Counter (Beckman Coulter). 
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A further improvement of the protocol replaced contamination-prone paper 

blotting with more reproducible and efficient tetrachloric acid (TCA) precipitation. After 

the kinase reaction, proteins were precipitated from 10� L of the reaction mixture with 

20% tetrachloric acid (TCA), and washed twice with 500� L TCA. The resulting pellet 

was resuspended with 1mL of standard glycine SDS buffer, and mixed with 5.3mL of 

ScintiVerse (Fisher). Scintillation readings were taken from both the protein sample and 

10� L of reaction mixture. 

Three external substrates were also attempted in the kinase assays: (1) 2mM 

UDP-glucose dehydrogenase (Ugd), (2) 2mg/mL synthetic co-polymer poly(Glu:Tyr) 

(4:1, Sigma), and (3) 1mg/mL of a custom synthesized C-terminal Tyr cluster peptide, 

KRSSTNYGYNYYDYSYSEKE, where several hydrophobic residues of the original Etk 

sequence were replaced by more hydrophilic residues9. 

 

2.5.1 ATPase activity assay 

The ATPase assay was carried out by measuring the blue color of reduced 

phospho-molybdate complex. Protein samples were incubated with 0.2mg/mL of ATP, 

4mM MgCl2, 80mM NaCl and 25mM Tris at pH7.5 at 37ºC for 30 minutes. Subsequently, 

30mL of the reaction solution was mixed with 10mL of 10% ascorbic acid and 60mL of 

                                                   
9 Unfortunately, all three substrates yielded limited success. There was not enough Ugd samples expressed 

(<1mg) for quantitative kinase assay. The co-polymer poly(Glu:Tyr) was not phosphorylated in the kinase 

assay. The customized C-terminal peptide had very limited solubility in solution. 
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0.42% ammonium molybdate, and incubated at 37ºC for 20 minutes. The resulting blue 

color was measured at an Ultrospec spectrometer (Biochrome) for O.D.660. 

 

2.6  Antibiotic resistance study 

 

The antibiotic resistance assay was used to assess the function of Etk and Etk 

mutant in vivo, based on the report that Etk is specifically responsible for polymyxin B 

resistance (Lacour et al., 2006). Two attempts were made to follow the protocol described 

in the above study, but were not able to reproduce the results. 

The subsequent antibiotic resistance assay was performed based on the 

microdilution method (Amsterdam, 1991). Plasmids containing wild type, full-length etk 

and various mutants were transformed into etk knockout cells. Overnight LB broth 

culture was diluted to O.D.600=0.10 with 10mM IPTG (where recombinant Etk expression 

level was similar to that in wild type cells) and various concentrations of polymyxin B 

(Bioshop) ranging from 0 to 2� g/mL, for a total volume of 200� L. The cultures were 

incubated at 37°C for 16 hours, followed by measurement of absorbance (O.D.600). 

Finally, a concentration of 1.2� g/mL polymyxin was selected as it showed the maximal 

difference of cell density among different mutants. 

Western blotting was performed to verify the expression level of Etk and mutants. 

Prior to polymyxin B treatment, 1mL of cell culture was removed to extract the 

membrane fraction containing full length Etk (a membrane protein) and mutants, which 

were then purified by Ni-NTA (Qiagen) chromatography. The membrane fraction was 
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prepared by mixing lysis pellets in 2mg/mL n-dodecyl-b-D-Maltoside (Bioshop) at 4ºC 

overnight. Aliquots of 10mL of the membrane fraction protein samples were resolved by 

SDS-PAGE, and transferred onto a nitrocellulose membrane (Bio-Rad). The membrane 

was probed with anti-His (Santa Cruz Biotechnology) and subsequently goat anti-rabbit 

(Bio-Rad) antibodies, respectively. The probed membrane was processed with the 

Chemiluminescence Kit (PerkinElmer) and the image was captured on X-ray film (Fuji). 

 

2.7 Mass spectrometry 

 

Mass spectrometry identifies the chemical composition of the protein sample on 

the basis of the mass-to-charge ratio of charged particles, by fragmenting the sample into 

charged ions and passing the ions through electric and magnetic fields. Such technique is 

especially useful when studying protein phosphorylation. 

Initially, inductively coupled plasma mass spectrometry (ICP-MS) was performed 

by Mr. D. Chipley in the Department of Geological Sciences and Geological Engineering 

at Queen's University. Protein samples were concentrated to 1mg/mL in the original 

buffer, and the elemental composition of the sample was determined allowing the 

calculation of phosphorous content with an internal selenium standard. 

 

2.7.1 Full mass spectrum for Etk phosphorylation 

The full mass spectrum was used to identify the total number of phosphorylation 

on Etk. The protein samples of native Etk and the R614A mutant were treated with cold 
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acetone (99.9%) precipitation at -20oC to remove the salt and buffer content in solution 

(300mM NaCl, 100mM Tris-HCl). Following an immediate wash, the resulting pellets 

were dissolved in a mixture of the solvents of formic acid/water/methanol (v/v/v; 1:1:2). 

The intact protein mass determination was carried out on an Applied Biosystems/MDS 

Sciex QStar XL quadrupole time-of-flight (QqTOF) mass spectrometer equipped with a 

nanospray source designed by MDS Sciex (Concord). The instrument was operated with 

an ionspray voltage of 3500V and a declustering potential of 80V, and data acquisition 

was performed using the Analyst QS 1.1 software. 

 

2.7.2 MALDI spectrum for Etk C-terminal Tyr cluster 

To further identify the protein phosphorylation sites, an in-solution digestion with 

endoprotease Lys-C (Roche Diagnostic Corp.) was used to produce large proteolytic 

peptides. The protein was incubated with 50ng Lys-C in 25mM ammonium bicarbonate 

(pH 7.6) solution at 37oC for 4 hours. The digested peptides were subsequently deposited 

on a MALDI (matrix-assisted laser desorption/ionization) target plate by mixing with an 

equal volume of 0.5µL 2,5-dihydroxybenzoic acid matrix (Sigma, 100mg/ml in 50% 

ACN), and the solvent was allowed to evaporate. When dry, the target was loaded into 

the QStar QqTOF instrument with an oMALDITM II source and a nitrogen laser operating 

at 337nm. After MALDI MS peptide mapping, selected peptides were sequenced by 

MS/MS using argon as the collision gas to confirm the identity. 
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2.8 Protein folding and oligomerization measurement 

 

·  Circular dichroism (CD) 

The change in phosphorylation states of tyrosine kinases may influence its 

secondary structure composition, which could be detected by CD. Etk protein samples 

were first dialyzed to replace Tris with phosphate buffer, and NaCl with NaF to minimize 

UV absorbance by the buffer. The sample was then injected into a 0.01mm cylindrical 

quartz cuvette, which was placed in an Olis DSM 1000 CD machine. Five to eight scans 

were averaged to compute the molar ellipticity, which was plotted against wavelength. In 

order to study the effect of phosphorylation, the protein sample was incubated in 70mM 

of ATP and MgCl2 for 30 minutes, and the resulting scan was compared to the untreated 

sample. 

 

·  Analytical ultracentrifugation (AUC) 

AUC applies a high gravitational force enough to precipitate protein molecules in 

solution; various oligomer states can be separated based on their differential 

sedimentation rates. The samples were spun using a Beckman Coulter Optima XL-I 

Analytical Ultracentrifuge machine with An-60 Ti rotor at 40,000rpm. A total of 200 

scans were taken during the experiment, which lasted 12 hours and 40 minutes. 
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·  Chemical cross-linking 

Chemical cross-linking experiment was carried out to study further the 

oligomerization state of Etk N-terminal domain. The Etk sample (5mg/mL) was 

incubated with one of four cross-linking agents under the following conditions at 22ºC 

(the optimal conditions were determined by trial and error) and the results were analyzed 

by SDS-PAGE: 

- EDC (1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide hydrochloride): 5mM, 30 

minutes. Cross-linking distance = 0Å. 

- DFDNB (1,5-difluoro-2,4-dinitrobenzene): 100M, 30 minutes. Cross-linking 

distance = 3Å. 

- Glutaraldehyde: 50M, 1 minute. Cross-linking distance = 5Å. 

- BS3 (Bis[Sulfosuccinimidyl]suberate): 100M, 30 minutes. Cross-linking distance = 

12Å. 

 

·  Precipitation/aggregation assay 

The precipitation of protein sample due to controlled dephosphorylation was 

measured using a turbidity assay. Etk samples of 10� M and 20� M (in 50mM Tris, pH8.5) 

were incubated with 0.1U and 0.4U of calf intestine alkaline phosphatase (Roche), in a 

transparent 96-well plate with a total volume of 50� L. The status of precipitation 

(turbidity) was measured in terms of O.D.360 over a two-hour period in a plate reader 

(Bio-Tek, Fisher). 
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·  Size-exclusion chromatography 

Apparently pure protein samples as visualized by SDS-PAGE analysis could 

actually contain multiple states of oligomerization, which could be detected and isolated 

by size-exclusion columns. The protein samples were concentrated to 10-20mg/mL, and 

loaded to HiLoad 16/60 or 26/60, Superdex 200 (GE) columns operated by � TKA 

Explorer FPLC at 4ºC. 
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Chapter 3 – Results 

3.1 Protein expression and purification 

 

3.1.1 GST-Wzc and GST-Etk kinase domain 

Since the Wzc and Etk kinase domains had been cloned at the beginning of this 

study, our investigation started directly with the expression and purification of the 

available constructs. The glutathione S-transferase (GST) -tagged Wzc and Etk kinase 

domain constructs (hereafter abbreviated as GST-Wzc and GST-Etk) were first attempted 

due to the rationale that a flexible, 20-a.a. histidine-tag (with a linker sequence) may 

interfere with crystal packing. The GST-Wzc construct expressed well and typically 

yielded 45mg from a1L culture, after purification by a GST-trap column (Figure 3.1A). 

In addition, a further yield of 25mg GST-Wzc could be obtained by recycling the 

flowthrough back into the GST-trap column. Thrombin cleavage was performed both on 

the column and after elusion with 30 minutes of incubation at room temperature (Figure 

3.1B). Both Wzc (M.W. = 33kDa) and GST (M.W. = 26kDa) ran at 30kDa on the SDS 

gel. A large-scale, 4L culture yielded more than 100mg of protein per batch; however, the 

resulting protein showed several impurity bands of higher and lower molecular weight on 

the SDS gel. Therefore, all subsequent Wzc and Etk expressions were performed in 

batches of four 1L cultures. 

The usual yield of GST-Etk expression and subsequent GST-trap column 

purification was also ~45mg per liter of culture (Figure 3.1C). The subsequent thrombin 

cleavage resulted in a ~34kDa Etk band and a ~28kDa GST band by on the SDS gel. 
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Proteolytic cleavage was completed in 4 hours at room temperature (Figure 3.1D); 

however, significant precipitation was observed as the reaction proceeded. The majority 

of the insoluble pellet was comprised of Etk, although GST was also present. 

 

Figure 3.1 Purification and thrombin digestion of GST-Wzc and GST-Etk. 
 
(A) GST-Wzc was purified with the GST-trap column and showed a ~60kDa band on the 
SDS gel. (B) Room temperature thrombin digestion of GST-Wzc was completed after 30 
minutes of incubation. However, Wzc and GST both run at 30kDa on the SDS gel. (C) 
GST- Etk was purified and showed a ~60kDa band on the SDS gel. Subsequent thrombin 
cleavage resulted in Etk at 34kDa and GST at 28kDa. (D) Room temperature cleavage of 
GST-Etk was completed in about 8 hours. Significant precipitation was observed as the 
reaction proceeded, and both GST (minority) and Etk (majority) were found in the 
insoluble precipitate (PPT). 
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In order to separate cleaved GST from Wzc after thrombin cleavage, the protein 

mixture was first dialyzed back into the PBS buffer to remove reduced glutathione, and 

subsequently passed through the GST-trap column. The flowthrough, presumably 

containing Wzc, appeared as a pure 30kDa band on the SDS gel as expected, but with 

only ~40% of the original amount of Wzc. In fact, significant loss of protein was 

observed both after dialysis and the second GST-trap column. Circular dichroism 

experiments could not rule out the existence of GST in the flowthrough sample (Figure 

3.2A). In order to reliably separate GST from Wzc following thrombin digestion, the 

protein mixture was separated over an anion exchange Resource Q column (Amersham 

Biosciences). Although Wzc and GST eluted at different anion concentrations, the Wzc 

fraction degraded and was not detected using SDS-PAGE (Figure 3.2B-D). 

Since both the Wzc and Etk resulting from thrombin cleavage were highly 

unsuitable for crystallization studies (Wzc degraded and Etk precipitated), the focus of 

this study was shifted to N-terminal histidine-tagged constructs, starting with N-His10 Etk. 

The histidine-tagged constructs provided greater freedom in pH adjustment since protein 

buffers were not restricted to the optimal pH ranges (around 7) required for thrombin 

activity. As buffer pH was suspected to cause protein instability, a test of protein stability 

against buffer pH was carried out. It was found that both Etk and Wzc precipitated at 

neutral and low pH values. Etk (pI = 7.3, 7.4 for the His10 tag construct) underwent 

irreversible precipitation at pH 8 and below, and could not be resolublized by raising the 

pH to 8 or above. Therefore, all subsequent protein buffers were prepared at a pH of 8.5 

and above. 
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Figure 3.2 Unsuccessful separation of cleaved Wzc and GST. 
 
(A) The apparently pure Wzc sample (a-helix 42%, b-sheet 19%) was analyzed by 
circular dichroism. The measured a-helix and b-sheet content in the sample was 33.8% 
and 15.7% respectively. Although secondary structure were clearly shown in the CD 
spectrum, it was difficult to exclude the existence of GST (a-helix 49%, b-sheet 12%) 
due to the large variance of the CD-estimated secondary structure. (B) The GST / Wzc 
mixture was run on an anion exchange Resource Q column with a 5mL/min flow rate and 
a NaCl gradient eventually reaching 1M. GST, as a known highly soluble protein, eluted 
at a higher anion concentration than Wzc did. The Y axis showed the UV absorption and 
the X axis showed the elution volume. (C) The Wzc fraction did not show protein-
specific UV absorption spectra. (D) Subsequently, no Wzc protein was detected on an 
SDS gel stained by Coomassie Blue. 
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3.1.2 N-His10-Etk and N-His10-Wzc kinase domain 

Despite the unsatisfactory protein expression levels observed from small-scale 

(5mL) pilot studies, larger-scale (1L) expression batches of N-terminal 10-histidine 

tagged Etk and Wzc (hereafter abbreviated as N-His10-Etk and N-His10-Wzc) were 

capable of producing ~20mg of soluble and stable protein per liter of culture. The 

previous solubility problem associated with Etk was effectively remedied by raising the 

pH of all buffers involved in the purification of Etk to 8.5 or above. It was fortunate that 

pH 8.5 was also close to the maximal pH limit (9) allowed for normal functionality of Ni-

NTA resins. Such increase in protein buffer pH significantly improved the stability of 

histidine-tagged Etk and Wzc. 

After elution, N-His10-Etk and N-His10-Wzc were respectively dialyzed to Tris 

buffer at pH 9.5 and CAPS buffer at pH 11. Both N-His10-Etk and N-His10-Wzc could be 

concentrated to at least 20mg/mL (a few Etk batches were concentrated to 40mg/mL). 

Selenomethionine (SeMet)-substituted proteins of both N-His10-Etk and N-His10-Wzc 

demonstrated comparable expression levels (Figure 3.3A-B). 

Following purification over a Ni-NTA column the protein samples were passed 

through a size exclusion column in order to separate species of different oligomerization 

states (Figure 3.3C-D). Both Etk and Wzc eluted into two major fractions. The first 

fraction of Etk had a M.W. of ~1,000kD, and the second fraction was close to 30kDa in 

size (M.W. of N-His10-Etk and N-His10-Wzc �  34kDa). Therefore, Etk and Wzc samples 

primarily existed between a monomeric state and an aggregated state of ~30 monomers. 

