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Abstract

While protein tyrosine kinases (PTKs) have beeremsively characterized in
eukaryotes, far less is known about their emergomgterparts in prokaryotes. Studies of
close to 20 homologs of bacterial protein tyros(B&) kinases have inaugurated a
blooming new field of research, all since just &émel of the last decade. These kinases are
key regulators in the polymerization and exportatiof the virulence-determining
polysaccharides which shield the bacterial from nio@-specific defenses of the host.
This research is aimed at furthering our understandf the BY kinases through the use
of X-ray crystallography and various vitro andin vivo experiments. We reported the
first crystal structure of a bacterial PTK, theeZrtinal kinase domain d&. coli tyrosine
kinase (Etk) at 2.5A resolution. The fold of thé Einase domain differs markedly from
that of eukaryotic PTKs. Based on the observecdcttra and supporting evidences, we
proposed a unique activation mechanism for BY lesasa Gram-negative bacteria. The
phosphorylation of tyrosine residue Y574 at thevacsite and the specific interaction of
P-Y574 with a previously unidentified key arginiresidue, R614, unblock the Etk active
site and activate the kinase. Bathvitro kinase activity andh vivo antibiotics resistance
studies utilizing structure-guided mutants furteepport the novel activation mechanism.
In addition, the level of phosphorylation of thé&rterminal Tyr cluster is known to
regulate the translocation of extracellular polgéeaeides. Our studies have significantly
clarified our understanding of how the phosphorglastatus on the C-terminal tyrosine
cluster of BY kinases affects the oligomerizatitates of the protein, which is likely the
machinery of polysaccharide export regulation. timmary, this research makes a

substantial contribution to the rapidly progressiagearch of bacterial tyrosine kinases.
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Chapter 1 — Introduction

1.1 Overview of protein phosphorylation

Protein phosphorylation, the process by which asphate (Pg) group is added
to a protein molecule by protein kinases (Figu®,lis a critically important regulatory
mechanism and the most widespread type of posttaional modification occurring in
both prokaryotic and eukaryotic organisms (Cozzdf88; Ubersax and Ferrell, Jr.,
2007). Kinases (or phosphotransferases) are enzywidsh covalently transfer
phosphate groups from high-energy donor molecusesh as thegphosphate of
adenosine triphosphate (ATP), to specific targelecdes called substrates. Protein
kinases consist one of the largest families of ganeeukaryotes (Hanks and Hunter,
1995), making up about 2% of the genome and phoglatimg 30% of all cellular
proteins (Ubersax and Ferrell, Jr., 2007; Coherg0R0The removal of phosphates,
dephosphorylation, is performed by another clasnalymes termed phosphatases.

Through phosphorylation, protein kinases regulaeous cellular functions such
as gene expression, cell growth and differentiatiapoptosis, membrane transport,
metabolic pathways, and cell movement (Cowan-Ja@8i96). The newly acquired
phosphoryl group has a high negative charge density capacity to form multiple
hydrogen bonds, a tendency to associate with pebitcharged amino acids (e.g.
arginine), as well as surface availability and enatic reversibility. Therefore, protein
phosphorylation usually results in a change in ereyactivity, 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 perfeurby a kinase. First, ATP binds to
the active site, followed by the binding of subtrda hegphosphate of the ATP is then
transferred to the substrate. Subsequently, thepgttorylated substrate is released by the
kinase, and ADP disassociates to complete the d)elhe substrate is attracted to the
catalytic site of the protein kinase, with the hydd (OH) group of the to-be-
phosphorylated residue (Ser, in this example) bdarainegatively-charged residue (e.g.
Asp) of the kinase. Thgphosphate of the ATP co-factor binds to a magmesin,
which is stabilized by negatively-charged resid@es. Asp) of the kinasgC) A
nucleophilic attack is performed by the oxygen loé substrate OH group on tlge
phosphorous of ATRD) The reaction proceeds with the breaking of thesphoester
bond between thg-phosphate and ADP, resulting in the phosphorylagstiue (P-Ser)
and ADP.

Source of Figure 1A: (Ubersax and Ferrell, Jr., 7200

Source of Figure 1B-D:
http://tainano.com/chin/Molecular%20Biology%20Glagshtm(Tainano, Inc.).




Based on their substrate specificity, protein késaare commonly categorized
into tyrosine (Tyr), serine/threonine (Ser/Thr),dahistidine (His) kinases. Protein
Ser/Thr kinases and protein Tyr kinases are thendar subdivisions of the eukaryotic
kinase superfamily (Hanks and Hunter, 1995). Ouhef518 kinase sequences encoded
in the human genome (1.7%), 90 are Tyr kinases (ihgret al., 2002). The majority (58)
of human Tyr kinases belong to the receptor Tyaga(RTK) family, acting primarily as
growth factor receptors involved in downstream algrg from growth factors (Cowan-
Jacob, 2006). RTKs are typically transmembraneeprst with an extracellular ligand-
binding domain and a cytoplasmic tyrosine kinasmala. Ser/Thr kinases, the larger
division of eukaryotic protein kinases, include teio kinase A (PKA), protein kinase B
(PKB, also known as Akt kinase), protein kinase FKC), and C&/calmodulin-
dependent protein kinases (Figure 1.2A).

Since the discovery of the first protein kinasel®b6, rabbit skeletal muscle
glycogen phosphorylase (a Ser/Thr kinase) (KrebsaB® Fisher EH, 1956), there has
been an exponentially increasing number of protkimases and their substrates
characterized in a wide variety of eukaryotes mgdrom fungi to mammals (Cozzone,
1988). Nonetheless, X-ray crystal structures hawealed that eukaryotic Ser/Thr and
Tyr kinases actually share similar catalytic domsaiAll eukaryotic protein kinases,
Ser/Thr and Tyr kinases alike, are related by tBBD-300-amino-acid kinase domains,
where 12 conserved sub-domains fold into a comnadalytic core architecture (Hanks
and Hunter, 1995) shown in Figure 1.2B-D. Strudtteatures 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 comrold of the
eukaryotic kinase domain.

(A) The phylogenetic tree of the catalytic domainshaf human kinome. Major groups
are labeled, and are usually named after reprasentabfamilies within each group. For
example, theACG group contains cyclic AMP-dependent protein king&kA),
diacylglycerol-activated/phospholipid-dependent tpio kinase C (PKYE and kinases
that phosphorylate Gprotein-coupled receptors. THeMGC group contains yelin-
dependent kinase, MP kinase, tycogen synthase kinase 3 andcdike kinase. Th&K
group consists ofytosine _nases.(B-D) X-ray crystal structures of representative
eukaryotic kinases(B) From theTK group: the tyrosine kinase domain of the human
insulin receptor, PDB: 1IRK (Hubbard et al., 1994¢)) From the ACG group: the
catalytic subunit of cyclic-AMP dependent proteindse (PKA), PDB: 2UZU (Zhu et al.,
2007); (D) From theCMGC group, the human cyclin-dependent kinase 2 catalyt
subunit, PDB: 1PXM (Wang et al., 2004).

Source of Figure 2A: (Manning et al., 2002)



1.2 Protein phosphorylation in prokaryotes

The investigation of protein phosphorylation wasisual, as it was initiated in
eukaryotic systems and not extended to prokaryamtés 20 years later, a delay caused
by the difficulty of result reproducibility and thecomplete chemical characterization of
kinases and their substrates (Cozzone et al., 2004)irst, since no protein kinases
similar to eukaryotic kinases were found in baeteitiwas assumed that Ser/Thr and Tyr
phosphorylation only existed in eukaryotes (Levitzkd Gazit, 1995). Many scientists
held the view that protein phosphorylation and aspiorylation was a relatively late
evolutionary event, enabling the regulation of ctioged and differentiated cell

activities (Kennelly, 2002).

1.2.1 Classification of prokaryotic non-tyrosine kinases

At present, there are three general non-tyrosiogepr phosphorylating systems
found in prokaryotes. The first confirmed prokargophosphorylation mechanism
applies to histidine and aspartic acid, and invelee different protein family from
eukaryotic protein kinases (Garnak and Reeves,)1®(&h histidine and aspartic acid
phosphorylation is coined the “two-component system important and efficient signal
transduction mechanism in bacteria (Parkinson, 1983esponse to an input stimulus, a
sensor His kinase autophosphorylates a histidisglue at the expense of ATP; this
phosphoryl group is subsequently transferred taspartic residue of a separate receiver

protein, triggering cellular response (Parkinso®3). The majority of the sensor His



kinases are homodimeric proteins. They consist ofidely varied extracellular or

periplasmic sensory domain, followed by a consensytioplasmic domain. The

cytoplasmic domain can be further divided into arteNminal His phosphotransfer
domain and a C-terminal catalytic and ATP-bindirmgnain (Stock et al., 2000). These
two sub-domains are thought to exist in differeomformational states to facilitate the
autokinase and phosphotransferase activities (Mairal., 2005).

The second bacterial non-tyrosine protein phospatboy system is the
phosphoenolpyruvate: carbohydrate phosphotransfgi@$S) system, which catalyses
the cellular uptake and subsequent phosphorylati@arbohydrates (van Montfort et al.,
1998). The PTS system contains five protein domauhéch transfer a phosphoryl group
from a phosphoenolpyruvate molecule to a sugawutir a chain of intermediate
proteins on mostly histidine and, in one case,ngeresidues (Saier, 1993). However,
because the intermediates of the PTS cascade ategaus to the intermediates of
certain phosphatases and mutases, and becauséitmgteu phosphorylation does not
happen on a protein, the PTS system is sometimgarded as a non-protein
phosphorylation system (Cozzone et al., 2004).