For Wzc, the CAPS buffer of pH 11 produced predominately the high-M.W. species. 
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Figure 3.3 Selenomethionine N-His10-Etk and N-His10-Wzc purification. 
 

Purification of (A) SeMet N-His10-Etk batch 9a-b and (B) SeMet N-His10-Wzc batch 1a-b. 
(C) Size exclusion column elution profile of the above SeMet Etk sample and (D) SeMet 
Wzc sample. The monomeric fractions of Etk and Wzc (the second major peak, eluted at 
around 184mL) were pooled for crystallization trials. For Wzc, protein degradation (as 
two minor fractions eluted at around 0.7 and 0.9 CV) was observed. 
 
SDS gel legends: M = M.W. marker, F = flowthrough, P = insoluble pellet, W = wash, E 
= elution (imidazole concentration in subscript). 
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3.1.3 N-His10-Etk N-terminal domain 

While this research focused on the structural determination of the C-terminal 

kinase domain of Wzc and Etk, due to the difficulty encountered during subsequent 

crystallization trials, the N-terminal, periplasmic domain of Etk (52-422) was also 

attempted as a secondary project. N-His10-Etk N-terminal domain showed a satisfactory 

expression level of 10mg per liter of culture (Figure 3.4A). The protein was effectively 

purified by the Ni-NTA column. SeMet N-His10-Etk52-422 showed a similar level of 

expression as native N-His10-Etk52-422. 

Protein buffer optimization experiments indicated that N-His10-Etk52-422 was the 

most stable in 50mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 

7.5 and 300mM NaCl. Also, it was found that the protein assumed a lower 

oligomerization state at 4ºC than at 22ºC (Figure 3.4B). Two separate fractions were 

eluted when the protein sample was subjected to a size exclusion column, suggesting a 

dimeric form and a high-M.W. aggregate (Figure 3.4C). As the protein sample aged in 

solution, the equilibrium shifted from the dimeric state to the aggregated state. Therefore, 

in order to slow down premature aggregation, all crystallization trials of N-His10-Etk52-422 

were maintained at 4ºC. Protein buffer optimization was unable to increase the solubility 

of the protein to above 5mg/mL possibly due to the aforementioned tendency to 

aggregate. 

 

 



 

  66 

 

Figure 3.4 The purification and buffer optimization of the Etk N-terminal domain. 
 

(A) N-His10-Etk52-422 batch 2a-d. The fractions of 100, 150 and 250mM imidazole elution 
from a Ni-NTA column were pooled, and subsequent purification adopted a one-step 
50mM wash followed by 150mM elution. (B) The optimization of protein buffer also 
involved different temperature conditions evaluated by Dynamic Light Scattering. At 
4ºC, the majority of the protein sample showed a lower aggregation state (radius = 
4.99nm) than that at 22ºC (radius = 6.96nm). (C) Size exclusion chromatography 
separated two fractions of N-His10-Etk52-422. With time, the dimeric fraction (~100kDa) 
aggregated to form the high-M.W. fraction. 
 

 



 

  67 

3.1.4 N-His6-Etk full length 

Since structural determination of the Etk N-terminal domain proved to be 

unsuccessful, the expression of the full-length, inner-membrane-spamming Etk was 

attempted at the final stage of this study. The addition of 2mg/mL n-dodecyl-� -D-

maltoside (detergent) resolublized a significant portion of precipitated full-length Etk 

from the initial insoluble pellet. The final yield of pure, soluble full-length N-His6-Etk 

after the Ni-NTA column reached 7mg per liter (Figure 3.5). The protein sample could be 

concentrated to above 20mg/mL and dialyzed into the optimized buffer (50mM Bicine 

pH 8.5, 300mM NaCl) without any further addition of the detergent. However, the 

protein sample was later observed to degrade into a ~55kDa, ~40kDa and a ~25kDa 

species. Present efforts are directed to preserve the full-length protein for crystallization 

trials. 

 

 

Figure 3.5. The production of N-His6-Etk batch 1a-b. 
 
The membrane protein was shown at the expected molecular weight (~75kDa) on the 
SDS gel. The lighter bands below Etk were later confirmed to be degradation products of 
Etk when overnight, room-temperature aged samples were analyzed by SDS-PAGE. 



 

  68 

3.1.5 N-His6-YwqD and GST-YwqCN15C45 

Another focus of this research was the structural determination of BY kinase 

homologs in Gram-positive bacteria. Bacillus subtilis YwqD was chosen due to its 

recently discovered external peptide activation mechanism (Mijakovic et al., 2003), 

which is completely different from the Y574 tyrosine autoactivation mechanism in Gram-

negative BY kinases. The GST-tagged construct of the external activator peptide B. 

subtilis YwqCN15C45 was also produced to attempt co-crystallization with YwqD. 

N-His6-YwqD was successfully expressed and purified with a yield up to 16mg 

per liter of culture (Figure 3.6A). Further purification by a size exclusion column (Figure 

3.6C) separated the protein sample into a dimeric fraction and a monomeric fraction. 

Both the dimer and the monomer fractions of YwqD were prone to aggregation, and the 

protein could not remain soluble beyond a concentration of 1mg/mL even after extensive 

buffer optimization. 

 The activator peptide GST-YwqCN15C45 showed a high level of expression up to 

60mg per liter of culture (Figure 3.6B). GST-YwqCN15C45 exhibited a high solubility and 

was concentrated to 100mg/mL. Thrombin digestion yielded the complete 60-a.a. peptide 

of YwqCN15C45 and a slightly lighter species. The 60-a.a. peptide was not separated from 

the subsequent purification by size exclusion chromatography possibly because it 

remained bound to GST (Figure 3.6D). The peptide was also prone to aggregation and 

could not be isolated in high concentration for crystallization trials. 

 



 

  69 

 

Figure 3.6 The production of N-His6-YwqD and GST-YwqCN15C45. 
 
(A) N-His6-YwqD batch 1a-d. The protein was purified by Ni-NTA chromatography and 
eluted at 150mM imidazole, following a brief 50mM imidazole wash/elution. (B) GST-
YwqCN15C45 batch 1a-b was purified by the GST-trap column. (C) N-His6-YwqD eluted 
from the size exclusion column as a dimeric fraction and a monomeric fraction. Both 
fractions were prone to aggregation over time. (D) After thrombin digestion, GST and 
YwqC N15C45 were not successfully separated from the size exclusion column, as the 
6kDa peptide (shown at the bottom of the Tris-Tricine gel) eluted together with the 
26kDa GST. The peptide was prone to subsequent degradation. 
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 The expression results of the BY-kinase targets during this study are summarized 

in Table 3.1. In total more than 200 liters of over-expression batches were attempted. 

Among them, two batches (N-His10-Etk SeMet 6b and 10a) resulted in protein crystals for 

successful structural determination. 

 

Table 3.1 Expression and purification status of BY kinase-related protein targets. 

 

Construct 
Best Yield 

(mg/L) 
Best SeMet 
yield (mg/L) 

Best 
Concentration 

(mg/mL) Progress 

GST-Wzc451-720 45   Purified, degradation problem 

GST-Etk451-726 45   Purified, precipitation problem 

N-His10-Wzc451-720 20 25 20 Crystallization trials  

N-His10-Etk451-726 25 25 40 Structure determined  

N-His6-Etk52-422 4 3 5 Crystallization trials 

N-His6-Etk 7  20 Purified, degradation problem 

N-His10-YwqD 20 <1 1 Crystallization trials 

GST-YwqCN15C45 60  100 Co-crystallization trials 

N-His6-YccZ86-169 -   No expression 

N-His6-Ugd -   No expression 
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3.2 Protein crystallization 

 

Among more than one thousand commercial crystal screening conditions, two 

conditions (Index #66 and Cryo #15, Hampton Research) enabled crystal growth for 

SeMet N-His10-Etk kinase domain (Figure 3.7A). Following expansion and optimization 

of these conditions, diffraction-quality crystals were obtained using a mixture of 

ammonium sulfate, PEG (poly-ethylene glycol) 8000, and a buffering pH between 5.5 

and 6.5 by either Bis-Tris or sodium cacodylate. Further optimization and additive 

screens produced larger and thicker plate crystals of 0.6mm x 0.4mm with acetonitrile, 

EDTA (ethylenediaminetetraacetic acid), NaCl and NaBr. 

Both Etk native and SeMet crystal growth typically took four to eight weeks to 

complete. Precipitation occurred immediately after mixing the protein with the 

crystallization solution, although the precipitation gradually disappeared during crystal 

growth. The immediate precipitation is thought to be the result of a sudden pH drop from 

the protein buffer (pH 9.5) to the mixture with crystallizing buffers (pH 5.5-6.5). 

Preliminary SeMet Wzc crystals appeared to be also plate-shaped (Figure 3.7C), 

while it is thinner than crystals of Etk and has a much poorer quality. No improvement in 

Wzc crystal quality was observed after substantial condition expansion. The R614A 

mutant of Etk kinase domain were also crystallized (Figure 3.7D). Extensive 

crystallization screening of the Etk N-terminal domain and YwqD over a two-year period 

did not indicate any potential crystallization conditions. 
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Figure 3.7 Crystals of Etk and Wzc. 
 
(A) The first Etk crystal from the crystal screen was stained with Izit dye (Hampton 
Research) for protein. However, it was an Etk crystal from an expanded condition that 
could not take up protein dye which resulted in good diffraction data. (B) Etk crystals are 
typically plate-shaped, and grow up to the size of 0.6mm x 0.4mm with vulnerable, thin 
layers. (C) The preliminary Wzc crystal was also plate-shaped and appeared to be thinner 
than the Etk crystals. (D) Etk kinase domain R614A mutant crystal. Some of the 
unsuccessful crystallization pictures are included in Appendix B. 
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3.3 Data collection, processing and model refinement 

Although the chance of finding a diffraction quality Etk crystal was as low as 1/10 

and crystal handling was very difficult, multiple data collection attempts of Etk SeMet 

crystals were carried out both at Queen’s University and at synchrotron sources between 

2004 and 2007. The best Etk crystal at the home source diffracted to 2.4Å, with a good 

overall spot quality but data completeness of only ~80% due to crystal decay and wide 

regions of poor diffraction quality. The crystals that were brought to synchrotron sources 

also suffered from severe radiation damage due to their thinness (and hence longer 

exposure times) as well as frequent ice problems due to a more powerful cryo cooling at 

the synchrotrons. As a result, 1-2% higher glycerol content was used in subsequent 

crystallization drops. The presence of selenomethionine atoms in Etk SeMet crystals was 

detected by fluorescent scans (Figure 3.8), which were used to determine a suitable 

wavelength for data collection to maximize anomalous signals from Se. 

 

Figure 3.8 Fluorescent scan of a SeMet Etk crystal from the X8C beamline, NSLS, BNL. 
The X axis shows the energy (KeV, which is inversely related to wavelength) and the Y 
axis shows the fluorescence intensity. 
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The delay in the eventual structural determination of Etk was caused by two 

problems associated with Etk datasets. First, the multi-layering of Etk crystals often 

created overlapping patterns of X-ray diffraction spots. The overlapping of the individual 

crystal layers as well as the highly symmetrical diffraction pattern itself made indexing 

difficult for data processing software programs such as HKL (Otwinowski Z. and Minor 

W., 1997) (Figure 3.9A). This problem could be partially remedied by careful indexing 

frame choice, spot selection and systematic trials of indexing parameters such as spot size 

and box size. 

A more severe problem arose when the crystal was rotated inevitably to an angle 

of poor-diffraction, where spots were smeared and the resolution dropped to around 3.5Å 

(Figure 3.9B). This deterioration of diffraction quality was likely caused by a less-

ordered crystal axis along the layer-stacking direction. Such disorder in crystal packing 

also directly contributed to the crystals’ plate shape (lack of thickness). As a result, the 

datasets usually had a high (>10%) R-factor and the completeness of dataset rarely 

exceeded 85%. Such crystal anisotropy problem was eventually avoided in the dataset 

that enabled Etk structural determination (discussed in section 4.5.2). 
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Figure 3.9 X-ray diffraction images of a Etk SeMet crystal. 
 

(A) An image from the region with good spot quality, but was difficult to be indexed. (B) 
An image from the region with poor spot quality due to anisotropy in crystal packing. 
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Figure 3.9C. The Ramachandran plot of the Etk model. 
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Etk crystals adopted a space group of C2, with typical unit cell dimensions of a = 

115, b = 51, c = 120, and a= 90, �  = 114.50, �  = 90. The selenomethionine dataset of Etk 

kinase domain collected at NSLS, BNL had a resolution up to 2.6Å, overall completeness 

of 86.9% and Rmerge of 0.090. The phase information of Etk kinase domain was obtained 

by the SAD method (Appendix C). The overall figure of merit of phasing from SOLVE 

(Terwilliger and Berendzen, 1999) was 0.67, and heavy atom search correctly determined 

the positions of all but the first selenomethionine in the construct. The RESOLVE 

(Terwilliger, 2003) automated model building, however, did not return any meaningful 

model. Manual tracing completed nearly 70% of the residue assignment, with a number 

of long gaps in main chain and chain direction uncertainties. 

 A native dataset up to 2.5Å resolution was collected at CHESS with a higher 

(93.8%) overall completes and lower Rmerge of 0.078. With the native dataset the Etk 

model was finally competed manually and refined with an R=19.6% and Rfree = 25.3%. 

Although the difference between R and Rfree is high, the Ramachandran plot showed only 

0.9% of the residues in the disallowed region (Figure 3.9C). Another ADP-bound dataset 

was collected later at CHESS. The data quality was not as good as the previous datasets, 

but was sufficient to show clear density of the ligand ADP. The data and model 

refinement statistics are summarized in Table 3.2. 
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Table 3.2 Crystallographic statistics of Etk datasets. 

Dataset SAD Native Native + ADP 

Space group C2 C2 C2 

Unit cell dimensions (Å) a = 114.85, b = 51.75, c = 

120.73 

�  = 90, �  = 114.50, �  = 90 

a = 115.51, b = 51.73, c = 

120.52 

�  = 90, �  = 114.57, �  = 90 

a = 115.41, b = 50.90, c = 

120.48 

�  = 90, �  = 114.37, �  = 90 

Wavelength (Å) 0.9788 0.9997 0.9177 

Resolution Range (Å) 30-2.6  50-2.5 50-3.0 

Unique reflections 22672 19864 13128 

I/sigma a 28.1 (4.9) 20.0 (2.7) 15.9 (4.5) 

Completeness (%)a 86.9 (56.2) 93.8 (61.8) 91.3 (67.1) 

Rmerge
a,b 0.090 (0.222) 0.078 (0.329) 0.098 (0.241) 

    

Phasing statistics    

Overall figure of merit 0.67   

    

Refinement    

Resolution Range (Å)  50-2.5  50-3.0 

No. of reflections in the working set  15757 13045 

Rcryst. / Rfree
c  0.196 / 0.253 0.223 / 0.291 

r.m.s.d. bond length (Å)�  0.007 0.007 

r.m.s.d. bond angles (º)  1.2 1.3 

Average B factor  67.64 66.13 

No. of protein atoms  3945 3689 

No. of solvent atoms  114 99 

 

aNumbers in parentheses refer to statistics for the highest shell. 
bRmerge = 	 |Iobs - <I>| / 	 Iobs, where Iobs is the intensity measurement and <I> is the mean 
intensity for multiply recorded reflections. 
cRcryst and Rfree = 	 |Fobs - Fcalc| / 	 |Fobs| for reflections in the working and test sets, 
respectively. 
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3.4 Structure of E. coli Etk kinase domain 

3.4.1 Overall structure 

The final model of Etk contained 270 out of the 300 residues in the construct. The 

overall structure of Etk kinase domain adopts a semispherical form, which is shaped by a 

half-circular, mostly parallel � -strand core (Figure 3.10). A dozen � -helices surround 

the � -core. Due to weakened electron density, there are three regions where the protein 

model is not complete: the N-terminal histidine tag and its linker 

(MGHHHHHHHHHHSSGHIEGRHIGS), an N-terminal region between a.a. 480 and 

490, and the C-terminus a.a. 718-726. 

The active site, which contains the Walker motifs, is located at the center of the 

semicircular � -strand core. The catalytic lysine (K545) of the Walker A motif is located 

at the N-terminus of helix E. The residues belong to the conserved Walker A’ motif 

(D567, D569) and Walker B motif (D647), and coordinate the catalytically critical Mg2+, 

are positioned at the end of strands 3 and 6 on the substrate-binding region of the active 

pocket. As indicated by the temperature factors (Figure 3.10), the structure of the Etk 

kinase domain is more stable within its � -core as well as in the region between helix E 

and helix L. The key Tyr residue responsible for kinase activation, Y574, is found 

pointing directly into the active site. The C-terminal tyrosine cluster lacks secondary 

structure, and the electron density was only clear enough for the identification of the first 

four tyrosine residues. None of the tyrosine residues in the final model appears 

phosphorylated. 
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Figure 3.10 Overall structure of E. coli Etk kinase domain. 
 
The active site (Walker motifs) is located at the tip of a-helix E and the end of b-strand 3 
and 6. Tyrosine Y574 (pink) points into the active site, blocking substrate access. (Top 
Right) The Etk model is colored according to the average temperature factor for each 
residue (red = high, blue = low). 
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The ADP-bound complex structure further confirms the identification of the 

active site (Figure 3.11A-B). Since Y574 phosphorylation is known to activate Etk kinase 

(Grangeasse et al., 2002), both apo-Etk and Etk-ADP structures depict the inactive 

conformation of the kinase, due to its lack of a phosphoryl group on Y574. In such an 

inactive conformation, the side chain of Y574 points towards the � -phosphate of ADP, 

instead of the would-be � -phosphate as estimated by its location in its homolog MinD-

AMPPCP structure (Hayashi et al., 2001) mentioned in the next section. Nevertheless, the 

Y574 side chain can readily rotate to approach the g-phosphate, becoming susceptible to 

phosphorylation. 

In the asymmetric unit, there are two essentially identical Etk molecules, 

including the bound ligands. The two molecules within the asymmetric unit interact with 

residues such as K497, D560, K562, N598, H603 and H640 (Figure 3.12A). A second 

crystal packing contact surface involves two C-terminal tyrosine residues, Y713 and Y15, 

as well as N577, R614 and R687 (Figure 3.12B). A third crystal packing surface involves 

S465, H523, E528, N694 and K696 (Figure 3.12C). 
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Figure 3.11 The electron density of the Etk active site complexed with ADP and an 
important sulfate. 

 
(A) The 2Fo-Fc electron density at 1�  level in the Etk-ADP complex. Dephosphorylated 
Y574 points directly to the active site, impairing substrate access. (B) A simulated 
annealing omit map (Fo-Fc) for ADP at 3�  density level. (C) The 2Fo-Fc electron density 
at 1�  level in Etk. A sulfate (or phosphate) group was found located near R614. A 
modeled open conformation of Y574 is shown in green color. (D) A simulated annealing 
omit map (Fo-Fc) for the sulfate/phosphate at 4�  density level. 
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Figure 3.12 Intermolecular contact surfaces in the crystal packing of Etk kinase domain. 
 
(A) The asymmetric unit of Etk crystal consists of two molecules interacting with 
residues such as K497, D560, K562, N598, H603 and H640. (B) A second crystal 
packing contact surface involves two C-terminal tyrosine residues, Y713 and Y15, as 
well as N577, R614 and R687. (C) A third crystal packing surface involves S465, H523, 
E528, N694 and K696. 
 



 

  84 

3.4.2 Etk vs. MinD 

 

From a structural homology search using DALI (Holm and Sander, 1995), Etk 

intriguingly shares a high z-score (15.6) with Pyrococcus furiosus MinD (Hayashi et al., 

2001), an ATPase involved in cell division inhibition, although exactly how the ATPase 

activity of MinD leads to cell division inhibition is not yet understood (Lutkenhaus and 

Sundaramoorthy, 2003). Within the � -structure core, Etk and P. furiosus MinD overlap 

well with a root mean square deviation (r.m.s.d.) of 1.37Å despite a ~18% overall 

sequence identity. The general folding of Etk also resembles that of Soj in Gram-negative 

bacteria Thermus thermophilus (Leonard et al., 2005), an ATPase sharing similar 

function and sequence with MinD. Sequence alignment between members of the BY 

kinase family in both Gram-negative and -positive bacteria, together with MinD ATPases, 

revealed very clear sequence conservation over the central parallel strands, but not over 

the peripheral a-helices despite their similar spatial locations (Figure 3.13, 3.14). The N-

terminus of the Etk kinase domain and the C-terminus of MinD occupy the same spatial 

location, although the two regions share no sequence identity. 

The structural similarity between Etk, a kinase, and MinD, an ATPase, motivated 

us to search for structural differences that might explain (i) why they differ in enzymatic 

functions, and (ii ) why Etk involves a two-step activation mechanism. Two significant 

differences in the active sites became evident. First, the left half of the Etk binding pocket 

is not obstructed (Figure 3.15A), while the MinD catalytic site (Figure 3.15B) is 

narrowed by an a-helix (P201-E209), disabling its access to a large peptide substrate. 
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Figure 3.13. Alignment of E. coli Etk kinase domain and its homologs. Secondary 
structure labels are based on E. coli Etk. 
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Figure 3.14. Comparison of the sequence topology between Etk kinase domain and 
MinD. 
 
The (A) Etk kinase domain and (B) MinD structures are spectrum-colored based on their 
sequence from the N-terminus (blue) to the C-terminus (red). The spatial location of the 
N-terminus of Etk is occupied by the C-terminus of MinD, although these two regions 
share no sequence identity. 



 

  87 

 
 

Figure 3.15 Etk activation via Y574 phosphorylation. 
 
(A) Dephoshporylated Y574 blocks substrate access to the active site. The residue, once 
phosphorylated, is likely to find an alternative conformation, such as binding to the 
positively-charged region led by R614, therefore making the active site accessible to 
substrates. (B) Active site of P. furiosus MinD complexed with ADP (PDB code: 1G3Q 
(Hayashi et al., 2001)). (C) Modeled Etk C-terminal peptide (715-722, YNYYGYSY) is 
docked to the active site of the Etk-ADP complex structure. The P-Y574 side chain 
interacts with R614. The magnesium cation, colored green, is not present in the current 
Etk structure (due to the presence of EDTA in the crystallization solution) and hence 
modeled from the same atom in the structure of MinD (PDB code: 1G3R (Hayashi et al., 
2001)). Y718 of the peptide substrate is positioned to be phosphorylated. The Etk-peptide 
complex model was energy minimized by AUTODOCK (Garrett M.Morris et al., 1999). 
(D) The activation loop of Human Insulin-like Growth Factor 1 Receptor Kinase (PDB 
code: 1K3A (Favelyukis et al., 2001)). The phosphorylation of Y1131, Y1135 and Y1136 
stabilizes the activation loop far away from the active site (orange), which is now 
occupied by the ATP analog (green) and the peptide substrate (magenta). When these 
three tyrosine residues are dephosphorylated (PDB code: 1IRK (Hubbard et al., 1994)), 
the activation loop occupies the same location as the potential peptide substrate, 
inhibiting the kinase activity of the enzyme. 
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3.5 Y574 and Etk activation 

 

3.5.1 Steric hindrance of dephosphorylated Y574  

The second difference between the Etk and MinD active sites is shown on the 

substrate-binding (right) side of the binding pocket of Etk (Figure 3.11A-B, Figure 

3.15A). The bulky side chain of residue Y574, located at the beginning of helix F, points 

directly into the active site, blocking the magnesium-binding aspartic acid trio (D567, 

D569 and D647). In Wzc, the phosphorylation of this tyrosine residue is critical for Wzc 

kinase activity (Grangeasse et al., 2002). In contrast, the position of Y574 in MinD is 

occupied by N45, which does not narrow the MinD active site to the same extent as Y574 

does in Etk. 

We assumed that in the Etk active site, due to steric hindrance of the Y574 side 

chain, the ATP cofactor would not be accessible to external peptide substrates. In order to 

verify this hypothesis, various mutations of Y574 were prepared (Figure 3.16A-B). 

Indeed, mutations of this tyrosine residue to alanine and glycine to remove this steric 

hindrance were found to retain 98% and 87% of kinase activity, respectively (Table 3.3). 

From mass spectrometric analyses of the whole protein masses, the initial Etk 

kinase domain samples showed a clear profile of phosphorylation with up to eight 

phosphate groups per molecule (Figure 3.17A-B). Since only up to seven phosphates 

were found in the Y574F mutant Etk sample (Figure 3.17C), the wild type Etk must carry 

a portion of phosphorylated (P-)Y574. 
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Table 3.3 Autokinase activity of wild type and mutated Etk kinase domain. 

 Wild Type Activity (%) 

Wild type 100 ± 2.4  

Y574A 98.4 ± 8.0 

Y574E 100 ± 12 

Y574F 12.1 ± 1.0 

Y574G 86.7 ± 2.4 

Y574N 26.9 ± 1.9 

R614A 14.6 ± 1.4 

R614K 61.8 ± 6.0 
 

Note: Due to the lack of a suitable external substrate and control (kinase) protein with 

known kinetic properties (such as Vmax and KM), the exact values of these kinetic 

properties of Etk were not determined in this study. 
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Figure 3.16 Mutants prepared for Etk kinase domain and full-length Etk. 
 

(A) Polymerase chain reaction (PCR) products of the plasmids carrying the N-His10 Etk 
kinase domain and mutant constructs were analyzed on an agarose gel. (B) N-His10 Etk 
kinase domain mutants were expressed, purified, and analyzed on an SDS gel. (C) After 
transformation into DH5a cells and cell growth, the plasmids carrying the N-His6 Etk 
full-length and mutant constructs were harvested and resolved by electrophoresis on an 
agarose gel. RK� A stands for the triple mutation of K478A, R479A and R481A. 
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Figure 3.17 NanoESI/TOF mass spectrum of the Etk R614A mutant. 
 
(A) The protein solution was prepared in formic acid/water/methanol (v/v/v; 1:1:2), and 
the m/z spectrum shown was acquired on the QStar XL QqTOF mass spectrometer. (B) A 
deconvoluted mass spectrum is shown in the inset. The protein was found to carry 0 to 8 
phosphates. (C) Deconvoluted mass spectrum for the Y574F mutant treated with ATP, 
showing a maximum of seven extra phosphates. The identities of the extra +258Da peaks 
are unclear. The total molecular weight of Etk shown in (B) and (C) are different as the 
protein samples were cloned with a N-terminal His-10 tag and a N-terminal His-6 tag, 
respectively. 
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3.5.2 R614 and the alternative conformation of P-Y574 

If Y574 were phosphorylated, the extra phosphate would clearly clash with the 

bound cofactor, ADP. Therefore, in order to vacate the active site for subsequent C-

terminal Tyr cluster phosphorylation, P-Y574 has to adopt an alternate conformation that 

unblocks the active site. Although the phosphorylated Y574 (P-Y574) was not found in 

the crystal structure, in both crystallographically-independent kinase molecules, strong 

and unambiguous electron density for a sulfate moiety was observed at the back of the 

Y574 side chain (Figure 3.11C-D).. 

The sulfate group interacts with a number of conserved residues at this site, 

making a salt bridge with the side chain of R614 and hydrogen-bonds with the side 

chains of Q616 and N583; hence, the sulfate group is tightly trapped. An 180
 rotation of 

the Y574 side chain would readily place its side chain hydroxyl group in an almost 

perfect overlapping position with the sulfate oxygen atom. It is plausible that this 

alternative Y574 side chain conformation, when coupled with the phosphate group, 

would represent P-Y574 in its open position. The positively-charged R614, along with 

Q616 and N583, might play a critical role for pulling the negatively-charged phosphate 

group and the P-Y754 side chain away from the active side to open up the active site for 

substrate entry. In addition, the P-Y574 aromatic ring would be stabilized further by via 


 –
  stacking interactions the conserved H576 (Figure 3.11C). Not surprisingly, R614, as 

well as the nearby positive charges equivalent to N583 and Q616, are well-conserved in 

all Gram-negative PTKs as much as Y574 (Figure 3.13). 
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It has been reported in two Wzc studies that mutation of the Tyr residue to Phe 

and Asn, the side chains of which are incapable of being phosphorylated but are 

significant in size, resulted in a significant reduction of enzymatic activity (Grangeasse et 

al., 2002; Soulat et al., 2007). The same reduction in kinase activity was observed using 

Etk Y574F and Y574N mutants in our study (Table 3.3). 

In order to verify experimentally the P-Y574 and R614 interaction, we further 

generated R614 to Ala and Lys mutants. If the proposed mechanism of phosphorylation-

induced conformational switching is correct, the R614A mutant should have significantly 

reduced activity, while the R614K would generally retain the interaction with P-Y574. 

Indeed, the R614A mutant only exhibited 15% of wild-type kinase activity (Table 3.3), 

and a reduced rate of autokinase activity was also demonstrated, on MALDI, between the 

wild type and R614A mutant (Figure 3.18, Figure 3.19). The R614K mutant exhibited 

62% of the wild type activity, suggesting that K614 was able to interact with P-Y574, but 

to a lesser extent than R614 with P-Y574. On the other hand, the Y574 to Glu mutant, 

which showed a possible 3.2-Å salt bridge with R614 from structural modeling, still 

retained all (100%) of the wild type activity (Table 3.3). The above results strongly 

suggest a conformational shift of the Y574 side chain, enabling the Y(E)574-R614 

interaction that unblocks the active site, hence allowing subsequent substrates to enter the 

active site. 

When the P-Y574 conformation was modeled along with the C-terminal peptide 

substrate (Figure 3.15C), no steric conflicts were observed in the model. Energy 

minimization of the P-Y574–R614 model also resulted in a small main chain shift, which 
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would be facilitated by the fully conserved G573, a flexible residue preceding Y574. 

Taken together, the evidence herein demonstrated the importance of Y574 side chain 

steric hindrance and its removal for Etk autoactivation. 

 

 

 

Figure 3.18 Partial MALDI/TOF mass spectra of the digested Etk kinase domain by 
endoprotease Lys-C. 
 
(A) Etk wild-type monomer. (B) Etk wild-type high-M.W. fraction. (C) R614A mutant. 
Data were recorded by MALDI mass spectrometry. The m/z range represented the profile 
of the phosphorylated tyrosine cluster peptide ions at the C-terminus of Etk (residues 
706-726), and the number of phosphorylated groups was labeled on each peak. 
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Figure 3.19 Time-course of in vitro tyrosine autophosphorylation on the Etk C-terminus. 
 
Aliquots of the Etk kinase domain solution (25 µl, 1mg/mL) was mixed with 5mM ATP 
and 10mM MgCl2 and incubated for various time intervals. The protein was then digested 
with 50ng of endoproteinase Lys-C and the resulting peptides were analyzed by MALDI 
QqTOF mass spectrometry. The bar graph depicts the relative mass spectrometry peak 
intensity of the multiple phosphorylated (0-7 phosphates) peptides found at the C-
terminal fragment of (A) Wild type Etk and (B) R614A mutant. The rate of 
phosphorylation for wild type Etk was higher than that for the R614A mutant. 
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3.5.3 In vivo antibiotic resistance assay 

In order to further establish the validity of the interaction between P-Y574 and 

R614, we carried out an in vivo complementation experiment (Figure 3.20). The 

experiment was based on the knowledge that etk knockout E. coli cells exhibited 

compromised polymyxin B resistance (Lacour et al., 2006). Such reduced polymyxin B 

resistance was successfully repeated in this experiment. Moreover, polymyxin resistance 

could be restored by transforming the plasmid carrying full-length etk gene into the etk 

knockout E. coli cells followed by proper (10mM) IPTG induction. 