The third bacterial phosphorylation system is vempilar to the eukaryotic
ATP/GTP-dependent system, where O-kinases (aldedc8ITY kinases) phosphorylate
Ser, Thr, and Tyr residues in protein substraté®e phosphorylated residues can be
dephosphorylated by specific O-phosphatases (Kgnawetl Potts, 1996; Shi et al., 1998).

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

the PTS system were thought to be unique to prokesy(Cozzone et al., 2004).
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However, homologs of the two-component system lswee been uncovered in yeast,
plants, and rat mitochondria, while the PTS systgas found in lower eukaryotic
organisms (Loomis et al., 1997).

The study of prokaryotic protein phosphorylationally bloomed in the last
decade, due to the progress in genomics which atloive detection of genes encoding
eukaryotic-like Ser/Thr kinases and phosphatasegrokaryotic genomes (Bakal and
Davies, 2000). For example, the homologs of thalgit subunit of the cyclic AMP-
dependent protein kinase (PKA) and the ATP/GTP-ddeet system were both found in
bacteria (Kennelly 2002). Moreover, a recent lasgale microbial genomic sequencing
project allowed the definition of 20 known and nbweeikaryotic-protein-kinase-like
families in the microbial genome, tripling the cowh eukaryotic-like kinases in bacteria
(Kannan et al., 2007). These discoveries suggestdier evolutionary origin of protein
phosphorylation than previously thought (KennelhydaPotts, 1996; Zhang, 1996). In
addition, two unique bacterial Ser kinase/phos®ata-functional enzymes were found
in bacteria, AceKand HPr kinase/phosphatasehich has no eukaryotic counterparts
(Cozzone et al., 2004). Thus, it is evident that #volution of prokaryotic kinases

continued even after the emergence of eukaryotes.

! AceK is an isocitrate dehydrogenase kinase/phdapéathat harbors a eukaryotic-kinase-like ATP-
binding motif, which is required for its kinase apldosphatases function (Stueland et al., 1989).avew

the protein also contains a uniqgue domain with ppagent sequence homology to other kinases and
phosphatases.

2 The HPr serine kinase/phosphorylase belongsdeoge IP-loop protein superfamily (Nessler, 2005).
7



1.2.2Prokaryotic tyrosine kinases
1.2.2.1Bacterial tyrosine (BY) kinase family
In 1997, the characterization @fcinetobacter spprotein tyrosine kinase Ptk

marked the most recent discovery of bacterial pmotlenases. Having no sequence
resemblance to eukaryotic tyrosine kinases, Ptkeshsignificant sequence homology
with the prokaryotic nucleotide binding proteinsrg@geasse et al., 1997). A sequence
homology search using. johnsoniiPtk returned well-described bacterial proteing tha
had never been related to protein kinase functi{@nangeasse et al., 1997). As of today,
there have been close to 20 biochemically chanaetebacterial tyrosine kinases; all but
a few of these tyrosine kinases share the followaajures (Grangeasse et al., 2007)

(Figure 1.3):

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

A sensory, extracellular domain linked to the cata] intracellular domain by the
second transmembrane helix.

A catalytic, intracellular domain containing catadyWalker A, Walker A’ and
Walker B motifs.

A C-terminus tyrosine-rich region, where the autaggghorylation sites are located.
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Figure 1.3Characteristics of the bacterial tyrosine (BY) lses.

T/BS

All bacterial tyrosine (BY) kinases share sevenaportant features: (1) The N-terminus
originates in the cytoplasm, quickly followed betfirst transmembrane helix (TM1); (2)
A sensory, extracellular loop linked to the catalyintracellular domain, either directly
by the second transmembrane helix (TM2, Gram-negdiacteria and as predicted for
Actinobacteria) or via specific protein-proteingrdction (Gram-positive bacteria); (3) A
catalytic, intracellular domain containing catatyWalker A, Walker A’ and Walker B
motifs (colored green); (4) A C-terminus tyrosinear 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 dlogs are shown in Figure 3.13.



Based on the above features, a new name was prbgosethis family of
prokaryotic tyrosine kinases containing Walker rfisoti BY (bacterial tyrosine) kinases.
Up to this date, BY kinases are the only extengrgtidied bacterial PTK family
(Grangeasse et al., 2007). Further sequence caopaintroduced other Walker-motif
containing proteins, such as the ATPase MinD/Mrmnifg into the BY kinase
superfamily (Leipe et al., 2002). While no kinastivaty has been found for BY kinase-
related proteins such as ATPase MinD, ATPase &¢thas been reported for the BY
kinase family membeSinorhizobium melilotExoP (Niemeyer and Becker, 2001) and

Escherichia colWzc (Soulat et al., 2007).

1.2.2.2Non-BY prokaryotic protein tyrosine kinases

While BY kinases account for the majority of projatic Tyr kinases described
to date, a couple of eukaryotic-kinase-like Tyrddas have also been reported and
characterized recently, following the discoveryeokaryotic-kinase-like Ser/Thr kinases
in bacteria. The N-terminal cytoplasmic domain loé E. coli protein MaskK, which is
related to the STY kinases in eukaryotes, showedkinase activity (Thomasson et al.,
2002). Another eukaryotic-kinase-like kinaségseudomoas aeruginos&/aaP, a sugar
kinase localized in the cytoplasm and involved ine tbiosynthesis of core
lipopolysaccharides, has been demonstrated to hatophosphorylation and protein
kinase activity (Zhao and Lam, 2002). However, 1yo Kinase activity has been reported
in the homologs of MaskK and WaaP (Grangeasse,e2(07). Although the prokaryotic

two-component system typically involves histidimelaspartic acid kinases, there is one

1C



exception. The&aulobactoer crescentysotein DivL, which is essential for cell viabylit
and division, autophosphorylates a tyrosine resithséead of a histidine (Wu et al.,
1999).

Furthermore, a novel heat-shock response systerbdeasdescribed iBacillus
subtilis involving a Tyr kinase McsB (Kirstein and Turga005). Different from all
other prokaryotic Tyr kinases found to date, thialgéic site of McsB is similar to those
of guanidine phosphotransferases (Kirstein et28l07). Normally, the activity of McsB
is inhibited by Hsp100/Clp protein ClpC. Howevender heat shock conditions, McsB,
in the presence of McsA, autophosphorylates angaaes ClpC. ClpC in turn binds to
CtsR, inhibiting its function as a transcriptiomapressor (Kirstein et al., 2007). With its
multiple adapters (ClpC and McsA), McsB sets am@da of the complexity of bacterial
Tyr phosphorylation.

To date, an impressive amount of research has pedbnrmed on prokaryotic
phosphorylation, demonstrating that protein phosghtion is also of major importance
in bacteria cells (Cozzone et al., 2004). The discp of Tyr phosphorylation systems
unique to prokaryotes, such as the BY kinase faralgo suggests that the origin of such

kinases was more recent than the emergence ofyatkaorganisms.
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1.3 Functions of the bacterial tyrosine (BY) kinase fanty

From homologs of the BY kinase family identifiedregs Gram-negative and
Gram-positive bacteria, a common theme of functi@s emerged. The BY kinases
regulate the export of bacterial capsular polysaddes (CPS) and extracellular
polysaccharides (EPS) (Whitfield and Naismith, 200&ble 1.1 summarizes all known

BY kinases, their functions, conjugate phosphatasédsprotein substrates.

1.3.1 Bacterial surface polysaccharides

After their synthesis and export, surface polysaddes form a protective barrier
loosely associated with the cell (Peleg et al. 22@hitfield and Roberts, 1999). Besides
keeping the bacteria in a hydrated state, thesgsaotharides are important virulence
determinants. During the pre-immune phase of irdacsurface polysaccharides help the
bacteria to evade or counteract non-specific hef@nges, by interfering with the actions

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

BY Conjugate Protein
Organism kinase  Function Phosphatase Substrate
Escherichia coli Wzceps Group 1 capsule (K-antigen) Wzb Ugd
translocation (Rahn et al., 2003)
CPS synthesis regulation (Grangeasse et
al., 2003)
ATPase activity (Soulat et al., 2007)
Wzcea EPS colanic acid production (Rahn et al., Wzb
2003)
Etk Group 4 capsule (O-antigen) Etp Ugd
translocation (Peleg et al., 2005)
Heat shock response (Klein et al., 2003) RpoH & RseA
Polymyxin resistance (Lacour et al.,
2006)
Acinetobacter Ptk Emulsan production (Grangeasse et al., Ptp
sp. 1997)
Acinetobacter Wzc Synthesis of cell-associateddDa EPS Wzb
Iwoffii (Nakar and Gutnick, 2003)
Sinorhizobium ExoP  Succinoglycan production (Niemeyer
meliloti and Becker, 2001)
Erwinia AmsA  EPS synthesis (Bugert and Geider, 1997) Amsl
amylovora
Erwinia AmsA  EPS synthesis and virulence on pear Amsl
pyrifoliae slices (Kim et al., 2002)
Klebsiella Yco6  CPS production (Preneta et al., 2002) Yor5
pneumoniae
Pseudomonas EpsB  EPS | production (Nierop Groot and EpsP
solanacearum Kleerebezem, 2007)
Staphylococcus Cap5B2 CPS production (Soulat et al., 2006) PtpA, PtpB CapO
aureus
Streptococcus EpsD  EPS synthesis (Cieslewicz et al., 2001) EpsE
thermophilus
Streptococcus CpsD  CPS production and polysaccharide
agalactiae chain length regulation (Cieslewicz et
al., 2001)
Streptococcus CpsD  CPS production (Morona et al., 2000)
pneumoniae
Bacillus subtilis  YwgD  EPS production (Mijakovic et al., 2003) YwqE YwqF, TuaD