As shown in Figure 3.20, when etk knockouts were rescued by full-length Etk and 

its mutants, differential resistance of polymyxin B was observed at a concentration of 

1.2mg/mL. Y574A, which removed the Y574 steric hindrance, as well as Y574E and 

R614K, which represent the constantly switched-on and wild-type-like P-Y574 and R614 

interaction respectively, showed high polymyxin B resistance. On the other hand, mutants 

with a compromised P-Y574-R614 switch (Y574F, Y574N, R614A) showed a low level 

of polymyxin B resistance. The above results support the conclusion that Y574 blocks the 

Etk active site and the interaction between P-Y574 and R614 is required for the activation 

of the kinase. Y574 is therefore the molecular switch of Etk (and Gram-negative BY 

kinases) autoactivation. 

Interestingly, the Y574E mutant, which should represent a kinase which is always 

active, did not show an elevated level of polymyxin resistance. Instead, a somewhat 

reduced resistance was observed (Figure 3.20). Therefore, the production of the 

protective capsular polysaccharide did not directly correspond to the autoactivation level 
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of the kinase. Indeed, when the C-terminal tyrosines of WzcCA were all mutated to 

glutamic acids, a large reduction in the production level of extracellular polysaccharide 

was observed (Obadia et al., 2006). The regulation of the polysaccharide export by BY 

kinases is further discussed in section 4.4. 

 

 

 

Figure 3.20 E. coli K12 W3110 etk knockout cells complemented with full-length Etk 
and its mutants treated with polymyxin B. 
 
(A) Wild type Etk and its mutants restored different levels of polymyxin resistance. (B) 
Western blot of the membrane fractions of various mutants prior to polymyxin B 
exposure was probed with anti-histidine-tag antibody. The recombinant mutants showed 
similar expression levels and stability as the wild type. RK� A represents a K478A, 
R479A and R481A triple mutant. 
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3.5.4 The rigidity of the active site 

The uniqueness of this PTK activation mechanism is particularly evident when 

contrasted with the activation mechanism of eukaryotic PTKs (section 1.4). In eukaryotic 

receptor tyrosine kinases (RTKs), an entire activation loop must first be displaced by as 

much as 10Å (through the phosphorylation of specific tyrosine residues) before kinase 

activity ensues (Cowan-Jacob, 2006) (Figure 3.15D). By comparison, the Etk 

conformational change following initial phosphorylation is much less profound. Two 

additional structural features that exert constraints on active site conformational changes 

account for the much simpler PTK activation mechanism here. 

First, Y574 is located at the start of helix F. Any significant main chain shift 

would result in the partial or even complete unwinding of helix F, which we did not 

detect in the circular dichroism spectra (Figure 3.21). Second, the main chain loop prior 

to Y574 is rigid (containing hydrogen-bonds to strand 3 and R614), well-defined in the 

electron density map and has a low temperature factor (Figure 3.10), unlike the activation 

loop in mammalian kinases. The lack of the main chain conformational change in Etk 

would not impede the access of substrate as long as the Y574 side chain is absent. As 

shown in Figure 3.15C, the substrate can readily approach the active site and cofactor 

from the protein surface, even though the active site is enclosed from the sides. The 

active site rigidity in Etk provides additional support for our novel PTK activation model. 

It is the localized nature of the conformational change – the rearrangement of a single 

side chain – that sets the bacterial PTK activation model apart from existing eukaryotic 

PTK models. 
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Figure 3.21 Circular dichroism spectra of Etk kinase domain. Dashed line: freshly 
purified Etk. Gray line: the same fraction after ATP and Mg2+ treatment. 
 



 

  100 

3.6 Studies of oligomerization states 

 

During BY kinase sample preparation, it was repeatedly noticed that the protein 

samples could assume multiple oligomerization states. These different oligomerization 

could be influenced by the level of phosphorylation of the kinase and a few other factors 

described below. 

 

3.6.1 Etk and Wzc kinase domain oligomerization 

During purification, both Etk and Wzc eluted as two major fractions (Figure 3.3). 

For Etk, the first (high M.W.) fraction remained stable over time; but the second 

(monomeric) fraction slowly transformed to the first fraction (Figure 3.22A). For Wzc, 

the second (monomeric) fraction transformed into the first (high M.W.) fraction when the 

buffer pH was raised from 7 to 11 (Figure 3.22B). 

The Etk kinase domain and its mutants were highly vulnerable to aggregation 

when dephosphorylated. The aggregation was likely caused by the strong hydrophobic 

attraction among the dephosphorylated tyrosine residues in the C-terminal Tyr cluster. 

Etk aggregation was easily observed not only at the bottom of the test tubes but also on 

SDS gels, as the dephosphorylated samples traveled farther than the phosphorylated 

samples (Figure 3.23A). On the other hand, when treated with ATP and Mg2+ the SDS 

gel protein band did not shift significantly, indicating that the untreated samples already 

had a high degree of phosphorylation (Figure 3.18) as they stayed soluble through the 

purification process. 
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The phosphorous content inside the two Etk fractions eluted from a size exclusion 

column was analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Not 

surprisingly, the phosphorous content of the high-M.W. (~1MD) fraction was lower than 

that of the monomeric fraction, with a ratio of ~4:7. The shift over time from the 

monomeric fraction to the high-M.W. fraction as shown in Figure 3.22A might be a result 

of the natural hydrolysis of phosphotyrosines in a high-pH (9.5) buffer. Such loss of 

phosphotyrosine was ultimately reflected in the absence of phosphotyrosine in the crystal 

structure of Etk. The hydrolysis of phosphotyrosine could also explain the aggregation of 

Wzc at an even higher-pH (11) CAPS buffer. 

Moreover, the aggregation of Etk by alkaline phosphatase dephosphorylation was 

monitored over time as a function of solution turbidity (Figure 3.23C). The rate of Etk 

aggregation was influenced by both Etk and alkaline phosphatase concentration.  
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Figure 3.22 Shift in Etk and Wzc oligomerization states by time and pH. 
 
(A) The two major Etk fractions (Peak 1: ~1MD, Peak 2: 34kDa) eluted from a size 
exclusion column were separated. Four days later, it was found that the high-M.W. 
fraction remained unchanged, while a small portion of the monomeric fraction has 
transformed into the high-M.W. fraction. (B) While Wzc also eluted in two major 
fractions at pH 7, only the high-M.W. fraction remained in the pH 11 CAPS buffer. 
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Figure 3.23 The status of Etk phosphorylation altered by alkaline phosphatase 
 
(A) SDS gels of the Etk wild type and mutants. Row 1: Etk wild-type high-M.W. fraction 
from size exclusion column; Row 2: Etk wild-type monomeric fraction; Row 3: Y574A 
mutant; Row 4: Y574G mutant; Row 5: Y574E mutant; Row 6: R614A mutant. Column 
B represents samples from column A incubated with alkaline phosphatase. Column C 
shows samples from column A treated with ATP and Mg2+. (B) ICP-MS showed that the 
high-M.W. fraction of Etk had a lower degree of phosphorylation than the monomeric 
fraction. The ratio of phosphorous content in this particular pair of sample was about 4:7. 
(C) Etk precipitation was induced by alkaline phosphatase (AP) dephosphorylation, and 
measured by O.D.360 to monitor turbidity over time. 
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3.6.2 Full-length Etk oligomerization 

When full-length Etk was subjected to a size exclusion column, three major 

oligomerization states were observed across distinct growth batches (Figure 3.24): a 

monomeric state (M.W. = 55-80kD, including partially degraded protein), a seemingly 

tetrameric state (M.W. �  300kDa) and a high-M.W. aggregated state (M.W. �  4MD). 

When the full-length Etk was treated with alkaline phosphatase, we observed no 

precipitation, but a large increase in the proportion of the high-M.W. aggregate state 

along with the reduction of the tetrameric and the monomeric states. On the contrary, the 

monomeric state was relatively favored when the protein sample was treated with ATP 

and Mg2+, although a significant amount of the high-M.W. state was still present. 

Interestingly, the untreated sample, which by inference had a medium degree of 

phosphorylation, had the highest proportion of the tetrameric state, the oligomerization 

observed in the cryo-EM structure of Wzc (Collins et al., 2006). 
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Figure 3.24 The balance of three different oligomerization state of full-length Etk is 
influenced by (de)phosphorylation. 
 
Size exclusion column elution profile of full-length Etk showed three oligomerization 
states at ~4000, ~300 and 55-80kD. Dephosphorylation of the protein sample favors the 
high M.W. aggregated state. On the contrary, a high phosphorylation state favors the 55-
80kDa monomeric state. The untreated sample, which by inference has a medium degree 
of phosphorylation, has the highest proportion of the ~300kDa (seemingly) tetrameric 
state. 
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3.6.3 Etk N-terminal domain oligomerization 

While Wzc was shown as a tetramer in its 14-Å cryo-EM structure, the 

intermolecular contact was observed solely within the N-terminal periplasmic domain, 

but not within the C-terminal cytoplasmic domain (Collins et al., 2006). Moreover, the 

Wzc-Wza complex cryo-EM structure demonstrated a direct association between the 

polysaccharide export channel Wza and the N-terminal domain of the protein tyrosine 

autokinase Wzc (Collins et al., 2007). In order to verify whether the Etk N-terminal 

domain alone was capable of forming the tetramer, the N-His10-Etk52-422 sample was 

studied by Analytical Ultracentrifugation (AUC) (Figure 3.25A). Three oligomerization 

states of Etk N-terminal domain were observed from the result of Ultracentrifugation: a 

monomeric 50kDa state, a 250kDa state, and a 430kDa state. The 250kDa species 

represented the majority of the sample. The clear presence of the 250kDa species 

indicated that Etk N-terminal domain alone was sufficient to form a higher 

oligomerization state, although its molecular weight was larger than that of a tetramer, 

180kD. 

In addition to AUC, chemical cross-linking was used to verify the oligomerization 

potential of the Etk N-terminal domain (Figure 3.25B-E). Out of the four chemical cross-

linking agents tested (cross-linking distance varied from 0 to 12Å), three demonstrated a 

dimer species, and in one case (DFDNB), a trimer species. Interestingly, cross-linking 

experiments also hinted at the existence of a ~250kDa species, similar to that seen with 

AUC. While the Etk N-terminal domain tetramer (180kD) could have appeared as a 

250kDa species in AUC and SDS-PAGE, it is possible that the pentamer conformation 
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was indeed produced by the Etk52-422 construct, which is only a partial construct of Etk. 

Nonetheless, from the results of both AUC and chemical cross-linking, it could be safely 

inferred that the Etk N-terminal domain alone was sufficient to form higher 

oligomerization states. 

 

3.7 Limited proteolysis of Etk 

 

Limited proteolysis was one of the strategies adopted in an attempt to improve 

Etk crystal quality. Proteases preferably digest the free-hanging random coils in solution 

due to the increased availability of the stretched loops, which hinders crystal packing. 

Among all proteases tested in this study, only chymotrypsin yielded meaningful 

digestion results for Etk, where a major 26kDa segment was detected over 17 hours of 

room-temperature incubation (Figure 3.26). The resulting segment was relatively stable 

in solution, and did not appear to be further digested after 48 hours of incubation. Whole-

mass mass spectrometry analysis was able to provide a more accurate mass estimation i.e. 

within 30-Daltons. Through a computer-aided search, only one possible Etk fragment 

(Phe488 - Tyr717) clearly matched the experimentally-determined molecular weight of 

25,260Da. As seen in the structure of Etk, these cleavage sites indeed occurred within the 

long-stretched loop regions of the kinase (Figure 3.10, Figure 3.13). 
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Figure 3.25 Ultracentrifugation and chemical cross-linking of Etk N-terminal domain. 
 
(A) Ultracentrifugation profile of N-His10-Etk52-422. Three species of 50kD, 250kDa and 
430kDa in size were separated. (B) N-His10-Etk52-422 (M.W. = 45kDa) cross-linked with 
BS3 (12Å cross-linking distance) showed an obvious dimer band on the SDS gel, and 
several ambiguous high-M.W. bands when the concentration of BS3 was increased to 
5mM. (C) N-His10-Etk52-422 cross-linked with EDC (0Å cross-linking distance) did not 
result in any oligomerization. (D) N-His10-Etk52-422 cross-linked with glutaraldehyde (5Å 
cross-linking distance) demonstrated a dimer band and two vague high-M.W. bands. (E) 
N-His10-Etk52-422 cross-linked with DFDNB (3Å cross-linking distance) showed a dimer 
band, a trimer band, and a seemingly pentamer band at 250kD. 
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Figure 3.26 Limited proteolysis of Wzc and Etk C-terminal constructs by chymotrypsin. 
 
The Etk protein sample (0.45mg/mL) was treated with chymotrypsin in a 20,000:1 
protein:protease weight ratio in 50mM Tris buffer pH8.5. After 17 hours, a secondary Etk 
band of ~26kDa (indicated by arrow) was detected on the SDS gel. Whole-mass mass 
spectrometry analysis provided useful insights into the identity of this segment.  
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3.8 Protein kinase and ATPase activity of Etk 

 

As Wzc was reported to phosphorylate UDP-glucose dehydrogenase (Ugd), which 

participates in the synthesis of the EPS colanic acid (Grangeasse et al., 2003), Etk and 

Wzc samples produced for this study was tested for their ability to phosphorylate Ugd. 

The results showed that while both Etk and Wzc demonstrated autokinase activity, only 

Etk was able to phosphorylate Ugd (Figure 3.27). At this stage it is unclear why our Wzc 

sample did not phosphorylate Ugd as reported in literature. 

Another newly reported function of Wzc is its ATPase activity (Soulat et al., 

2007). However, we detected very low level of ATPase activity in Etk and its mutants 

(2% activity of the positive control, AceK). Although the overall ATPase activity is 

minimal, certain mutant samples demonstrated significantly higher activity than others, 

and the general level of ATPase activity among mutants is similar to that of their kinase 

activity (Table 3.4). 

It is notable that the R572A mutant resulted in a high level (360%) of ATPase 

activity, while earlier it also demonstrated a high kinase activity comparable to 250% of 

wild type Etk. Further discussion of the possible roles played by R572 will be addressed 

in section 4.2.6. 
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Table 3.4 ATPase activity of Etk kinase domain and mutants 

Etk 
ATPase activity 
compared to wild type 

Wild type 100% 

Y574E 85% 

Y574F 0% 

Y574N 38% 

R614K 54% 

R572A 360% 

R572A 250% (Kinase activity) 
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Figure 3.27 Radioactive ATP (auto)kinase assay of Etk and Wzc. 
 

(A) Native and SeMet Wzc and Etk were incubated with Ugd. The kinase samples were 
analyzed alone, after addition of ATP and Mg2+, and after addition of ATP and alkaline 
phosphatase (AP). (B) The resulting autoradiograph and (C) the superimposed SDS gel 
and X-ray film. Radioactive signals corresponding to Wzc and Etk (both native and 
SeMet) were detected only when ATP was added. Ugd appeared to be phosphorylated by 
Etk. The SeMet Wzc band was split into two due to gel damage.  
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Chapter 4 – Discussion 

 

To our knowledge, the newly uncovered mechanism of activation – via 

conformational change of the side chain of a single Tyr residue in the active site – is the 

first amongst PTKs. 

Although Y574 is the molecular switch of Etk (and Gram-negative BY kinases) 

autoactivation, this residue is not conserved in Gram-positive BY kinases (Figure 3.13). 