Bacterial cell cycle regulation
(Mijakovic et al., 2006; Petranovic et al.,
2007)

13
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Various polysaccharides, many of which are involired wide range of diseases,
have been found on the surface of different strainsacteria, reflecting differences in
their needs across varying environments and h¥ghkstiield and Naismith, 2008). The
term K-antigen describes capsular polysacchariaes,the term O-antigen is associated
with the somatic lipopolysaccharides (LPS). Gemgrapeaking, LPS O-antigens are
important for resistance to complement-mediatedmekilling, and the CPS K-antigens
are responsible for resistance against phagocyi®isitfield and Paiment, 2003).
Extracellular polysaccharides (or exopolysacchatidEPS) are even moileosely
associated with the cells than CPS (Goebel, 1963).

Among more than 160 distinct O- and K-antigensEincoli, four groups have
been identified based on their mechanisms of sgigh@nd assembly (Whitfield and
Paiment, 2003). These four groups include two fomefgtally different polymerization
pathways. Group 2 and 3 K-antigens are assembledmyATP-binding, cassette-
transporter-dependent pathway; group 1 and 4 CH$&tted EPS are assembled via a

Wzy-dependent polymerizatiaystem (Whitfield, 2006).

1.3.2 Group 1 and 4 CPS export pathways irE. coli

Group 1 polysaccharides, which are better undedstban those in group 4, are
found in a wide variety of Gram-negative and Grams#ive bacteria of animals and
plants (Whitfield and Paiment, 2003). The currenbdel of Wzx/Wzy-dependent

polymerization pathway of group 1 capsules is sunmed in Figure 1.4.
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Figure 1.4Group 1 capsular polysaccharide export pathway.

The export assembly of Group 1 CBtarts with(A) sugar monomers in the cytoplasm
being assembled by WbaP at the inner membi@&)eThe monomers are flipped across
the inner membrane by Wzx, and th@D) polymerized by Wzy(D) Export of the
polysaccharide chain is regulated by the autophmygpdtion of the C-terminal tyrosine
residues of the Wzc oligomer as well as the dephmrsgation of these tyrosine residues
by the Wzb phosphatase. Finally, the resulting gadgharides are exported through the
W?za oligomer channel, and further modified by WHE) The repeating units (blue, white
and red circles) of CPS and EPS consist of thréieeaepeating units.

Source of Figure 1.4: (Whitfield, 2006).
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First, lipid-linked oligosaccharides are recruitedthe cytoplasmic side of the
inner membrane by WbaP. The monomers are theretliggross the inner membrane by
a process involving the tentative flippase Wzx,ratgin predicted to contain 10 to 12
transmembrane helices (Marolda et al., 2004). Bpeat units undergo polymerization
that requires membrane protein Wzy, and the polipeérpolysaccharides are exported
through the multimeric complexes of Wza (Reid anditéld, 2005). The final two
steps are thought to be regulated by the phosptayland dephosphorylation of the C-
terminal tyrosine residues of the Tyr kinase, Wz¢Wugeditsch et al., 2001), possibly
through a cross-linkage between Wza and Wzc (Reid Whitfield, 2005). The
phosphorylation status of Wzc is in turn regulabgdits conjugate phosphatase Wzb,
which is specific for phospho-tyrosine but not ghtus-serine or phospho-threonine
(Vincent et al., 1999). Wzi, an outer membrane girotvith a beta-barrel structure, is
found only in systems that assemble capsular potyeaides, and is required for
encapsulation (Rahn et al., 2003).

Very recently, the equivalent system in group 4ypwmrization of O-antigeh
capsule was revealed in sevdtalcoli strains (Peleg et al., 2005). In this group 4eyst
Etk and Etp E. coli Tyr kinase / phosphatase) are the equivalent &passphatase pair

to Wzaps and Wzb of the group 1 system (Peleg et al., 200&)cps shares 51%

3 Although CPS are different from LPS, polysacchesiof the group 4 capsule are also termed O-antigen
capsule because they are similar to that of theategLPS O-side chain (Goldman et al., 1982).
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sequence identity with Etk. There is also a thisthblog of BY kinase ifE. coli, Wzaea®,
which can be viewed as the equivalent of Wz¢Group 1 CPS) and Etk (Group 4 CPS)
in the EPS colanic acid translocation pathway (Wéii and Paiment, 2003).

In E. coli K12, a gene cluster okzi-wza-wzb-wz€Wzccp9 was found in the
Cpao locus, and thevza-wzb-wz€Wzcca) gene cluster was identified in thpsa locus
just upstream (Drummelsmith and Whitfield, 1999hRat al., 2003). The gene cluster
encoding Etkwza-etp-etkwas found on the 22-minute locus on a separagienef the
bacterial chromosome (Peleg et al., 2005). Althaihghbacteria apparently possess these
redundant homologous genes, the kinase proteinuptedwere found not to be
functionally interchangeable with homologs from #ew locus (Reid and Whitfield,

2005).

1.3.3 E. coliWzc / Etk and CPS export regulation
E. coliWzc (720 a.a.) and Etk (726 a.a., because ofitjfe tomology, only the

residue numbering of Wzc will be described in thestion) span the inner membrane of
the bacteria, with two transmembrane alpha helid@p32-Ala52, Leud426-Serd47)
separating their N-terminal periplasmic and C-teahicytoplasmic domains. The ATP-
binding Walker A motif and the Mg-binding Walker A’ and B motifs are located in the
C-terminal domain. The C terminus of Wzc containdtiple tyrosine residues: Tyr705,
Tyr708, Tyr710, Tyr711, Tyr714 and Tyr715, whereogphorylation occurs at the

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

*In the literature, botE. coliWzcepsand Wzea ar%_ysually abbreviated as Wzc, causing confusion.



bacteria BY kinase CpsD, a similar C-terminal Tiuster is organized into repeats of
[YGX] 4 (Morona et al., 2000).

Wzc undergoes autophosphorylation via a cooperative-step mechanism that
involves both intra- and inter-molecular phosphatigh (Doublet et al., 2002). In
addition to the C-terminal Tyr cluster, there iseoadditional phosphorylation site
upstream, at Tyr569, which is conserved in alldng Gram-negative BY kinases. First,
Tyr569 is autophosphorylated through an intra-mabacprocess. This results in a drastic
increase in protein kinase activity (45-fold in tbase of Wzg\) (Grangeasse et al.,
2002). Subsequently, five terminal tyrosines aresphorylated via an inter-molecular
process (Grangeasse et al., 2002). Mutation ofupgream tyrosine residue (Tyr569)
significantly lowered, but did not abolish, the Tinase activity of BY kinases (Paiment
et al., 2002). Prior to this study the molecularchamnism underlying Tyr569 activation
was unknown

While it has been shown that Wzc is essential lier ¢coordinated biosynthesis
and secretion of group 1 K-antigens, a Wzc knodksirain still produced K-antigen
oligosaccharides, however, with an absence of tigh-M.W. (molecular weight)
capsular polymers (Paiment et al.,, 2002). Knockoatsthe Wzc homolog in
Streptococcus pneumoniaéso resulted in both reduced amounts of CPS @ndM.W.
polysaccharides (Cieslewicz et al., 2001). Mutalostudies that altered either the
Walker A motif or the C-terminal, tyrosine-rich sker indicated that both the Walker A
motif and the C-terminal tyrosine clusters are egkfor eventual capsule assembly

(Paiment et al., 2002). When two to five C-termitbabsine residues were mutated to
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alanine, the derivatives could not produce high MG®S; however, the removal of any
single tyrosine in this region did not have a detiele effect on CPS production (Paiment
et al.,, 2002). Thus, it appears as if it is theralldevel of phosphorylation of the C-
terminal Tyr cluster, rather than the phosphorglatof any particular Tyr residue, that
affects CPS export.

Moreover, it has lately been shown that EPS prodnds not merely regulated
by an on/off switch mechanism based on the phogpdtan status of Wzsy; instead,
both phosphorylated and non-phosphorylated form8Vat-a are important in colanic
acid synthesis (Obadia et al., 2006). Table 1.2nsanzes the effects of BY kinase
modifications on EPS and CPS production. Becaussetistudies have shown a mixed
relationship between phosphorylation states ofGHerminal Tyr cluster and EPS / CPS
production, it has been speculated that the BY danaeeds to cycle between
phosphorylated and non-phosphorylated forms for Gf&luction (Whitfield and
Paiment, 2003; Wugeditsch et al., 2001; Obadia let 2006). The exact cycling

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

BY kinase

Modification

Effect

Whole BY kinase modifications

E. coliWzceps

S. agalactiaegCpsD

A. lwoffiiWzc

Knockout

Knckout

Knockout

No CPS, but unaffected LPS (Drummelsmitti a
Whitfield, 1999)

10% CPS production with reduced M.W. (Giesgtz et
al., 2001)

Much reduced CPS and EPS production (NaRkdr
Gutnick, 2003)

Walker A Motif modifications
S. pneumonia€psD  G48A, K49A

E. coliWzceps
S. melilotiExoP

E. coliWzcea

K540R

A583D, A583P,
G588E, G588V,
K589I

K540M

No CPS (Morona et al., 2000)

No CPS (Wugeditsch et al., 2001)
Low levels of EPS consisting only of monomers
(Niemeyer and Becker, 2001)

Very low EPS production (Obadia et al., 2006)

Key upstream Tyr residue modifications

E. coliWzceps

E. coliWzcea

Y569F

Y569F

No significant change in high-M.W. CPS proiilon,
although the overall phosphorylation level of tledse
was slightly reduced (Paiment et al., 2002)

No change in EPS production, more homogenigous
M.W. (Obadia et al., 2006)

C-terminal Tyr cluster modifications

S. pneumonia€psD

E. coliWzceps
E. coliWzceps

A. lwoffii Wzc

E. coliWzcea

[YGX], to [FGX],
No Tyr cluster
Combinations of
Y705F, Y706F,
Y13F, Y715F,
Y717F
AlY F

AlY F

AllY E
No Tyr cluster

Increased CPS export (mucoid) (Morona et al., 2000)
No CPS (Wugeditsch et al., 2001)

The more Y F mutations, the less CPS;

No specific Tyr residue is essential for high-M.@PS

(Paiment et al., 2002)

Much reduced cell-associated emulsan, but increased
production of a particular, viscous EPS (Nakar and
Gutnick, 2003)

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

Very low EPS production (Obadia et al., 2006)

Very low EPS production (Obadialet 2006)

Conjugate phosphatases modifications

E. amylovoraAmsl|

Knockout

Strong reduction in EPS productiBadert and Geider,
1997)

E. coliWzbcps) Overexpression 3.7-fold decrease in CPS produ¢kaiment et al., 2002)

A. IwoffiiWzb Knockout Much reduced CPS and EPS production (NaRkdr
Gutnick, 2003)

E. coliWzhcy Overexpression Largely increased EPS productiora¢bet al., 2006)

Other modifications

S. melilotiExoP

E. coliWzcea

Y505S

N-terminal domain
only

~50% EPS production with significamédgiluced
molecular weight (Niemeyer and Becker, 2001)
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 tyrosinegpiorylation not only regulates
the translocation of CPS and EPS, but also playdeain the biosynthesis of the high-
M.W. polysaccharide components and other cellulamctions. New evidence has
suggested thak&. coli Wzc phosphorylates undetermined tyrosine residoesan
endogenous enzyme, UDP-glucose dehydrogenase (Wddih participates in the
synthesis of the exopolysaccharide (EPS) colanid @rangeasse et al., 2003). The
result of Ugd phosphorylation by Wzc is a signifitcancrease of its dehydrogenase
activity, converting UDP-glucose to UDP-glucuroaitid (Grangeasse et al., 2003). Like
the phosphorylation of the C-terminal Tyr clustdre phosphorylation of Ugd by Wzc
was shown to be also stimulated by the autophogfdimm of Tyr569. In addition, Wzb,
the phosphotyrosine protein phosphatase that afédgtdephosphorylate Wzc, does not
dephosphorylate Ugd (Grangeasse et al., 2003).

Besides Ugd from the Gram-negative bacté&ria@oli, two Ugd proteins in Gram-
positive bacteriaBacillus subtilishave been also shown to be phosphorylated by a
homolog of BY kinase, YwqD (Mijakovic et al., 200Recently, YwgD was found to
also phosphorylate single-stranded DNA-binding qirs, increasing their binding
affinity by almost 200-foldn vitro (Mijakovic et al., 2006). YwgD (renamed to PtkA in
recent publications) knockouts also exhibited imghDNA replication (Petranovic et al.,
2007).

While E. coliWzc and Etk play highly similar roles in CPS expanore detailed

studies have determined the specific functionofa kinase but not the other. Etk and its
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conjugate phosphatases, Etp, were found to bevegloin a complex, fine-tuned heat
stress response system. Etk phosphorylates TyPBpaH, reducing the activity of the
RNA polymerase sigma factor, which controls theregpion of heat shock genes (Klein
et al., 2003). Etk was also shown to phosphorylat@8 of the antisigma factor RseA.
Both of these Etk phosphorylation events, of Rpold RseA, could be reversed by the
activity of the conjugate phosphatase Etp (Kleialgt2003). Interestingly, although &l
coli strains contain thetk gene, only a subset of pathogenic strains exprédan et al.,
1999). A recent study found that Etk, not Wzc, wasential 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 pastadec has contributed
significantly to our understanding of the functibmaechanisms of protein kinases. To
date, more than two thousand entries of eukarymttein kinase structures have been
deposited into the protein data bank. For eukacymiotein Tyr kinases alone, more than
20 proteins have reported structures, and manyhe$et have structures of both
inactivated and activated forms (Cowan-Jacob, 2006gse studies provide valuable
insights into the activation mechanisms of eukacyptotein kinases (Hanks and Hunter,
1995).

Despite different substrate specificities and aantmechanisms, eukaryotic
protein kinases have significant structural sintikes in their active states due to
constraints imposed by catalytic activity (Cowanela 2006). The typical eukaryotic
kinase domain consists of an N-termitasheet domain, and a larger, C-termiaal
helical domain (Figure 1.2B-D). The catalytic sitging in the middle of these two

domains, contains the following motifs (Figure 1-BX

Hinge region a short loop loosely connecting the N- and C-tealhdomains,
allowing relative movement necessary for enzymatnctions. 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. Thetmpsubstrate binds to a platform
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partially formed by the activated A-Loop. Kigbinds to a conversed DFG sequence
(Asp being the coordinator of the metal ion) at Mwerminal end of the A-loop
(Cowan-Jacob, 2006).

Catalytic loop: a short loop at the start of the C-terminal damaontaining strictly
conserved Asp and Asn residues directly responsdrikinase activity. The Asp
residue is thought to direct the substrate hydrgxglip to attack thg-phosphate of
ATP. It is also possible that the negative charfjdsp repels the phosphorylated
product, facilitating substrate dissociation (S¢saet al., 2005)

P-loop: located at the beginning of the N-terminus. Theige-rich P-loop assists in
binding the ATP cofactor and contains the consersgugience G-X-G-X-F/Y-G.
The hydrophobic residue is important for the bigdiof the adenosine moiety
(Ubersax and Ferrell, Jr., 2007).

Helix C: located in the N-terminal domain. The helix camsaresidues that stabilize
the Md*-binding DFG motif in the A-loop. The lysine resalin strand 3, which
assists in phosphoryl group transfer without inficiag ATP binding, is stabilized

by a Glu residue from helix C (Cowan-Jacob, 2006).
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Figure 1.5Activation mechanism of eukaryotic tyrosine kinases

(A) Overall structures of phosphorylated / dephosplated insulin receptor kinase, PDB:
1IR3/ 1IRK (Hubbard et al., 1994), and dephosplateg Abl kinase, PDB: 1IEP (Nagar
et al., 2002). The following structural featureg aplored: hinge (dark blue), catalytic
loop (light blue), P-loop (red), helix C (greenipdaA-loop (purple)(B-C) The activation

of Insulin-like Growth Factor 1 Receptor Kinase, BPDK3A (Favelyukis et al., 2001)
and 1M7N (Munshi et al., 2002). The phosphorylatadnY1131, Y1135 and Y1136
stabilizes the activation loop far away from thdiwec site (orange), which is now
occupied by the ATP analogue (green) and the pegtidstrate (magenta). When these
three Tyr residues are dephosphorylated (yellomg,activation loop occupies the same
location as the peptide substrate, inhibiting it&ke activity.

Source of Figure 1.5A-B: (Cowan-Jacob, 2006).
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The activation of eukaryotic receptor Tyr kinaségy(re 1.5B-C) is triggered by
the autophosphorylation of the tyrosine residueshenA-loop. In the inactive state, the
A-loop blocks the binding of cofactor and substratkile one particular tyrosine residue
occupies the location of the future substrate ipmsWhen these tyrosine residues are
phosphorylated, the entire A-loop adopts a completdferent conformation far away
(~10A) from its dephosphorylated position, with iew found negatively charged
phospho-tyrosines stabilized by local positivelared residues (Hubbard et al., 1994).
The large structural shift also unblocks the ATRdig site and appropriately aligns the
A-loop Asp side chain to coordinate the ¥gon for ATP positioning (Cowan-Jacob,
2006). For non-receptor tyrosine kinases, a phagtdated tyrosine on the A-loop acts,
instead, as an inhibitor of kinase activity by mesing the rigidity of the active site
(Young et al., 2001). When such binding is intetedlp the newly-gained flexibility of
the A-loop allows for its full phosphorylation aselvas the activation of kinase activity
(Lerner and Smithgall, 2002).