A different BY kinase activation mechanism was speculated in Gram-positive bacteria to 

involve a separate membrane-binding protein, which is homologous to the N-terminal 

domain of the Gram-negative BY kinases (Mijakovic et al., 2003). In fact, the structure of 

CapB, a BY kinase homolog, was reported in the Gram-positive, infection-causing 

bacteria Staphylococcus aureus (Olivares-Illana et al., 2008) less than one month after 

our publication of the E. coli Etk structure (Lee et al., 2008). There exist many expected 

structural similarities between Etk and CapB as well as their non-tyrosine-kinase 

homologs. However, a few intriguing differences were found to have a profound impact 

on their enzymatic functions. 

 

4.1 Comparison of the overall structures of Etk and homologs 

 

The BY kinase family is regarded as part of the P-loop nucleotide-binding protein 

superfamily due to a common P-loop, which contains the catalytic Walker A motif, 

GXXXXGKT/S (Leipe et al., 2002). Indeed, high-resolution 3-D structures of proteins in 
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this P-loop superfamily all showed a conserved P-loop spatial arrangement, in which the 

P-loop is found right before a helix pointing perpendicularly into the center of the 

semicircular b-core (Figure 4.1). The Walker A’ and Walker B motifs, which contain the 

aspartic residues coordinating the Mg2+ ion, are found at the end of two adjacent b-

strands. The overall shape of the catalytic domain is similar among the BY kinases Etk 

and CapB (Olivares-Illana et al., 2008) as well as the ATPases MinD (Hayashi et al., 

2001) and Soj (Leonard et al., 2005). The bacterial Ser/Thr HPr kinase/phosphatase 

(Marquez et al., 2002), however, contains several b-strands which are unrelated to the 

semicircular b-core and constitute an entirely separate domain (Figure 4.1E). 

Not surprisingly, the structural fold common to the P-loop superfamily is distinct 

from that of the eukaryotic kinase superfamily, which shares no sequence homology with 

BY kinases and does not contain Walker motifs (Figure 4.1F). The catalytic site of the 

eukaryotic kinase superfamily is located between an a-helical domain and a b-strand 

domain (Figure 4.1F). 

As seen in Figure 4.1, it is evident that the structures of the newly published BY 

kinases Etk and CapB are not entirely novel. The structure of CapB was determined, in 

fact, by molecular replacement based on the MinD model (Olivares-Illana et al., 2008). 

However, the structures of Etk and CapB have revealed important features unique to 

bacterial Tyr kinases discussed in sections 4.2 and 4.3. 
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Figure 4.1 Overall structure comparison of BY kinases and homologs. 
 
High-resolution X-ray crystal structures of (A) Gram-negative BY kinase E. coli Etk 
kinase domain, PDB# 3CIO (Lee et al., 2008); (B) Gram-positive BY kinase S. aureus 
CapB fused with activator peptide from CapA, PDB# 2VED (Olivares-Illana et al., 2008); 
(C) P. furiosus cell division ATPase MinD, PDB# 1G3Q (Hayashi et al., 2001); (D) T. 
thermophilus chromosome segregation protein SoJ, PDB# 2BEK (Leonard et al., 2005); 
(E) S. xylosus HPr kinase/phosphatase, PDB# 1KO7 (Marquez et al., 2002); and (F) the 
tyrosine kinase domain of human insulin receptor, PDB# 1IRK (Hubbard et al., 1994). 
The b-strands are colored yellow. The catalytic residues (i.e. the Walker A, Walker A’ 
and Walker B motifs) are colored green. The kinase activation triggers are colored 
magenta. 
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4.2 Comparison of the active sites of Etk and homologs 

 

4.2.1 Walker A motif 

A close examination of the active sites of Etk and its homologs showed the 

conservation of almost all functional motifs (Figure 4.2). The a and b phosphates of 

soaked or co-crystallized ADP are hydrogen-bonded with the main-chain peptide of the 

P-loop (Etk D542 and G544) and the helix immediately downstream which points into 

the b-core (Etk T546). The adenosine ring of ADP is attracted to a hydrophobic region 

(discussed further in section 4.3), while the oxygen atom on the sugar ring binds to an 

arginine residue (Etk R672) conserved in Gram-negative BY kinases (Figure 3.13). The 

e-amino group of the catalytic, Walker A lysine residue (Etk K545) is associated with the 

ADP b-phosphate, and is in a position to interact with the ATP g-phosphate. Therefore, 

mutations of this lysine residue to methionine in past studies (as reviewed in Table 1.2) 

completely abolished the enzymatic activity. The binding of the negatively-charged 

phosphates of ADP is further strengthened by the positive dipole moment accumulated at 

the N-terminal end of the central helix. Although not involved in any hydrogen-bonds, 

the conserved glycine residue (Etk G544) of the Walker A motif likely caps the helix thus 

reserving space for the phosphate groups of ATP. Glycine is a well-known a-helix 

terminator at the N-terminal end (Serrano and Fersht, 1989). 
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Figure 4.2. Active site comparison of Etk and homologs. 

 
A common arrangement of catalytic residues was observed in the active sites of (A) E. 
coli Etk (Lee et al., 2008); (B) S. aureus CapB fused with activator peptide from CapA 
(Olivares-Illana et al., 2008); (C) E. coli Wzc modeled after Etk (different residues are 
colored based on their element, while identical residues are colored blue); (D) P. furiosus 
ATPase MinD (Hayashi et al., 2001); and (E) S. xylosus HPr kinase/phosphatase 
(Marquez et al., 2002).  
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Immediately adjacent to the catalytic lysine, the side chain of the conserved 

serine/threonine residue (Etk T546) is hydrogen-bonded to an aspartic acid residue from 

the Walker A’ motif, the Mg2+ cation, the ADP b-phosphate, and potentially the ATP g-

phosphate. Therefore, it is likely that a polar residue is preferred at this position, with an 

adequate side chain length for interaction with Mg2+ and the ATP g-phosphate. 

 

4.2.2 Walker A’ motif 

The three aspartic acid residues of the Walker A’ (Etk D567 and D569) and 

Walker B (D647) motifs also occupy a conserved spatial location across BY kinase 

homologs (Figure 4.2). These negatively-charged side chains were thought to trap the 

Mg2+ ion, which stabilizes the transitional substrate-ATP complex (van der Wolk et al., 

1995). However, crystal structures surprisingly show no direct interaction between the 

Mg2+ and these aspartic acid residues. Rather, the negatively-charged side chains and the 

cation are intermediated by water molecules. As the Mg2+ is also found at the same 

location in the MinD structure with the ATP analogue AMP-PCP (Hayashi et al., 2001), 

it is likely that Mg2+ binds to water molecules, which are in turn stabilized by the Walker 

A’ and Walker B Asp residues. 

As seen in Figure 4.3A, in the structure of the inactive K55M mutant of CapB 

(Olivares-Illana et al., 2008) the hydroxyl group of Y225 was found in the active site of 

its neighboring molecule, acting as the potential peptide substrate. This hydroxyl group is 

stabilized by the side chain of D79, the second aspartic acid residue in the Walker A’ 

motif. In kinase reactions, the second aspartic acid in the Walker A’ motif (Etk D569) 
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therefore functions as the catalytic base, and the nucleophilic attack is carried out by a 

lone pair electrons of this hydroxyl group oxygen atom of the substrate side chain 

(Admiraal et al., 1999). In ATPase reactions, however, this role is fulfilled by the oxygen 

atom on a water molecule (Hayashi et al., 2001). Since the spatial orientation of CapB 

D79, Etk D569 (Figure 4.3B) and its equivalent D40 in MinD are highly similar, it is 

expected that in ATPases the nucleophilic water molecule occupies a location equivalent 

to that of the hydroxyl group of the peptide substrate in BY kinases. Indeed, such a water 

molecule was reported in the structure of MinD as shown in Figure 4.3C (Hayashi et al., 

2001). In addition, the nucleophile-binding Asp residue (Etk D569) was shown to be 

required for correct protein folding, as its mutation to leucine prevented folding 

maturation (Cui et al., 2001). 
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Figure 4.3 The binding of the nucleophiles in BY kinases and ATPase MinD. 
 

(A) In the CapB K55M mutant (Olivares-Illana et al., 2008), the hydroxyl group of Y225 
from the neighboring molecule is the nucleophile for kinase activity. This hydroxyl group 
is stabilized by D79 of the Walker A’ motif. The two proline residues, P159 and P160, 
uphold the space required for substrate binding. (B) These two proline residues, as well 
as the Walker A’ motif aspartic residue are conserved in Etk (shown here) and other BY 
kinases. (C) In MinD (Hayashi et al., 2001), the nucleophilic water molecule is 
coordinated not only by D40 of the Walker A’ motif, but also by the peptidyl amide 
group of A121 (white arrow), making it ready to attack the g-phosphate of ATP. 
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4.2.3 Stabilization of the nucleophile 

An interesting difference arises while comparing the nucleophile stabilization 

mechanism of MinD with that of BY kinases. In the structure of MinD complexed with 

AMPPCP (Hayashi et al., 2001), the nucleophilic water molecule was observed to be 

coordinated by two structural features of the enzyme: (1) the side chain of D40 of the 

Walker A’ motif and (2) the peptidyl amide group of A121 (Figure 4.3C). In the CapB 

structure, however, the nucleophilic hydroxyl group was coordinated only by the side 

chain of D79 (Figure 4.3A). The MinD A121-equivalents in CapB and other BY kinases 

are replaced by a proline residue (Etk P670, Figure 4.3A-B), which is conserved in nearly 

all BY kinases (Figure 3.13). Therefore, in BY kinases it would be more difficult to 

harbor the same nucleophilic water molecule at this location, as seen in the absence of 

such water in both wild type CapB and Etk structures (Lee et al., 2008; Olivares-Illana et 

al., 2008). 

Moreover, CapB P160, Etk P670 and their equivalents in other BY kinases are 

part of the conserved back-to-back proline residues (Figure 3.13). This structural feature 

likely increases the rigidity of the coil region, and reserves the space required for 

substrate peptide binding. Indeed, in the structure of the CapB K55M mutant (Olivares-

Illana et al., 2008), the dephosphorylated C-terminal Y225 was found adjacent to residues 

P159 and P160 of the neighboring molecule (Figure 4.3A). This previously unreported 

structural difference between BY kinases and MinD may be another important factor that 

differentiates CapB and Etk from ATPases. The lack of this amide group in BY kinases 
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may also explain their weak ATPase activity of Etk (section 3.8) and YwqD (Mijakovic 

et al., 2003). 

It is intriguing that although the lack of back-to-back proline residues is generally 

true in all ATPases, in T. thermophilus ATPase Soj, a proline residue again replaces the 

MinD alanine. No nucleophilic water molecule was found in Soj, despite the high 

resolution (1.6Å) of the Soj structure (Leonard et al., 2005). 

 

4.2.4 Walker B motif 

Surprisingly, the HPr kinase/phosphatase lacks the Walker B motif aspartic acid 

(Etk D647 equivalent) but is still an active protein (Ser) kinase (Marquez et al., 2002). 

Therefore, it is likely that the role(s) played by the Walker B Asp residue in other BY 

kinases could be performed by the two Asp residues of the Walker A’ motif or other 

structural features of HPr kinase/phosphatase. 

 

4.2.5 Y574-R614 interaction 

As seen in Figure 3.13, the active-site-blocking tyrosine residue (Etk Y574) only 

exists in Gram-negative BY kinases; in other homologs Y574 is replaced by residues 

with smaller side chains (T84 in CapB, N45 in MinD, and no such residue exists in HPr 

kinase/phosphatase). Two exceptions of the Y574-R614 interaction have been found 

among BY kinases in Gram-negative bacteria. Ralstonia solanacearum EspB, although 

containing the autoactivation tyrosine residue (Etk Y574), does not possess the equivalent 

Etk R614 residue. However, within the same positively-charged region (N583, R614 and 
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Q616 in Etk, Figure 3.11C) in R. solanacearum EspB, the residue equivalent to Etk N583 

is a lysine preceded by an arginine (Figure 3.13). In the second exception, nitrogen-fixing 

proteobacteria Sinorhizobium meliloti ExoP, glycine is in the position equivalent to Etk 

Y574 (Figure 3.13), which results in no steric hindrance equivalent to the constitutively 

active Y574G mutant of Etk (Table 3.3). There is no positively-charged residue 

equivalent to R614, N583 or Q616 in ExoP either. 

 

4.2.6 Etk R572 vs. Wzc K567 

 The comparison between E. coli Etk and a modeled and energy-minimized E. coli 

WzcCA active site also revealed useful information (Figure 4.2C). Only five hypothetical 

mutations would be needed to convert the active site of Wzc to that of Etk. While S537D, 

I538S, C563A, and E572N do not alter any important active site interactions, K567R 

(R572), located just outside of the binding pocket, prompts further investigation. In the 

CapB structure, the equivalent lysine residue was observed to be in the vicinity of the 

substrate-imitating C-terminal Tyr cluster of a neighboring molecule. If such a residue is 

involved in substrate binding, lysine and arginine are likely to be functionally equivalent 

at this position. Interestingly, it was noticed that mutation of this arginine residue in Etk 

(R572) to alanine resulted in a 150% increase of kinase activity and a 260% increase in 

ATPase activity (section 3.8). Moreover, sequence alignment analysis (Fig. 3.13) showed 

that this R/K residue is conserved in all Gram-negative BY kinases and in some Gram-

positive BY kinases, but not in MinD ATPases. It is possible that the R572A mutation 

removed the steric hindrance imposed on the potential peptide substrate, or allowed an 
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easier dissociation of the phosphorylated substrate. However, it is unclear why the 

ATPase activity of Etk was also affected, and why MinD and other ATPases do not 

contain an arginine or lysine residue at this position.  

 

4.2.7 Tyrosine kinase vs. serine/threonine kinase 

The comparison of bacterial Tyr kinase Etk with bacterial Ser kinase HPr 

kinase/phosphatase also provided insights into substrate specificity. First, our mass 

spectrometry results (Figure 3.17, Figure 3.18) showed that all eight possible 

phosphorylation sites on Etk occurred on Tyr residues. Also, there has been no Ser/Thr 

kinase activity reported for Etk. If Etk is indeed specific for tyrosine, it is likely to be due 

to its deep catalytic pocket at the site of phosphoryl transfer which would not be readily 

accessible to a Ser/Thr side chain. As shown in Figure 4.4, in the Tyr kinase Etk, the 

catalytic lysine residue, K545, and the aspartic residue responsible for substrate hydroxyl 

group binding, D569, are located much farther away from the protein surface than the 

equivalent residues (K157 and D175) in HPr kinase/phosphatase, a Ser kinase. In 

addition, the b-phosphate (and potentially the g-phosphate) in the Etk structure is not 

located close the protein surface as seen with the (b-)phosphate in the HPr 

kinase/phosphates structure. 

To verify the above reasoning, the substrate Tyr residue in the modeled complex 

(Figure 3.15C) was replaced with a Ser residue, and ADP replaced with ATP. The 

distance between the Ser side chain oxygen and ATP � -phosphorous was 4.5Å. This 
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distance is too long for the kinase reaction to take place, in comparison with that between 

the Tyr side chain oxygen and ATP � -phosphorous at ~2.5 Å. 

 

 
Figure 4.4 Cross-sectional views of the catalytic center of bacterial kinases. 

 
The structural basis of bacterial kinase substrate specificity is revealed by cross-sectional 
examination of the enzymes’ catalytic centers of (A) E. coli Etk, which is specific for 
tyrosine and (B) S. xylosus HPr kinase/phosphatase (Leonard et al., 2005), which is 
specific for serine. The distance between the protein surface and the catalytic residues 
(Etk K545 and D569; HPr kinase/phosphatase K157 and D175), is significantly greater in 
a tyrosine kinase (Etk) than in a serine kinase (HPr kinase/phosphatase). The b-phosphate 
of ADP in the Etk structure (black arrow) was also buried deeper than the equivalent 
phosphate (white arrow) found in the HPr kinase structure. 
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4.3 Comparing the activation mechanisms of BY kinases 

 

The timely publication of the first structure of a Gram-positive BY kinase, S. 

aureus CapB (Olivares-Illana et al., 2008) not only confirmed the similarity of BY 

kinases, but also raised further insights into its own unique activation mechanism when 

active sites from both kinases are compared. The activation peptide of CapA197-222, fused 

directly before the N-terminus of CapB, was seen in the active site shaping one side of 

the binding pocket (Figure 4.5A). Although no hydrogen-bonding between the activation 

peptide and the ADP cofactor was observed, the authors claimed that a key phenylalanine 

residue, F221, was important for ADP adenosine ring binding. The authors also reported 

that the F221A mutation resulted in a largely reduced autokinase activity, possibly due to 

low affinity of the CapA-B complex for ATP (Olivares-Illana et al., 2008). 

While F221 is not conserved among Gram-positive bacterial Tyr kinases, a 

hydrophobic residue is generally found at this location (Olivares-Illana et al., 2008). 

Surprisingly, when the structure of fused CapA-B is superimposed onto Etk, the 

backbone of the CapA197-222 activation peptide almost completely overlaps with the N-

terminal section of Etk452-474. Sequence comparison reveals a closely matched 11-residue 

section conserved in all BY kinases, making up a short a-helix followed by a b-strand. 

This b-strand (strand 1 in Figure 3.10) forms the edge of the central, semicircular b-core. 

Such an alignment between Etk kinase and the CapA activator is rationalized by 

the fact that, in Gram-positive bacteria, the gene encoding the activator protein (capA) is 

located directly upstream of the Tyr kinase (capB) gene. As the N-terminal domain of Etk 
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is homologous to CapA, the Gram-negative tyrosine kinase gene (wzc or etk) is 

equivalent to the fusion of capA and capB. 

As seen in the alignment of the CapA-B and Etk active sites (Figure 4.5B), CapA 

F221 is substituted by S473 in Etk. Since serine is not a hydrophobic residue and ADP 

was featured in the Etk active site, the F221 residue of CapA does not seem to be 

required for the binding of the adenosine ring of ADP/ATP. However, under a closer 

investigation, a phenylalanine residue in Etk, F547, was brought into light. The distance 

between F221CapA and the ADPCapB adenosine ring is 3.2Å, while the distance between 

F547Etk and the ADPEtk adenosine ring is 3.5Å (Figure 4.5B). Therefore, if F221CapA does 

promote nucleotide binding, so would F547Etk. While F547Etk is conserved among all 

Gram-negative BY kinases as an immediate extension of the GKTF Walker A motif, in 

Gram-positive BY kinase this residue is replaced by a threonine (Figure 3.13). 

Based on the above structural comparison, it is very likely that F547Etk and its 

equivalent in other Gram-negative kinases are functionally equivalent to F221CapA and its 

equivalent in other Gram-positive BY kinases. Both residues promote the binding of the 

adenosine ring through a hydrophobic attraction at distance of 3.2-3.5Å. Interestingly, in 

Gram-positive BY kinases this phenylalanine residue is attributed to an external peptide 

that activates the kinase, whereas in Gram-negative BY kinases the residue exists on a 

separate structural motif within its own sequence. It is possible that a separate activation 

mechanism by Tyr574 was evolved to “compensate” for the lack of such kinase activity 

control in Gram-negative BY kinases. 
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Figure 4.5 Overlapping Etk and CapB validated the activation theory of CapB. 
 
The Gram-positive BY kinase S. aureus CapB is activated by the binding of an activation 
peptide, which is fused to the N-terminus of CapB and shapes the left side of the binding 
pocket (Olivares-Illana et al., 2008). (A) This peptide (pink) lies in an almost identical 
location to an N-terminal segment of Etk kinase domain (green). (B) The proposed key 
residue F221 in CapA is seen as S473 in Etk. The adenosine-binding function of F221 in 
CapA-B complex is likely to be served by F547 in Etk. These two phenylalanine residues 
share a similar distance to the adenosine ring (3.2Å for F221CapA, 3.5Å for F547Etk). 
Moreover, both Phe residues are conserved within their own Gram-staining type, but 
replaced by another non-hydrophobic residue in the opposite type. 
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4.4 Functional implications in polysaccharide export regulation 

 

As the activation mechanisms of BY kinases have been elucidated, the focus of 

research will be shifted to what happens next: what does the activation of BY kinase do? 

Various studies have shown that it is the overall phosphorylation status of the C-terminal 

Tyr cluster, rather than the phosphorylation of any specific tyrosine residue, that regulates 

the export of capsular and extracellular polysaccharides (Morona et al., 2000; Obadia et 

al., 2006; Paiment et al., 2002). As summarized in Table 1.2, both completely 

dephosphorylated (or Phe-substituted) and completely phosphorylated (or Glu-substituted) 

Tyr clusters reduced or abolished CPS/EPS production. Therefore, it has been speculated 

that the BY kinase needs to cycle between phosphorylated and non-phosphorylated forms 

for CPS production (Obadia et al., 2006; Whitfield and Paiment, 2003; Wugeditsch et al., 

2001). The newly published structures and experimental observations of Etk and CapB 

have provided important clues of how such “cycling” is possible – in other words, how 

the phosphorylation status of the Tyr cluster could impact CPS/EPS export. 

 

4.4.1 Dephosphorylation leads to high oligomerization state of Etk 

As mentioned in Section 3.6.1, during the preparation of Etk samples, it was 

noticed that the phosphorylation status of Etk directly influenced its oligomerization state. 

When Etk samples were treated with alkaline phosphatase, the protein precipitated 

immediately and irreversibly; this process was monitored quantitatively to show time- 

and concentration-dependent aggregation of Etk (Figure 3.23C). Freshly purified, soluble 
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Etk typically eluted in two fractions from a size exclusion column. The first peak had a 

molecular weight of ~ 1 million Dalton, while the second peak had a molecular weight 

corresponding to a monomer (34kD) (Figure 3.22A). Both MALDI and ICP mass 

spectrometry showed that the first fraction had a lower degree of phosphorylation than 

the second fraction, specifically on the C-terminal Tyr-cluster (Figure 3.18A-B, Figure 

3.23B). Therefore, reducing the phosphorylation state of the Tyr-cluster certainly leads to 

Etk aggregation, most likely due to the concentration of relatively hydrophobic 

dephosphorylated tyrosine residues10 at the C-terminus. 

Therefore, we anticipate that full-length Etk would experience similarly strong 

hydrophobic interactions in a dephosphorylated state. The resulting aggregation may 

severely disrupt its default tetrameric complex as described by the cryo-EM structure 

(Collins et al., 2006). Indeed, such disruption was observed experimentally as described 

in section 3.6.2 (Figure 3.24) – the dephosphorylation full-length Etk led to the 

disappearance of the tetrameric species, but the formation of the high-M.W. (4MD) 

species. Since the tetrameric conformation of Etk (Wzc) was again seen in its complex 

with the CPS export channel protein as revealed by cryo-EM (Collins et al., 2007), a low 

phosphorylation state of Etk almost certainly disrupts the kinase-channel complex. 

 

                                                   
10 In terms of protein folding, tyrosine is considered slightly hydrophobic, and is usually found in the 

hydrophobic core of proteins (M.J.Betts and R.B.Russell, 2003). 
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4.4.2 Identification of the RK cluster 

On the other hand, the above experimental evidences also suggested that, when 

fully phosphorylated, the Etk kinase domain clearly favors the monomeric state in vitro, 

possibly because it lacks the N-terminal, periplasmic domain that provides the tetrameric 

contact previously shown. 

While taking a closer look of the Etk kinase domain structure, we observed a 

positively-charged loop region (residues 478 to 497) which contains a total of nine 

arginine and lysine residues. This RK cluster is conserved across all Gram-negative 

Etk/Wzc tyrosine kinases (Figure 3.13). Interestingly, the RK cluster was found in close 

proximity to the C-terminal Y cluster (Figure 4.6) when the Etk kinase domain structure 

was modeled into the “molar tooth” contour of the cyro-EM Wzc tetramer (Collins et al., 

2006). Upon full phosphorylation of Etk, it is our conjecture that the resulting 

concentration of negative charges on the phosphorylated Y cluster will provide strong 

attractive forces to the RK cluster of an adjacent Etk molecule. This attraction will likely 

disrupt the tetrameric conformation of Etk in its kinase-channel complex, thereby 

affecting the CPS export machinery. Indeed, in full-length Etk the tetrameric species was 

seen converted to the other oligomerization states when the protein sample was treated 

with ATP and Mg2+ (Figure 3.24). Moreover, the mutant in which the first three basic 

residues of the RK cluster were replaced by alanine (K478A, R479A and R481A) could 

not restore polymyxin B resistance in Detk cells (Figure 3.20). 

Taking the above observations and inferences into account, both complete 

dephosphorylation and full phosphorylation of the Etk C-terminal Y cluster would make 
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a negative impact on the physiologically-significant tetrameric conformation of the 

kinase. Published evidence (Table 1.2) also suggested that an intermediate number of 

phosphorylation sites on the Tyr cluster is required for normal CPS assembly 

(Drummelsmith and Whitfield, 1999; Paiment et al., 2002; Wugeditsch et al., 2001). Such 

structural influences by changes in phosphorylation state very likely outline the 

regulatory mechanism of the polysaccharide export (Figure 4.7A). 
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Figure 4.6 Modeling the Etk kinase domain into the Wzc cryo-EM structure. 
 
(A) The Etk kinase domain structure fits well into the Wzc tetramer (Collins et al., 2006). 
(B) (Bottom view) The RK cluster lies opposite to the C-terminal Tyr cluster of an 
adjacent molecule. 
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Figure 4.7 Different BY kinase oligomerization states driven by the changes in the 
phosphorylation status of their C-terminal Y-cluster. 
 
(A) (Top) Both a high and a low level of phosphorylation of the C-terminal Y-cluster 
disrupts the tetramer conformation of Gram-negative BY kinase Etk. (Bottom) In Gram-
positive BY kinase CapB, the dephosphorylation of the Y-cluster drives octamer 
formation by attaching the dephosphorylated Y-cluster to the active site of a neighboring 
molecule. Such changes in oligomerization states of BY kinases could be the regulatory 
machinery driving CPS/EPS export. For example, the (B) the complex between 
tetrameric Wzc and octameric Wza revealed by cryo-EM (Collins et al., 2007) likely 
involves the (C) negatively-charged (left, colored red) bottom surface of the Wza 
octamer. The misalignment of the disrupted Wzc tetramer conformation could result in 
the dissociation of the oligomer complex and the closure of the export channel Wza as 
seen in the crystal structure of Wza alone (right) (Dong et al., 2006). 
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4.4.3 CapB octamer formation 

In contrast with Gram-negative BY kinases, neither a strong hydrophobic 

attraction between dephosphorylated Tyr-clusters nor a RK cluster was reported in Gram-

positive BY kinase. However, the phosphorylation status of the C-terminal Tyr cluster 

also caused a change in the oligomerization state as revealed by the CapB structure 

(Olivares-Illana et al., 2008). Although the wild type CapB kinase appeared as a 

monomer in crystal packing, the inactive K55M mutant exhibited an octamer ring 

conformation, 120Å in diameter, where the dephosphorylated C-terminal Tyr cluster was 

observed to associate with the active site of a neighboring molecule (Olivares-Illana et al., 

2008).  

While such an octameric conformation could be artifactual to crystal packing in 

the I4 space group, the active CapA-B kinase packed in a different crystal space group, 

P1. The additional molecular contacts provided by the dephosphorylated Tyr clusters 

possibly enabled the formation of the higher-ordered oligomeric state. Upon 

phosphorylation of the Tyr cluster, the weakened association between CapB monomers 

might cause the dissociation, or an alternative conformation of the octamer (Olivares-

Illana et al., 2008), as illustrated in Figure 4.7A. 
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4.4.4 Regulation of CPS/EPS export 

The change in BY kinase oligomerization state may be directly linked to 

CPS/EPS export. For example, the tetrameric Gram-negative BY kinase is associated 

with the octameric export channel as revealed by the cryo-EM structure (Figure 4.7B) 

(Collins et al., 2007). Interestingly, strong negative charges are observed at the bottom 

surface of the Wza octamer (Figure 4.7C), suggesting that the Wza-Wzc complex is 

formed via salt bridges. Disruption of the kinase tetramer is likely to interfere with such 

tetramer-octamer complex formation, followed by the closure or deformation of the 

export channel. Indeed, when Wza was crystallized alone, the export channel was 

observed in its closed conformation (Dong et al., 2006), with its periplasmic exit blocked 

by tyrosine residues contributed by each of its eight monomers (Figure 4.7C). This would 

explain the loss of CPS/EPS production at very low or very high phosphorylation states 

of the Tyr cluster in Gram-negative BY kinases. 

Moreover, since the average molecular weight of polysaccharide is also affected 

by the phosphorylation status of the Tyr cluster, the association and dissociation of the 

BY kinase oligomers must play a role more subtle than simply allowing the passage of 

polysaccharides through its middle channel. It is possible that such changes in 

oligomerization state also directly or indirectly affect the function of Wzy polymerase. 

It is exciting that the almost simultaneous publication of the first bacterial Tyr 

kinase structures (Lee et al., 2008; Olivares-Illana et al., 2008) revealed a number of 

important structural and functional clues. Combining such information from both studies 

have provided particularly useful inferences in the activation mechanisms and cellular 
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functions of BY kinases. Moreover, certain insights of convergent evolution, such as the 

conserved hydrophobic residue (CapA F221 and Etk F547) in adenosine ring 

coordination, as well as the change in oligomerization state caused by changes in 

phosphorylation status of the Tyr-cluster, would only become obvious by analyzing the 

structural and functional information from both Etk and CapB. Intriguingly, Gram-

positive and Gram-negative BY kinases have evolved very different structural machinery 

to accomplish the same activation and regulatory functions. 

Certainly, additional structural studies are required in order to verify the effect of 

Tyr-cluster phosphorylation on the oligomerization state of BY kinases, and explore how 

the cycling between different oligomerization states affects the production and passage of 

the polysaccharides. The ultimate resolution of the CPS/EPS export regulation 

mechanism would rely on determining the exact relationship between the changes in the 

kinase-channel complex and the entire multi-component machinery. 
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4.5 Challenges encountered in this study 

 

4.5.1 Challenges in Etk crystallization 

After determining the Etk structure in its dephosphorylated form, we spent over 

two years to elucidate the structure of phosphorylated Etk, in which P-Y574 would be in 

the open/active conformation. Unfortunately, both co-crystallization with ATP/Mg2+ and 

soaking existing apo-crystals with high concentrations of ATP cocktails resulted in 

structures still showing Y574 in its dephosphorylated state. Crystallization of the Y574E 

mutant was unsuccessful as well. Since in the crystal packing of Etk the spatial location 

for the potential P-Y574/Y574E is occupied by the C-terminal Y715 of an adjacent 

molecule (Figure 3.12B), it is possible that successful crystallization of the alternative P-

Y574 conformation is theoretically unachievable. Likewise, the phosphorylated P-Tyrs 

on the C-terminal tail might make the molecule too flexible to be packed into an Etk 

crystal. 

From mass spectrometric analyses of the whole protein masses, initial samples of 

the Etk kinase domain exhibited up to eight phosphate groups per molecule (Figure 3.17), 

where the phosphorylation occurred on Y574 and the C-terminal Tyr cluster: Y711, Y713, 

Y715, Y717, Y718, Y720 and Y722 (Figure 3.18). However, it is intriguing that in the 

crystal structure, no phosphotyrosines were observed on the C-terminal Y-cluster and 

Y574. As previously discussed in Section 3.6.1, the high pH (9.5) of the buffer and long 

incubation time for crystallization (1~2 month) might have led to the loss of phosphate 

groups through non-specific hydrolysis. However, when Etk samples were treated with 



 

  139 

alkaline phosphatase, as they were dephosphorylated in the crystal structure, the protein 

precipitated immediately and irreversibly, and could not be used for crystallization trials. 