Prior to this study, none of the determined profigm kinase-related structures in
the protein data bank came from a prokaryotic so(ktee et al., 2008). However, the
recent characterization of non-eukaryotic-like bdael kinases, such as the BY kinase
family, has stimulated considerable research effaimed at both determining the
structures of such unique prokaryotic kinases amdetstanding their novel activation
mechanisms. Moreover, the activation mechanism&fam-positive and Gram-negative
BY kinases are likely to be different. The key wpam Tyr residue involved in the two-

step activation process in Gram-negative BY kinsseabsent in Gram-positive BY
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kinases, while a protein-protein interaction waspoised 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) wttures have revealed
valuable clues about the oligomerization state Wf knhases as well as its interaction
with the CPS export channel protein in the trarsion complex.The first three-
dimensional structure d&. coli Wzc was determined to 14A resolution by singletipkar
cryo-EM on cryo-negatively stained samples (FigtréA). The EM model of Wzc
showed a tetrameric complex with a C4 rotationahrsxetry, even though the Wzc C-
terminal catalytic domain alone was previously &g to form a trimer or hexamer
vitro (Doublet et al., 2002). The tetrameric complex\ifc resembles the shape of a
molar tooth, with a diameter of 100A and a height tOA. The upper “crown” region of
Wzc complex is formed by protein-protein contaatsnf the four Wzc N-terminal
periplasmic domains, while each lower “root” sectioepresents an individual
cytoplasmic tyrosine autokinase domain (Collinalgt2006).

Following the publication of the high-resolutiorystal structure of Wza (Dong et
al., 2006), the protein channel of the group 1 @R$ort pathway, the cryo-EM structure
of the Wzc tetramer in complex with the Wza octawess determined (Collins et al.,
2007). Interestingly, the Wzc tetramer adopts &edht conformation when complexed
with the Wza octamer (Figure 1.6B). The N-termimgimains of Wzc, which join
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together to form the “crown” in the Wzc tetramecmmplex, are now separated, forming
a 50A-in-diameter central channel extending throtighWza octamer and exiting to the
extracellular space (Collins et al., 2007). Thiamel was shown, however, in its closed
conformation when the Wza octamer was crystall@edts own (Dong et al., 2006). As

no high-resolution crystal structure of BY kinasaswavailable, the channel opening

mechanism was not known.

28



A Top Side

Periplasmic
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1] Transmembrane
helices

Cytoplasmic
domain

Figure 1.6 Cryo-EM structure of BY kinask. coliWzc.

(A) Wzc appears to be a tetramer in the cryo-EM matisplayed at 1 (red mesh) and
1.5 (blue mesh) above the mean dengiB) 3D cryo-EM structure of the Wza-Wzc
complex, representing an octamer Wza of 320kDagterher Wzc of 320kDa and
160kDa of detergent. The cross-sectional viewshenright reveal the internal structure
and overall dimensions of the central cavity arelfgbre on the top of the Wza octamer.

The density thresholds of Zyellow), 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 experimer¢ghnique for studying protein
function. X-rays have the proper wavelength (~18)be scattered by the repeated
assembly of protein molecules in a crystal, andractiral model of a protein can be
reconstructed by the resulting X-ray diffractionhel knowledge of high-resolution
molecular structures can provide some of the basights into protein catalytic
mechanisms, substrate specificities, protein-pndtgieractions, and rational drug design.
The primary goal of this research is to study thekaryotic BY kinase family by X-ray

crystallography based on the following rationale:

BY kinases are the only extensively studied baat@rotein kinase family without
known kinase structural homologs, and they shareseguence homology with
well-characterized eukaryotic kinases. It is expécthat BY kinases utilize a
different set of catalytic residues (Walker motiés)d activation mechanism from
other known kinases.

High-resolution 3-D crystal structure should pravidirect insight into the
enzymatic mechanism of BY kinases, addressing kesuels such as the
arrangement of catalytic residues and the machinérthe two-step activation

involving the upstream tyrosine residue (Y569 indjVz
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To date, all atomic-level protein kinase structuvesre determined by protein
crystallography (Cowan-Jacob, 2006). Mutant stmeswvith systematic alteration

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

While BY kinases pose immense research potentiaystallization of
transmembrane proteins has been proven to be véfigud. This is because
transmembrane peptides are usually hydrophobic canchot express well in regular
expression systems. Detergents may improve praembility but, at the same time,
possibly interfere with the regularity of crystahgking. Because published eukaryotic
protein kinase structures only consist of the kendsmains, and because the cytoplasmic
domain of BY kinases alone is sufficient for kinastivity (Grangeasse et al., 2002), this
research will focus on the structural determinatiérihe cytoplasmic kinase domain of
the BY kinases, starting with Gram-negative baatgricoli K12BY kinases Wzga and
Etk. These two proteins have well-documented esmasand purification protocols
(Grangeasse et al.,, 2002), functional informatioomf both in vitro and in vivo
experiments (section 1.3.3), and identified protaifbstrates for future protein-protein
interaction studies (section 1.3.4). BY kinasesGram-positive bacteria, such &
subtilis YwqgD, will also be investigated for the same ressmentioned above.

This research centers on the following three hypsth:

(1) The crystal structure of the Wzc/Etk kinase domailh represent the first ever
prokaryotic Tyr kinase structure, and it has novinatructural homology to any
other known kinase.
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(2) The crystal structure of the Wzc/Etk kinase domwilh explain the role of a key
upstream Tyr residue in the two-step activationmeacsm. It is possible that this
Tyr residue, along with the structural loop it s in, adapts an alternative
conformation that unblocks the active site, as deethe case of the A-loop in
eukaryotic kinases. Nonetheless, since BY kinabaseslow sequence homology
with eukaryotic kinase, differences in its catalyéind activation machinery are
also expected.

(3) The structure of the Wzc/Etk kinase domain will over previously unidentified
structural features, which play a key role in tlegulation of polysaccharide

transport based on the phosphorylation profilehef@-terminal tyrosine cluster.

In this thesis, | report the crystal structure loé E. coli tyrosine kinase (Etk)
domain determined at 2.5A resolution. The structfr&tk is the first high-resolution
structure of a bacterial Tyr kinase reported teedahd bears no similarity to eukaryotic
kinases. From structural insights and biotlvitro andin vivo experimental evidence, the
unique activation of Gram-negative BY kinases wasficmed in detail. Furthermore,
various structural and experimental clues led tsolid understanding of how the
oligomerization state of BY kinases is affectedthy extent of phosphorylation of their
C-terminal Tyr cluster, which is known to ultimatelegulate the export of capsular and

extracellular polysaccharides.
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Chapter 2 — Materials and Methods

A general pipeline of experiments for X-ray crykigtaphy studies has been well
established by structural genomics projects (Figui¢. The determination of the crystal
structures, however, could reveal various funcliataes leading to a wide range of
functional experiments. This chapter will be présdnin the order of this pipeline,

followed byin vitro andin vivo functional studies.

Selection of target protein

v

Cloning and expression of the
recombinant protein

'

v

Large-scale purification

|

Crystallization screening =~
Crystal optimization
'

Data collection and
structure determination

'

Functional inferences,
comparison with similar
structures, establishment of
biochemical pathways

'

Figure 2.1 Pipeline of structural genomics projects.

This pipeline is employed by typical structural gemcs projects, from target selection to
structure determination and beyond. Source of Ei@ut: (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 kinasks coli K12Wzc and Etk were subcloned
into pGEX-4T-3 and pET16b-derivative expressiontoes; yielding fusion proteins with
an N-terminal glutathione S-transferase (GST) &agN-terminal 10-histidine tag or a C-
terminal 6-histidine tag. As the research progmss¢her protein constructs were also
subcloned into pET vectors with the aforementioafidity tags.

Table 2.1 lists all BY kinase-related constructgolmed in this study and their
corresponding sources. Wild tyjie coli K12 W3110 strains and knockoutswzc and

etkwere obtained from the Genome Analysis Projedaipan Iittp://ecoli.aist-nara.acjp

Dr. J. Wagner and Dr. A. Matte, our collaboratdrtha Biotechnology Research Institute,
National Research Council, Canada, supplied us thghplasmids of full-lengtlk. coli
Etk (in pCA24N vector with N-terminal 6-histidin@d), truncatedE. coli YcCZg 164
(pFO4 vector with N-terminal 6-histidine tad, subtiliusYwgD (pFO4 vector), and Etk
kinase domains mutants Y574A, Y574E, Y574G and R614FO4 vector). Dr. .
Mijakovic at Laboratoire de Génétique des Micromigmes, France provided us with
the plasmid oB. subtiliusYwqCyiscasfusion (Mijakovicet al, 2003). Dr. C. Grangeasse
at Institut de Biologie et Chimie des Proteinesriée provided us with protein samples

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

Plasmid / Strain Genotype description Source
PET-GSTwWzGs1.720 Wzcea kinase domain with N-terminal GST tag This study
PET-His oWz Gs1.720 Wzcea kinase domain with N-terminal Histag This study
PET-His,g-etkis1726 Etk kinase domain with N-terminal Higag This study
PET-Hisg-etk/s74a Etk kinase domain with mutation Y574A This stﬁdy
PET-Hisg-etks74e Etk kinase domain with mutation Y574E This study
PET-Hisg-etk/s74F Etk kinase domain with mutation Y574F This study
PET-Hisg-etk/s74c Etk kinase domain with mutation Y574G This study
PET-His-etk/s7an Etk kinase domain with mutation Y574N This study
PET-Hisg-etkze1an Etk kinase domain with mutation R614A This study
PET-Hiso-ethkze1ak Etk kinase domain with mutation R614K This study
PET-Hisg-etkzs72a Etk kinase domain with mutation R572A This study
E. coliK12 W3110 E. coliK12 W3110 wild type Japafi
E. coliK12 W3110Detk  E. coliK12 W3110 with etk knockout Japan
pCA24N-etk Full length Etk Matte, A’
pPCA24N-etk/s74a Full length Etk with mutation Y574A This study
PCA24N-etk/s74 Full length Etk with mutation Y574E This study
pPCA24N-etk/s74r Full length Etk with mutation Y574F This study
pPCA24N-etk/s7an Full length Etk with mutation Y574N This study
pCA24N-etkzg1an Full length Etk with mutation R614A This study
pCA24N-etkzg1ax Full length Etk with mutation R614K This study
pPCA24N-etkzk a Full length Etk with mutations K478A, R479A, R481A This study
PET-Hiso-etks 422 Etk N-terminal domain with N-terminal Higtag This study
pFO4 ywqd B. subtilisYwqgD with N-terminal Hig tag Matte, A.

PGEX-2T-GSTywqGscas B. subtilisYwgC with N-terminal GST tag, followed by its  Mijakovic, I.
first 15 residues fused with last 45 residues

pFO4ycCzs 160 E. coliYccZ residue 86-169 with N-terminal Hitag Matte, A.

® Site-directed mutagenesis of Etk Y574A, Y574E, ¥67and R614A were performed in both pJW and
pFO4 plasmids by Dr. J. Wagner at the BiotechnoRggearch Institute of Canada.
® Genome Analysis Project in Japan (http://ecoli-aisa.ac.jp).
" The original source of this particular plasmidHs same as 6.
35



2.1.2 Site-directed Mutagenesis

As structural information of Etk became availaldie-directed mutagenesis was
carried out to verify the hypothesized functioniradividual residues of Y574, R614 and
R572. Table 2.2 lists the primers designed forotaimutants. Site-directed mutagenesis
was performed with the QuickChange Site-directedadgenesis Kit (Strategene), while a
doubled number of PCR cycles were used in the thlecycler (Eppendorf). After
confirming the success of PCR with agarose geltmpboresis, full-plasmid PCR
products were transformed ino coli DH5a cells for plasmid annealing. Sense and anti-
sense primers of the K478A-R479A-R481A triple muitewere first subjected to PCR
separately, as such two-stage PCR was reportettiteaise the success rate of multiple

mutations significantly (Wang and Malcolm, 1999).

Table 2.2Primers designed for side-directed mutagenesis.

Plasmid Primer

PET-Hisg-etkrs7oa GATGCCGACTTACGCGCTGGTATTCGCATAACCTGTTTACC

PET-Hisg-etkys74a
PCA24N-etks74a
PET-His¢-etkys74e
pCA24N-etk574
PET-Hisg-etks7ar
pCA24N-etks74r
PET-Hisg-etkys7an
pCA24N-etks7an

PET-Hisiceltleoin  GoeTTTGATGTGATTACTGCGGTCAGGTGCCACC
pCA24N-et|§514A

PET-Hisg-etkzgise GGAGGCTTTGATGTGATTACTGAGSGTCAGGTGCCACCTAAC

GACTTACGCCGTGGTGCTCGCATAACCTGTTTACC
GACTTACGCCGTGGTGAGCGCATAACCTGTTTACC
GACTTACGCCGTGGTITITCGCATAACCTGTTTACC

GACTTACGCCGTGGTAATTCGCATAACCTGTTTACC

PET-Hisrellesik  GGAGGCTTTGATGTGATTACTAAGGGTCAGGTGCCACCTAAC
pCA24N-etlgg14k I

pCA24N-etk « CCAATGTCCGAGTGGCTGGATGCAGCABCCGCTCTGCGTAAGAAAAATTTATTTTC
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2.2  Protein expression and purification

2.2.1 Protein expression

Recombinant vectors were transformed into eithecoli K12 BL21(DE3) cells,
which are deficient ihlon andompT proteases, or methionine auxotroph DL41 cells. The
latter cell line was used for selenomethionine eggpions, providing essential selenium
anomalous signals for structure determination. Satale S5SmL expression studies were
first carried out in order to select constructs {GH-terminal Higp or C-terminal His
tag), growth temperatures and induction conditithias resulted in the highest expression
level of the target protein determined by sodiundedylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

The recombinant cells with best small-scale exjpoeskvel were scaled-up for
over-expression. Fresh colonies were picked andimgio 25mL Terrific Broth (Bioshop)
at 37°C overnight with 10@/mL ampicillin for pET, pFO4 and pGEX-2T plasmids,
33ng/mL chloramphenicol for pCA24N plasmids. The résgl overnight culture was
used to inoculate 1L Terrific Broth at 37°C coniagn the same concentration of
antibiotics. Selenomethionine expression was aarreut in LeMaster medium
(Hendricksonet al, 1990), which contains all essential nutrientshvitie exception of
methionine. 25mg/L selenomethionine (Sigma) waseddw the growth medium. One
additional intermediate scale-up step (5mL overmighlture) was needed to ensure

healthy cell growth, carried out at a shaker spde200-250rpm.
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Protein expression was induced by adding 0.05-0.5miMisopropylb-p-
thiogalactopyranoside (IPT&upon reaching a cell density of OsR.= 0.8. After
induction, protein expression at 37°C usually tesllin large amounts of proteins in
inclusion bodies; therefore, cell growth was comtidd at room temperature (22°C)

overnight.

2.2.2 Protein purification

Cell lysis was carried out by sonication (Branswith the addition of 0.5mM
protease inhibitor phenylmethyl sulphonyl fluoriféMSF). For proteins with His tags,
the lysate was purified by nickel nitrilotriacetatagarose (Qiagen) affinity
chromatography in 50mM phosphate buffer (pH8.5) a@dmM NaCl. Protein samples
underwent an extensive (usually 100 column volurd@s)M imidazole wash and a brief
(usually 10 column volumes) 50mM imidazole washd amere eluted at 150mM
imidazole.

Proteins containing an N-terminal GST fusion wengiffied by glutathione
affinity chromatography using a GST-trap column @sham-Pharmacia) in phosphate
buffer saline (PBS) buffer at pH 7.0-8.0. Proteamgles were eluted with 50mM Tris
(tris-hydroxymethyl-aminomethane)-HCI, pH8.0 withOMdM reduced glutathione.
Subsequently, the GST tag was cleaved by overmghbation with bovinea-thrombin

(Haematologic Technologies).

8 IPTG is a stable analog of lactose. It inactivalbesac repressor on the vector, resulting in the
transcription of the desired protein gene.
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The resulting protein sample was dialyzed into sirdd protein buffer (section
2.2.3), and further purified over a size-exclusioolumn (HiLoad 16/60 or 26/60,
Superdex 200; GE) operated byfKA Explorer fast protein liquid chromatography
(FPLC). Four molecular weight standards (Amershasere first used to plot a standard
curve for elution volume vs. protein size. For Bt& kinase domain, typically 0.5mL of
concentrated sample were injected and the colums eperated at a flow rate of
1.5mL/min. The low M.W. (monomeric) fraction frorhd size exclusion column was
further dialyzed into 100mM tris(hydroxymethyl)aramethane (Tris) buffer at pH9.5
and 300mM NaCl, and concentrated to 10-20mg/mL doystallization trials. The
concentration and dialysis of protein samples vperéormed 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 &ir tbligomerization state
are very important for structural studies by X-raystallography. Therefore, protein
buffer optimization screening (Collins et al., 200¥ancarik et al., 2004) has been
integrated into standard protein sample prepargtrotocols in this laboratory.

For protein samples of Etk, Wzc, Etk N-terminal demand YwqD, a spectrum
of buffers with pH increment of 0.2 were mixed widgual volume of maximally
concentrated purified protein. The mixture hadtalteolume to &L, and was stored as a
hanging drop in a sealed chamber of a 24-well allyzation plate (Hampton Research)
overnight. The buffer condition yielding the ledgigree of precipitation (assessed by an
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optimal microscope) and the lowest apparent moéeonkight / polydispersity index as
measured through a DynaPro dynamic light scattemiaghine (Protein Solutions) was
selected. The pH of the final buffer was kept at5>iH value away from the isoelectric
point (pl) of the protein sample. If the proteirm&@ned unstable, further additives were
evaluated with the same approach. Protein stabilias further tested at various
incubation temperatures (37°C, 22°C and 4°C).

The protein buffer for full-length Etk was optireiz by an alternative approach
(Gosavi et al., 2008). 5mg of protein samples wist completely dried by a spinning
vacuum dryer operated at room temperature overnigig pellet was resuspended in
100nL of a total of 10 combinations of buffer and salernight at pH 8.5. The buffer
resulting in the highest solubility of protein mliwas determined by Bradford assay

(Bioshop).