Therefore, the solubilization of Etk requires the aid of phosphorylation at the highly 

hydrophobic C-terminal tail, and subsequently, gradual and steady dephosphorylation 

may act to concurrently decrease protein solubility and facilitate the growth of Etk 

protein crystal. This inference is also supported by the observation that the Etk crystal 

grew from the initial precipitation in the crystallization drops. The initial aggregation was 

likely formed by the less-phosphorylated species in the protein sample, and it is exactly 

these species which slowly dissolved and contributed to the future protein crystal. 

 

4.5.2 Overcoming anisotropic crystal packing 

After the initial diffraction-quality (up to 2.5Å) Etk crystal was tested on the X-

ray machine, two years and numerous synchrotron data collection trips were spent to 

finally obtain a successful dataset. Besides significant difficulty in reproducing the 

protein production suitable for Etk crystal growth, data processing was constantly 

plagued by problems with indexing due to multiple crystal sheet stacking and pattern 

ambiguity. Moreover, data quality was severely hindered by crystal packing anisotropy 

(section 3.3). 

The common underlying cause of such problems is revealed by the Etk structure 

shown together with symmetrically related molecules (Figure 4.8). A 10-Å gap is easily 

observable in between layers of Etk molecules. As the crystal could not have grown with 

such a gap, the empty space must be occupied by the highly disordered residues missing 
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from the final model. These residues include the N-terminal His-tag and linker (20 

residues in total), RK-cluster residues 480-490 and the C-terminal Tyr cluster 718-726. 

While all of the above regions are predicted to be random coils by secondary structure 

prediction programs, a certain repeated packing pattern must exist for structural 

determination. 

Such difficulty in crystal packing is well-reflected in the shape of the Etk crystals, 

which are very thin plates that easily dissociate into thinner plates. As the loosely-packed 

“gaps” produce a high degree of disorder along the axis perpendicular to the gap plane, 

the crystal has the slowest growth along this axis. Therefore, when the X-ray beam passes 

perpendicularly through the plate crystal, a high degree of randomness in crystal packing 

causes the observed anisotropic problem shown in Figure 3.9B. As a result, it was 

difficult to collect a complete dataset for structural determination of Etk. 

This anisotropic problem could not be resolved by conventional data collection 

stations, where only the loop-axis (f or w11) rotation is available. The plate crystal 

invariably lies parallel to the plane of the loop due to surface tension. Therefore, when 

the crystal only rotates along the loop axis, at a certain f angle the X-ray bean inevitably 

passes perpendicularly through the loop plane as well as the plate crystal, causing large 

deterioration in spot quality. 

There are two common solutions to this problem. First, the experimenter could 

bend the loop by ~50º. However, such bending might not be maintained through flash-

freezing in liquid nitrogen. In addition, the bent loop is usually curved; hence the thin 
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plate crystal within the loop will be slightly distorted, which would further damage data 

quality. A second, better solution is to collect the data with a k-rotational angle, at 

roughly 45° to the �  axis. In this case the X-ray beam will not pass through the 

anisotropic axis. The X-29 beamline at the NSLS, BNL, where the successful Etk 

selenomethionine dataset was collected, provides such a k-rotation option (Figure 4.9). 

 

 

Figure 4.8 Highly disordered region between layers of Etk molecule in the crystal. 
 
When symmetry-related molecules of Etk are displayed, a ~10Å gap between layers of 
molecule became obvious. Such a gap is presumably filled by the highly disordered 
residues missing from the final protein model: N-terminal His-tag and linker (20 residues 
in total), RK-cluster residues 480-490, and the C-terminal Tyr cluster 718-726. 
 

 

                                                                                                                                                       
11 When k = 0º, the w rotational axis is identical to the f  axis. 
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Figure 4.9 The k- angle rotation device at the X-29 beamline at NSLS, BNL. 

 
Beamlines that allow k-angle rotation are very useful for plate crystal data collection, as 
they allow the X-ray beam to avoid the most anisotropic plane, which is perpendicular to 
the shortest dimension of the plate crystal. 
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4.6 Future directions 

 

The determination of the high-resolution structure of the Etk kinase domain, as 

well as the in-depth discussion in this chapter, have opened the door for many practical 

studies to extend our understanding of BY kinases and investigate their exact role in 

CPS/EPS export regulation. In the future we would like to pursue both structural and 

functional studies as outlined below. 

 

4.6.1 Structural studies of Etk kinase domain 

Given the intermolecular packing surface revealed by the Etk structure (Figure 

3.12), we could strategically remove flexible loop regions associated with poor electron 

density, such as the RK cluster residues 480-490, in future constructs to facilitate better 

crystal packing, improve crystal quality and reduce lengthy crystallization time. This 

might allow us to capture the phosphorylated conformation of Y574 and Tyr cluster. 

Comparing the structures of dephosphorylated with phosphorylated Etk may better 

explain its regulatory role in CPS/EPS export and other cellular functions, and expose 

other previously unidentified, yet important structural features. 

In addition, we would like to explore the possibility of co-crystallizing O-antigen-

like polysaccharides with Etk kinase domain or full-length Etk, which may reveal the 

sequence and structural features responsible for the regulation mechanism of CPS/EPS 

transport.  
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4.6.2 Functional studies of Etk kinase domain 

Due to the limited availability of external substrates, the kinase activity studies 

performed thus far on Etk and its homologs only measured autokinase activity. Such 

activity measurement was more qualitative than quantitative, and the result was biased by 

the initial phosphorylation state of the protein sample (which could not be 

dephosphorylated first due to irreversible precipitation). Our three separate attempts at 

finding a suitable external substrate — Ugd, a poly (Glu:Tyr) peptide and a C-terminal-

like peptide — have been unsuccessful so far. Our next step will be to express the 

inactive K545M mutant of Etk, which does not exhibit any kinase activity but still has an 

intact C-terminal Tyr cluster for intermolecular phosphorylation. The solubility of this 

mutant could be promoted by removing part of the C-terminal Tyr and other hydrophobic 

residues in order to prevent precipitation even when fully dephosphorylated. The inactive 

Etk substrate will be phosphorylated by a truncated version of Etk kinase, engineered to 

lack a C-terminal Tyr cluster. This quantitative kinetic study will accurately illustrate the 

catalytic roles of active site residues and further quantify the substrate specificity of Etk. 

We would also like to extend the mutagenic study of the RK cluster in order to 

identify the Arg and/or Lys residues required for association with the phosphorylated C-

terminal Tyr residues. Previous studies have shown that it is the extent of 

phosphorylation of the Tyr cluster that influences the export of polysaccharides and, 

hence, antibiotic resistance. Therefore, the function of the RK cluster might be due to the 

overall positive charge, instead of the presence of any specific Arg or Lys residue. 
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Subsequent mutagenic studies would include the fourth to sixth and the seventh to ninth 

arginine and lysine residues in the cluster. Point mutations of specific residues in the trio 

will be performed once functionally-important trios are identified by the antibiotic 

resistance assay. In parallel, a construct without the RK cluster, and constructs with the 

partial RK cluster will be made to investigate the impact of the positive charge status of 

the cluster. 

Besides the antibiotic resistance assay, we would like to also establish other 

means of functional assessment. For example, transmission electron microscopy (TEM) 

visualization of the surface polysaccharide phenotype has been performed in the literature 

(Reid and Whitfield, 2005). Gel electrophoresis has also been utilized the assess the 

molecular weight of exported polysaccharide (Obadia et al., 2006). Western blot using 

anti-phosphotyrosine antibody could be used to verify the level of phosphorylation 

present in protein samples. 

 

 

4.6.3 Protein-substrate interaction studies 

As Etk has been implicated to have a role in pathways other than CPS/EPS 

transport, we would also like to expand our scope of interests to protein substrates of Etk. 

RpoH and RseA, which are phosphorylated specifically by Etk but not Wzc, are sigma 

factors controlling the expression of heat shock genes (Klein et al., 2003). Past studies 

have identified the phosphorylation sites as RpoH Tyr260 and RseA Tyr 38 (Klein et al., 

2003). Co-crystallization of the Etk kinase domain and the peptide fragment containing 
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these tyrosine residues should explain the enzyme’s substrate specificity, and may serve 

as a template for understanding and identifying other protein substrates.  

A similar co-crystallization approach could be carried out for Etk and Ugd, which 

is phosphorylated by both Wzc (Grangeasse et al., 2003) and Etk (Figure 3.27). The exact 

phosphorylation site(s) on Ugd could be detected by site-directed mutagenesis of 

suspected phosphorylation sites combined with western blotting with anti-

phosphotyrosine antibody. Based on the previously determined structure of Ugd 

(Campbell et al., 2000), and that the phosphorylation of Ugd by BY kinase homologs in 

Gram-positive bacteria has been reported (Mijakovic et al., 2003), the possible candidates 

of phosphorylation sites could be easily narrowed down. 

The membrane-associated CPS/EPS polymerase Wzy is a another likely substrate 

or interaction partner of BY kinases, as the phosphorylation status of BY kinases 

influences the production of high-M.W. polysaccharide (Obadia et al., 2006; Paiment et 

al., 2002). It is possible to purify the membrane protein Wzy by adding detergent, as in 

the case of full-length Etk, or by fusing Wzy with a highly-soluble protein such as GST 

or calmodulin. Mass spectrometry could be carried out to determine phosphorylation sites, 

while chemical cross-linking could be used to verify protein-protein interactions. Since 

no structural homolog of Wzy has been reported, the structural determination of such a 

key enzyme in the CPS/EPS transport pathway would be a challenging, but highly 

important task. 

It is also possible to detect other protein substrates of Etk by incubating whole cell 

extract with the Etk kinase domain, ATP and Mg2+. The mixture will be purified 
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subsequently using a resin coupled with phosphotyrosine antibody. The identification of 

the substrates, as well as the number and location of phosphorylation sites, could be 

detected by mass spectrometry. In fact, such experiments have been carried out with the 

PhosphoScan Kit (Cell Signaling), but no phosphotyrosine has been detected from the 

resulting eluate. Future attempts will focus on increasing the solubility of proteins during 

sample preparation. Alternatively, two-dimensional gel electrophoresis could be carried 

out to identify proteins which contain phosphotyrosines. 

 

4.6.4 Full-length and N-terminal Etk 

Our immediate next step is to resolve the degradation problem of full-length Etk 

for its eventual structural determination. We are currently experimenting with the 

following approaches: buffer exchange, low temperature storage and crystallization, and 

protease inhibitor. The two major products of degradation, the 55kDa and the 25kDa 

species will be analyzed by mass spectrometry in order to identify the site of internal 

cleavage. The protein construct will then be refined to avoid the cleavage site(s). 

The crystal structure of full-length Etk will undoubtedly provide valuable, first-

hand information of the oligomerization of Etk and its likely mode of salt-bridge 

formation with the Wza octamer – a possible linkage within the CPS/EPS export 

regulation machinery. As our partial construct of YccZ (the Wza-equivalent in the Group 

IV CPS export pathway), YccZ86-169, did not express in bacteria, future attempts will 

involve other combinations of sub-domains of YccZ based on the structural information 

of Wza. The entire membrane protein YccZ will also be tested, as full-length Wza was 
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shown to have good solubility and a tendency to form the octamer complex (Dong et al., 

2006). 

As detailed in section 3.1.3, we are also actively pursuing the structure 

determination of the N-terminal domain of Etk, which would also answer the 

aforementioned functional inquiries albeit to a lesser extent. Interestingly, we have 

observed that the over-expression of the N-terminal domain of Etk as well as of full-

length Etk both resulted in a slimy bacterial pellet. Therefore, it is likely that the N-

terminal domain alone is sufficient to alter the function of the CPS/EPS export pathway 

due to its lack of constraints from the transmembrane helices and the C-terminal domain. 

Functional assessment of individual residues or structural features of full-length 

and the N-terminal domain Etk will be carried out by site-directed mutagenesis or 

truncations. We will also actively utilize in vivo functional assessment tools such as 

antibiotic resistance complementation by knockout rescues, CPS/EPS visualization by 

TEM and polysaccharide molecular weight measurement by gel electrophoresis as 

mentioned above. 
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4.6.5 Gram-positive BY kinase homologs 

The structure of the Gram-positive BY kinase homolog, CapB, has been recently 

published (Olivares-Illana et al., 2008). While comparing the Etk structure with that of 

Gram-positive BY kinase CapB (section 4.3), we noted that the previously unidentified 

Etk F547 is likely to share a similar ATP-stabilizing function with CapA F221. In order 

to verify our hypothesis, a number of constructs could be tested for kinase activity: Etk 

F547T mutant, Etk S473F-F547T double mutant, CapA-B F221SCapA mutant, and CapB 

T57F mutant. A significant reduction in kinase activity is expected from Etk F547T and 

CapA-B F221SCapA mutants, while Etk S473F-F547T and CapB T57F mutants are 

expected to remain active. 
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4.7 Conclusion 

Research on bacterial Tyr phosphorylation has come to its prime in the last decade. 

Since the characterization of the first protein tyrosine kinase in 1997, there have been 

close to 20 bacterial protein Tyr kinases homologs characterized in both Gram-positive 

and Gram-negative bacterial strains. These Tyr kinases bears no sequence similarity to 

their eukaryotic counterparts, and their versatility and importance have been well 

demonstrated in pathogenic capsular and extracellular polysaccharide production, 

antibiotic resistance, stress response and DNA metabolism as reviewed in Chapter 1. 

The publications of the crystal structures of E. coli Etk and S. aureus CapB, the 

first two structures determined for bacterial Tyr kinases, have set a benchmark on the 

blooming frontier of bacterial Tyr kinase research. Structural information, combined with 

various functional experiments in this study as well as others in the literature over the last 

decade, have answered two critical functional inquiries as discussed in Chapters 3 and 4: 

(1) how the kinase activity is activated; (2) how the subsequent autophosphorylation of 

the C-terminal Tyr-rich tail regulates the export of capsular and extracellular 

polysaccharides. Structural comparison between bacterial Tyr kinases, Ser kinases and 

their homolog MinD ATPases also uncovered the bases underlying their functional 

differences. 

The structural determination of Etk was considered a challenging case due to the 

difficulties encountered in various stages of this research, including protein stability, 

protein solubility, crystal reproducibility, crystal harvesting, data indexing, data quality, 

and seven rejections during our attempt to publish our findings over a one-year period. 



 

  151 

However, it is exactly through such struggles that we gained a substantial amount of 

knowledge of the protein. For example, in order to increase the solubility of Etk we 

realized that a high phosphorylation state of Etk was required. This led us to study the 

relationship between Etk phosphorylation status and its oligomerization states, which 

proved to be critical in understanding the CPS/EPS regulation machinery. We have also 

gained valuable technical knowledge of X-ray crystallography such as plate crystal 

handling and data collection, and the rare opportunity for manual model building in this 

era of fully-automated superprograms such as AUTOSHARP and PHENIX. We believe 

that these experiences will pave a smoother way for our future investigations of bacterial 

T kinases and X-ray crystallographic studies in general. 
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Appendix A – Crystallization techniques 

A.1  Crystallization methods 

 

Vapor diffusion is the most popular crystallization method in protein X-ray 

crystallography. As vapor diffusion allows simple and systematic crystallization 

condition screening, it is ideal for high-throughput structural genomics projects. However, 

in vapor diffusion the exact drop composition during crystallization is unknown. When 

the sealed chamber is opened, the vapor diffusion equilibrium inside is broken. As a 

result, grown crystals may be damaged, making harvesting sometimes difficult. While all 

Etk kinase domain crystals in this study were generated with the vapor diffusion method, 

we encountered additional problems of drop drying and membrane formation (section 

2.3.4). Several alternative crystallization methods have been widely applied by 

crystallography laboratories (Figure A1). 
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Figure A1. Protein crystallization methods and rationale. 
 