2.3 Protein crystallization

Protein crystallization was carried out with 5-20mg of protein sample using
the vapor diffusion method. The protein solutiorswaixed with a certain volume ratio
(usually 1:1) of crystallization solution, and timxture was set up as either a hanging or
a sitting drop. As the drop equilibrated againseservoir containing only crystallizing
solutions in a sealed chamber, the equilibrium dragen from the undersaturation zone
(or, more rarely, the precipitation zone) into tmégcleation zone. Crystal growth was

finally stopped as the protein concentration ingite drop was lowered enough to exit
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the supersaturated state. During this study prateystallization trials were attempted
using a few other crystallization methods discusse&bpendix A.

Vapor diffusion screening trials were conducted 24-well hanging drop
(Hampton Research) or 96-well sitting drop platése(ner Bio-One). In 24-well hanging
drop plates, each well contained &0Q0of reservoir solution. In 96-well sitting drop
plates each well contained 10 of reservoir solution. The hanging and sittings
usually consisted ofri. of protein solution mixed with riL of reservoir solution. The
24-well hanging drops were set up on glass (Hamptesearch) cover slips, which were
sealed onto the plate with High Vacuum Grease (Qowning). Alternatively, screw-cap
plates (Qiagen) were used and the plastic covemsdis tightened to the plate via rubber
ring sealing. The 96-well sitting drop plates wesealed with Crystal Clear Tapes
(Henkel).

Drops with putative crystal growth were subject diystallization condition
optimization in 24-well hanging drop plates or atheystallization methods. The 24-well
plates combined with a high drop volumeri(3 allowed larger crystal growth and easier

crystal looping.

2.3.1 Crystallization condition screening

Purified protein solutions were mixed with variqu&cipitant solutions from the
following screening kits:Hampton Research Crystal Screen |, Crystal Screen I,
Crystal Screen Lite, Index I, Index Il, CryQiagen Classics, Classics Il, Classics L,

PEGs (polyethylene glycol), PEGs Il, MPMdthyl-pentane-diol) AMSQ, (ammonium
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sulfate), Cations, Anions, Cryos, pH Clear, pH €lBaProComplex, Nucleix, JCSG+
(Joint Center for Structural Genomics), and PACE@Pwith anions and cations) suites.
A crystallization robot (Cyberlab) was used to aodite the crystal screening process
during the early stages of this study. Protein damere also screened using a high
throughput, large-scale screening service providethe Hauptman-Woodward Medical
Research Institute at the Buffalo Niagara Medicaipus.

Customized crystal screening was also carried ot 4-well hanging drop plate
when prepackaged screening kits did not yield featisry results. The setup resembled a
phase diagram (Figure A1E, Appendix A), where prot®ncentration was varied on the
Y-axis and a particular precipitant concentratiomswaried on the X-axis. After
overnight incubation at room temperature, the tespprecipitation pattern was used to
determine the supersaturation curve and likelyeatadn zone.

The resulting screening trial drops fell into tledldwing categories: clear drops,
amorphous precipitate, phase separation, tiny aryshowers, and large crystals.
Conditions leading to the latter two categoriesensubject to optimization in order to
produce X-ray diffraction quality crystals. If negmising 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 typicallgvolved bi-directional fine
adjustment of the buffer pH, or the concentratibraarticular reagent in promising
crystallization condition. Two variables were exaed together in a 24-well hanging

drop plate. If the crystallization reagent contaiisG, the original PEG compound was
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replaced with PEGs of different average moleculaigit such as PEG1000, PEG2000,
PEG4000, and PEG8000. While such variation wasliyseraough to reduce the number
of nuclei and produce larger crystals, the quatifycrystals was also improved by
additives and detergents (Hampton Research).

The additive screens consist of salts such as B&&Ch, CaC} and organic
compound such as methanol, ethanol and 2-prop@hel additives and detergents were
mixed along with the protein and precipitant saatiat the beginning of the trial, in a
ratio similar to 1:1:0.5 (protein:precipitant:ada@/detergent). Further adjustment of the
concentration and amount of additive or detergead wvarried out based on the resulting
crystal quality. A second additive was sometimedeaddn a second round screening.

The final crystallization condition for Etk kinasemain was 140mM ammonium
sulfate (Sigma-Aldrich), 17% PEG 8000 (Fluka), 1d4¥cerol (Bioshop), 14mM EDTA
(Bioshop) at pH8.0, and 86mM bis-Tris (BioshoppHEi5.0 or 6.5 with additives of 1.0M
sodium bromide (Fisher) or 40% acetonitrile (HampResearch). The ADP-bound form
was produced by in-drop soaking with identical bufsolution and a mixture of

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

2.3.3 Redesigning protein construct
When protein optimization still fails to improveystal quality, crystallographers
look one step back to modify the protein to be tatliged. The following approaches

were applied in this study.
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Limited proteolysis.

The protein sample was subject to a short periadging from a few minutes to
hours) of degradation by proteases (e.g. trypsipmotrypsin), and the resulting partially
degraded protein solution was examinedsbgium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Since flexible loopioag of a protein molecule were
more easily accessed by proteases, the resultitiglijadegraded protein would be more
tightly packed than the original molecule, and vablé theoretically easier to crystallize.
The exact protease cut sites were determined byewhass mass spectrometry, and such
construct would be re-cloned and used in crysalbn. The Etk protein sample
(0.45mg/mL) was treated with trypsin and chymotiyga a 20,000:1 protein:protease
weight ratio in 50mM Tris buffer pH8.5. Aliquots veetaken and analyzed after 5

minutes, 1 hour and 17 hours.

Surface residue mutation.

While successful crystal packing is contributed fegurring surface residue
interactions, certain flexible surface residues hnimterfere with systematic packing,
inhibiting crystal growth. Likely candidates for mation, such as non-conserved Glu or
Lys residues in a likely flexible loop region (Dexenda, 2004), were determined by
secondary structure prediction or 3-D structuradelimg with a homolog with known
structure. Reduced protein solubility is a potdntieawback of this approach. Two

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

Homologs of the target protein may differ by a famino acids, which provide
the intermolecular contact necessary for successfsitallization. Comprehensive tools
that assess the likelihood of crystallization of tlarget protein and its homologs have
been developed and made available online (Slabgts&l., 2007). In this stud¥. coli
Wzc was initially attempted for structural deteration; however, the attention
subsequently shifted to its homolog Etk, which hadbetter protein stability and

crystallization outcome.

2.3.4 Crystal handling
Protein crystals encountered in this research diieult to handle. Two crystal

handling techniques were developed:

Drop “skin” breaking .

A skin, which likely contained precipitated proteimas usually found covering
the entire surface of the protein drop. When tkis svas broken, the exposed crystal-
containing drop was quickly overwhelmed by newlynfed salt crystals and protein
precipitation, usually within one minute. At firsgsuch skin was promptly removed by
either a small crystal mounting loop or a specaizrystal manipulating tool, and
immediately an equal volume (compared to the drop)precipitant solution was
transferred from the reservoir and added direcilihe (rapidly drying) drop. Subsequent
addition of reservoir solution may be required xtead the usefulness of the protein drop.
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Unfortunately, the removal of the skin resultedhia 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 remagplate crystals were buried
deep in the drop. A long stretched nylon loop weguired to successfully reach the
crystal without drawing the majority of the droptte copper loop base (hence severely
disturbing the drop). For successful looping oft@larystal, the loop must slowly
approach from the bottom of the crystal, with tbep parallel to the flat surface of the
plate crystal. Often, the plate crystals were &tdcto the glass slip. In such cases, the
crystals were carefully provoked from the sideshwvilte nylon loop to lift it into the
solution. Crystals firmly attached to the bottomreveisually damaged and rendered

unusable in such process.

2.3.5 Cryo condition searching

As crystals were cooled to 100°K during data ctilbecto avoid substantial X-
ray radiation damage, a suitable cryo protectard veguired to prevent intrusive ice
crystal growth. Crystals were tested in potentigbgorotectants such as 15% glycerol,
40% PEG 400, and light mineral oil. Visual asses¥mé cracking and X-ray diffraction
snapshot were used to evaluate the stability aftaly and the effectiveness of ice growth
prevention. In the cases of glycerol and PEG, ithel tryo protectant solution was made

up to match the precipitant solution (salt conaamin, buffer pH, etc.) in order to
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minimize crystal disruption. In this study, glyckwmas found to have the least negative
impact on the quality of Etk kinase domain cryst&absequently, ~15% glycerol was
incorporated into the crystal growth solution, siriétk crystals were found in a crystal
screen condition containing 15% glycerol. This rgew 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 ohet X-ray facility at Queen’s
University. The X-ray machine consists of a 30cmr NR&search imaging plate and a
Rigaku RU-200 rotating anode X-ray generator wignmix focusing mirrors operated at
50kV and 100mA. Some crystals were tested on anskeéGray facility at Queen’s
University with a Bruker SMART 6000 model, equippsidh a charged coupled device
(CCD) detector and a sealed tube X-ray source tgubra 33kV and 20mA. The data
were collected typically with 1° oscillation aroutite f (loop) axis, with an exposure
time between 5-10 minutes for the first MAR fagilinentioned above and 1-2 minutes
for the Bruker SMART 6000 model. Crystals with stctory X-ray diffraction were

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

The datasets in this study were collected at tweclssotron light sources. The
SAD (single-wavelength anomalous dispersion) datateselenomethionine-derivative
Etk kinase domain was collected at the Nationalc8yotron Light Source (NSLS) at
Brookhaven National Laboratory (BNL), Upton, NewrKpcourtesy of Dr. H. Robinson.
(Alternative methods of structural determinatioe discussed in Appendix C.) Various
other datasets, which were eventually not usefukfauctural determination due to poor
crystal quality, were collected at NSLS beamline8CXand X29A. An X-ray
fluorescence scan was first performed with the nwdircrystal to fine tune the most
suitable wavelength (maximal 3t selenium K-absorption edg&€he 2.5A native dataset
was collected at the A1 beamline of Cornell Higreigyy Synchrotron Source (CHESS),
Ithaca, New York, with an ADSC (Area Detector Syst€ooperation) Quantum-4 CCD
detector. The ADP-bound dataset of Etk kinase domais collected, courtesy of Dr. Q.
Ye, at the F1 beamline at CHESS. The optimal dali@ation strategy was determined

by STRATEGYof theHKL2000suite (Otwinowski Z. and Minor W., 1997).