The vapor diffusion method involves either (A) a hanging drop or (B) a sitting drop. In 
vapor diffusion, the protein and crystallization reagents are mixed in the drop to be 
diffused against a reservoir of crystallization solution. (C) In the microbatch method, the 
protein and crystallization solution are premixed and submerged under oil. (D) In the free 
interface diffusion method, the protein solution is slowly mixed with the crystallization 
solution in a capillary. (E) Phase diagram showing relationship with protein and 
crystallization concentration. Methods mentioned above are marked with letter (a)-(d). 
Despite the variation in crystallization methods, the common goal is to drive the 
equilibrium into the nucleation zone and extend crystal growth in the metastable zone. 
Source of Figures 4.8A-C and E (Vinson, 2006; Chayen and Saridakis, 2008). 
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·  Microbatch 

In this laboratory, the protein and reagent solutions are incubated together under 

low-density silicon oil (Hampton Research), paraffin oil (Hampton Research), or a 

mixture of both, as the aqueous mixture is denser than the oil. The oil layer protects the 

drop from sudden changes in the environment such as shock and temperature variation 

(Chayen and Saridakis, 2008). The consistency of drop composition and pH also 

promotes crystal stability. Different from the vapor diffusion method, the starting 

condition of the protein mixture must allow crystal nucleation, unless the oil used is 

permeable to water evaporation. The microbatch method is not compatible with small 

volatile organic molecules in the crystallization solution, as these molecules will be 

dissolved in oil. 

 

·  Free interface diffusion 

Free interface diffusion is usually carried out in a capillary tube, where the 

crystallization solution slowly diffuses into the protein solution and vice versa, creating a 

gradient of protein and precipitant concentration. The spectrum of protein and precipitant 

concentration allows optimal nucleation growth at some point along the gradient. Since a 

relatively large amount of protein sample is required per experiment, this method is 

mostly used as a crystal optimization technique when suitable buffers, pH, and additives 

are already known (Chayen and Saridakis, 2008). 

In this research, capillaries (Hampton Research) of 0.3mm in diameter were used 

in crystal optimization trials of Etk N-terminal domain. Although possible protein 
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crystals were obtained, they were highly mobile inside the capillary and gave no 

satisfactory X-ray diffraction patterns. 

 

A.2  Crystal optimization methods 

 

The following optimization methods of crystal conditions are also widely applied 

by crystallographers. Although in this study, several of the following techniques were 

attempted but with limited success, they may prove useful in future studies. 

 

·  Ligand screening 

Ligand binding could stabilize protein structure and promote crystallization. The 

assessment of ligand suitability is usually performed by measuring the change in thermal 

stability of protein in the presence of a potential ligand. A more stable structure results in 

a higher protein “melting temperature”, where the protein denatures and exposes its 

hydrophobic core. A commercially available reporter compound binds to the hydrophobic 

residue and undergoes a change in color detected by spectrometry. A suitable ligand 

improve protein folding stability, which usually leads to more easily and rigidly-packed 

protein crystals (Pantoliano et al., 2001). 

 

·  Macro-seeding 

Crystals of low quality were first transferred to a less-concentrated crystallization 

solution to allow partial dissolution, and subsequently incubated in a second protein-
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precipitant mixture which allowed further crystal growth. Alternatively, at the early stage 

of crystal growth (determined from experience), the drop was streaked by a dog whisker 

to carry microcrystals to a second drop, which contained lower precipitant concentration 

than the original drop. This new environment should fall within the metastable zone of 

the phase diagram (Figure A1E) to prevent nucleation but still promote crystal growth. 

  

·  Micro-seeding 

Low quality, or small crystals were mechanically crushed and ground with a glass 

rod, and serial-diluted (10x, 100x, 1000x) in identical precipitant solution to make a seed 

stock solution. The seed stock solution was added to a new protein-precipitant drop with 

a slightly lower precipitant concentration than the drop from which the seeds were 

obtained. As in the case of macro-seeding, such a new drop should fall within the 

metastable zone of the phase diagram. Ideally, only several seeds were spawned in the 

new drop, resulting in a low number of large crystals. 

 

·  Drop transfer 

During the early stage of crystal growth, the drop (cover slip) was transferred to 

another chamber with a reservoir solution of lower precipitant concentration. Again, the 

new equilibrium would stop nucleation, but still promote crystal growth. Such procedure 

was typically performed using screw-cap 24-well plates (Qiagen) to prevent incomplete 

sealing by the vacuum grease. 
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·  Dehydration 

The quality of crystals with high solvent content (relative to protein content in the 

asymmetric unit) could be improved by reducing the solvent content in the crystal, 

forcing tighter protein molecule packing (Heras and Martin, 2005). This is done by 

leaving the crystal drop open in the air for a short amount of time (ranging from seconds 

to minutes). 

A.3   Future perspectives of crystallization 

 

While nanoliter-dispensing robots have made it possible to screen thousands of 

crystallization conditions in a matter of hours, crystallization is still considered the 

bottleneck of structural genomics projects compared to other steps in the pipeline (Table 

A1). 

 

Table A1. Current progress of structural genomics. 

 

Step Number of targets  Step success rate 

Cloned 107,411  

Expressed 69,381 64.5% 

Soluble 30,315 43.4% 

Purified 26,930 88.8% 

Diffracting crystals 5,082 18.9% 

Structure defined 3,872 76.2% 
 

Note: The above data was taken from http://targetdb.pdb.org, 4 Jan 2008 (Chayen and 
Saridakis, 2008). 
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It is unfortunate that less than 20% of total purified targets yielded crystals of 

diffraction quality. The success rate for individual laboratories, however, is likely to be 

higher than that for large-scale, collaborative structural genomics projects due to more 

focused attention and relentless trials of the researchers. In this laboratory, the general 

perception of successful crystallization rate is about 30%, while in this particular study 

the success rate dropped to 14% (one out of seven). 

In addition, due to the high redundancy of crystal screening conditions, it has been 

reported at the Joint Center for Structural Genomics of the Scripps Research Institute that 

merely 14% of the 480 screening conditions contributed to 84% of the 465 successfully 

crystallized proteins, while 20% of the conditions contributed to 98% of the successful 

trials (Page and Stevens, 2004). It was estimated that less than 300 crystallization trials 

should be sufficient to find crystallization conditions. If no such condition is found, 

additional efforts would be better spent optimizing the protein quality (section 2.3.3) or 

attempting to crystallize a homolog either in the same or another organism (Rupp and 

Wang, 2004). Indeed, in this study we switched focus from Wzc to its homolog Etk due 

to the degradation problem of Wzc. Eventually, the first Etk crystal appeared within the 

first several hundred screening conditions attempted. Two surface residue mutations, 

E530A and E584A, were planned for Etk kinase domain but without successful ligation. 

From the later determined Etk structure, such two residues are indeed located at the 

protein surface, but do not involve in any crystal packing. 

It is also a common practice to fuse two protein domains, which respectively have 

relatively rigid structures, while bypassing a flexible, likely unimportant coil region in the 
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middle of the two domains. The structure of CapB was determined by this approach 

(Olivares-Illana et al., 2008). On the other hand, our YwqD (a CapB homolog) construct, 

which does not have its activator peptide fused to cover its hydrophobic residues, showed 

severe aggregation problems. 

In addition, we suspect that the aggregation of YwqD samples could have 

interfered with the normal functionality of the kinase. Previous studies have demonstrated 

the kinase activity of YwqD in the presence of the activation peptide YwqCN14C45 

(Mijakovic et al., 2003). However, during our kinase activity assay we were unable to 

measure any YwqD autokinase activity even in the presence of YwqCN14C45. 

While it is theoretically possible that many protein molecules will never crystallize, 

crystallography could still largely benefit from rapid diagnostic methods, which 

determine the likelihood of success from a vast number of simultaneous targets during 

the early stages. For example, the XtalPred server (Slabinski et al., 2007) provides a 

comprehensive prediction of protein crystallizability from a summary of protein sequence 

features, such as the percentage of coils, isoelectric point, and the longest disordered 

region. The best category (top 20%) of the proteins predicted by XtalPred resulted in 

~60% success rate of crystallization. In recent years, a fluorescence-based thermal shift 

assay has been incorporated in high-throughput structural genomic projects for screening 

buffer conditions and ligands that improve the stability of the target protein (section 

4.5.3).  

It is also very important to be able to detect promising leads from numerous 

results of crystallization condition screening, for example, by distinguishing small 
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crystalline from amorphous substances. Light scattering permits non-invasive, in situ 

monitoring of crystallization trials of crystal nuclei formation before they are visible 

under the light microscope (Wilson, 2003). Therefore, it became possible to stop the 

formation of new crystal nuclei by diluting the crystallization buffer in time. 

Another promising direction of improving crystallization involves the use of 

porous materials that act as nucleation catalysts (Chayen and Saridakis, 2008). Improved 

crystal quality has been reported with porous silicon with pore sizes of 5-10 nm (Chayen 

et al., 2001) as well as gel-glass material with pore sizes of 2-10 nm (Chayen et al., 2006). 

While the exact reason of the improvement is still unclear, it is possible that the pores 

provide a stable growth environment to very small crystal nuclei, which are more likely 

to lose than gain molecules due to high surface area / volume ratio. 
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Appendix B – Best disappointment of crystallization 

 

 While the quiet dark nights alone in the lab frequently resulted in fruitless 

crystallization screening plates, I consider myself exceptionally lucky to witness a few 

extremely rare events of protein crystallization that have never been reported by my 

supervisor and colleagues. 

 The first phenomenon happened in a dried well from screening plate #04 of 

MSK1 (Figure B1), one of my side crystallization projects from Dr. Simon Arthur of the 

University of Dundee. Although dried protein drops are frequently observed, it is very 

uncommon to see salt crystals arranged into a pattern that looks almost purposeful. The 

drop adopts a typical, traditional Chinese theme of Rock's Peony (bottom) with 

background buds and grass. It is not surprising that researchers sometimes call 

crystallography an art – not performed by the experimenters, but by nature. 

 

Figure B1 A dried well with salt crystals that compose a flowery theme. 
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 The scientific essence of crystallography is demonstrated not only in rational 

experimental designs and result discussions as demonstrated by this thesis, but also in the 

disappointing precipitation of protein samples. Two separate incidences were particularly 

memorable and serendipitously related (Figure B2). On September 6, 2005, an Etk 

crystallization drop exhibited the precipitation pattern of the Arabic number 8 exactly as 

how I would write it. While just less than a month earlier, on August 10, 2005, another 

drop exhibited the precipitation pattern of 21. 

 

 

Figure B2. Protein precipitation patterns that resemble Arabic numbers. 
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Appendix C – Methods of phase determination 

 

As a protein crystal is exposed to the X-ray beam, it scatters the X-rays into a 

pattern of reflection spots, where each spot corresponds to a reciprocal plane of the 

crystal. The crystal is rotated to record the diffraction from (ideally) all reciprocal planes. 

The diffraction image is first indexed, according to the wavelength of the X-ray beam, the 

center of the beam, the likely space group and unit cell dimension of the crystal, and the 

distance between the crystal and the imaging device, to determine the spots to be used in 

data measurement. Spots across diffraction images are integrated and scaled to have 

comparable strength. 

While reconstructing the electron density map by Fourier transform, two 

components for each reflection are required: the amplitude, which can be measured 

directly as the square root of reflection intensity, and the phase angle of reflection. 

Several methods have been developed to obtain phase information: 

 

·  Multiple isomorphous replacement (MIR) 

Multiple isomorphous replacement was the earliest method used to determine 

phase information. A heavy atom derivative protein crystal was obtained by soaking the 

crystal in solutions containing heavy atoms, typically Hg, Au, Pt, Ag or W, or by co-

crystallization. The location of a firmly-bound heavy atom, due to their strong diffraction 

signal, could be first determined. Subsequently, two possible solutions of the phase angle 
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of any structure factor containing the heavy atom signal could be calculated (Figure C1A-

C). In order to resolve such phase ambiguity, multiple datasets, each with a different 

heavy atom derivative were obtained. 

The MIR method has slowly lost its appeal over the years, as crystal quality was 

frequently damaged during heavy atom soaks. Also, the availability of high-intensity, 

tunable wavelength synchrotron sources have allowed easier ways of obtaining heavy 

atom derivatives. With anomalous signals (see below) it is also possible to determine 

phase information with one heavy atom derivative by single isomorphous replacement 

with anomalous signal (SIRAS). 

 

·  Multiple-wavelength anomalous dispersion (MAD) and single-wavelength 

anomalous dispersion (SAD) 

In multiple anomalous dispersion, only one heavy atom derivative crystal is used 

to generate multiple datasets under different wavelengths. At least one of the wavelengths 

should be close to the absorption edge of the heavy atom, where anomalous scattering 

occurs (Figure C1D). The changes in the diffraction intensity caused by the anomalous 

scattering (usually a few percent) can be observed between |F(hkl)| and its Friedel opposite 

|F(-hkl)| at the same wavelength (the Bijvoet differences) as well as the same |F(hkl)| at 

different wavelengths (dispersive differences). Such change in diffraction intensity is 

used to locate the heavy atom and calculate the initial phase. Three datasets (peak, 

inflection, and remote) are typically collected for a MAD dataset. 
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Figure C1. Phase angle determination by heavy atom derivatives. 
 

The correct phase angle (aP) associated with each individual structure factor (FP) could 
be determined with the aid of multiple heavy atom derivatives. (A) Two structure factors 
have to be measured, the combined (native and heavy atom) structured factor (FPH) and 
the structure factor of the heavy atom alone (FH). (B) The phase and magnitude of FH can 
be calculated by knowing the positions of a heavy metal. Subsequently, two solutions of 
FP are obtained - a phase ambiguity. (C) By determining the position of a second heavy 
atom derivative, only one solution of FP remains. (D) Energy absorption of selenium near 
its K-absorption edge. A typical data collection strategy of MAD and SAD is indicated 
by arrows.  
Source of Figure 2.3A-C: Rupp, 2007 http://www.ruppweb.org/Xray/101index.html 
Source of Figure 2.3D: 
CCP4 Tutorial http://www.ccp4.ac.uk/dist/examples/tutorial/html/heavy-doc.html  
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 In many cases, only one dataset is collected at the maximum of the theoretical f” 

(peak) or the minimum of f’ (inflection) of the anomalous scattering factor. If the data 

quality is reasonably good, such dataset alone is sufficient for phase calculation. This 

exception is called single anomalous dispersion (SAD). By shortening the exposure time 

to X-ray, the crystal is subjected to less radiation damage and yields data of higher 

quality. By the advance of synchrotron power, SAD has become a very popular method 

for structural determination. 

The most common heavy atom derivative used for MAD and SAD experiment is 

selenium, because its K-absorption edge (~0.979Å) is easily accessible by tunable 

synchrotron sources. However, the expression level of selenomethionine-derivative 

protein is usually reduced compared to native proteins. Also, the protein target must 

contain enough non-flexible methionine (2 or more methionines per 100 residues). In the 

case of Etk kinase domain, there were 8 methionines for a total of 300 residues. 

 

·  Molecular Replacement (MR) 

Molecular replacement uses a previously determined protein structure homologous 

to the target protein, from which the diffraction data was collected. The correct rotation 

and translation function of the original model is determined by maximizing the 

correlation between the new Patterson map (the Fourier transform of the intensities) of 

the phase model and the Patterson map generated from the dataset. In this study, the 

structure model of P. furiosus MinD (Hayashi et al., 2001) was tested on Etk diffraction 
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data. However, no solution was found with the highest Log Likelihood Gain = 33.6 and Z 

score = 6.5. As the number of protein structures in the database increases rapidly, more 

and more structural determination will rely on molecular replacement.  

 

·  Direct Method 

Since there is a low degree of freedom of individual atoms inside the crystal, a 

limited number of relationships exist between phase and intensity. Therefore, for small 

molecules (<100 atoms) or very high-resolution dataset (typically close to 1Å), it is 

possible to directly determine the phase information from the dataset. 
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