2.4.3 Data processing

The HKL2000 suite (Otwinowski Z. and Minor W., 1997) was uded data
reduction and processing. The initial crystal infation such as space group and cell
dimensions was determined by the index functiore digital diffraction image was then
reduced to a list of indexed reflection and tharresponding integrated spot intensity.

The reduced data from each individual image franewewcombined and scaled to
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produce a final dataset by the Scale functioHkL200Q The intensity was converted to
structure factor amplitude corresponding to eackljhreciprocal plane.

The structure factor file was processed 3LVE (Terwilliger and Berendzen,
1999) to determine the coordinates of heavy atossdeijomethionine). The phase
information was calculated from the anomalous amwtanomalous signal from a single
dataset. The heavy atom coordinates were thenhysR&ESOLVHTerwilliger, 2000) for
maximum-likelihood density modification, phase ed®n and automated model
building by iterative fragment extension (Terwitig 2003). Recently, such programs
were combined in the highly automated sSuREIENIX (Terwilliger et al, 2008).
Alternatively, the heavy atom sites were determiri®d automated program suite
AUTOSHARP(Vonrhein et al, 2007), which utilizeSSHARPfor heavy-atom search,
SOLOMON(Abrahams and Leslie, 1996) for density modifieatand phase extension,
and theARP/wARP(Perrakiset al, 1997) package for automated model building. The
ADP-bound structure was determined by the direagh 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 sattefy enough for automated Etk
kinase domain model building BBESOLVHTerwilliger, 2000) orARP/WARP(Perrakis
et al, 1997), a conventional route was chosen whichliegmanual backbone tracing

and iterative model extension.
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Residues were assigned by first matching short esempi segments with easily-
recognized large side chain densities. For exan26;MRDRMRQKKEW-635 was
used as one of the starting points in manual tgaoits the @ backbone was mostly
traced and residues matched, the partially-conglet®del was used in structural
homology search. The Blast search returned a higtome for bacterial ATPase MinD.
Therefore,P. furiosusMinD (PDB: 1G3R) (Hayashet al, 2001) was superimposed on
the preliminary Etk model to accelerate the tragnocess. It was found that MinD and
Etk were indeed highly similar in the-strand core region. However, maayhelices,
although occupying similar spatial locations, weoenposed of residues from different
seguence regions.

The further-traced model of Etk contains a largenber (~30%) of uncounted
residues as a large gap of electron density existeédeen layers of molecules. Therefore,
a more fundamental and thorough approach was wsedaténd the model residue by
residue. After the addition of every new residuepmplete round o€ENS(Brungeret al,
1998) refinement was performed. The resulting neMad®r was compared to the
original value in order to decide whether to keemdify or discard the newly added
residue. Such process was repeated until no imprene of R-factor was possible.
Further refinement and water molecule addition pasormed byARP/wWARP(Perrakis

et al, 1997) and th&REFMACprogram package (Murshudetal, 1999).
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2.5 Kinase activity assay

Kinase activity assays @&. coli Etk kinase domain and Bubtilis YwgD were
performed based on its autophosphorylation actimityits C-terminal Tyr cluster. Three
variations of kinase assays were attempted.

At first, kinase activity measurement was carried with the ADP Quest Assay
Kit (Discoverx), where the product of kinase phasptation, ADP, was detected with a
coupled enzyme reaction system. This system pradbgdrogen peroxide, which was
used to generate a fluorescently active dye (etmitd= 530nm, emissior= 590nm).
This experiment was later discontinued due to Higbrescence reading fluctuations
inherent to the sample plate.

The second kinase activity assay measures thegttrexf radioactive signal,
which comes from autophosphorylated protein in phesence of [*?P]. Etk kinase
domain wild type, Y574A, Y574E, Y574F, Y574G, Y574R614A and R614K (2QM,
in 50mM Tris, pH8.5) were incubated with 200 of ATP and 200M of MgCl, at room
temperature for five minutes. The ATP solution eimeéd 10Ci of [ -*%P]. Aliquots of
20mL were blotted onto precut 1” squares of WhatmapepgBiometra). The blotted
paper squares were washed three times by stirnn§ODmL 75mM HPQ, for 30
minutes each. The washed blot papers were theeglato individual scintillation vials,
and mixed with 5.3mL of ScintiVerse solution (Fishé&cintillation readings were taken
from both the protein sample and 200f reaction mixture using an LS6500 Multi-

purpose Scintillation Counter (Beckman Coulter).
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A further improvement of the protocol replaced ewnination-prone paper
blotting with more reproducible and efficient tetnéoric acid (TCA) precipitation. After
the kinase reaction, proteins were precipitatednft® L of the reaction mixture with
20% tetrachloric acid (TCA), and washed twice ws0®D L TCA. The resulting pellet
was resuspended with 1mL of standard glycine SDifeihuand mixed with 5.3mL of
ScintiVerse (Fisher). Scintillation readings weagdn from both the protein sample and
10 L of reaction mixture.

Three external substrates were also attempted enkitmase assays: (1) 2mM
UDP-glucose dehydrogenase (Ugd), (2) 2mg/mL syithed-polymer poly(Glu:Tyr)
(4:1, Sigma), and (3) Img/mL of a custom synthe&ki€eterminal Tyr cluster peptide,
KRSSTNYGYNYYDYSYSEKE, where several hydrophobicideses of the original Etk

sequence were replaced by more hydrophilic restdues

2.5.1 ATPase activity assay

The ATPase assay was carried out by measuring lire dolor of reduced
phospho-molybdate complex. Protein samples wenebeted with 0.2mg/mL of ATP,
4mM MgChL, 80mM NaCl and 25mM Tris at pH7.5 at 37°C for 3@ues. Subsequently,

30nmL of the reaction solution was mixed withriiOof 10% ascorbic acid and 60 of

° Unfortunately, all three substrates yielded limigeiccess. There was not enough Ugd samples eggress
(<1mg) for quantitative kinase assay. The co-polypaty(Glu:Tyr) was not phosphorylated in the kiaas
assay. The customized C-terminal peptide had veniyeld solubility in solution.

52



0.42% ammonium molybdate, and incubated at 37°Q@ominutes. The resulting blue

color was measured at an Ultrospec spectrometeciBome) for O.Qso.

2.6 Antibiotic resistance study

The antibiotic resistance assay was used to asBesfinction of Etk and Etk
mutantin vivo, based on the report that Etk is specifically oesible for polymyxin B
resistance (Lacour et al., 2006). Two attempts weade to follow the protocol described
in the above study, but were not able to reprodoegesults.

The subsequent antibiotic resistance assay wasorpetfli based on the
microdilution method (Amsterdam, 1991). Plasmidsetaming wild type, full-lengtretk
and various mutants were transformed iet knockout cells. Overnight LB broth
culture was diluted to O.E¢=0.10 with 1&M IPTG (where recombinant Etk expression
level was similar to that in wild type cells) andrius concentrations of polymyxin B
(Bioshop) ranging from O to @/mL, for a total volume of 20Q.. The cultures were
incubated at 37°C for 16 hours, followed by measwat of absorbance (Odg).
Finally, a concentration of 1.8/mL polymyxin was selected as it showed the makima
difference of cell density among different mutants.

Western blotting was performed to verify the expi@s level of Etk and mutants.
Prior to polymyxin B treatment, 1mL of cell cultun®as removed to extract the
membrane fraction containing full length Etk (a nbeame protein) and mutants, which

were then purified by Ni-NTA (Qiagen) chromatogrgpifhe membrane fraction was
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prepared by mixing lysis pellets in 2mg/mL n-dodegy,-Maltoside (Bioshop) at 4°C
overnight. Aliquots of 101 of the membrane fraction protein samples werelves by
SDS-PAGE, and transferred onto a nitrocellulose brame (Bio-Rad). The membrane
was probed with anti-His (Santa Cruz Biotechnologyl subsequently goat anti-rabbit
(Bio-Rad) antibodies, respectively. The probed memé was processed with the

Chemiluminescence Kit (PerkinElmer) and the imags waptured on X-ray film (Fuji).

2.7 Mass spectrometry

Mass spectrometry identifies the chemical compasiof the protein sample on
the basis of the mass-to-charge ratio of chargetitfes, by fragmenting the sample into
charged ions and passing the ions through elemtidcmagnetic fields. Such technique is
especially useful when studying protein phosphaigta

Initially, inductively coupled plasma mass spectetim (ICP-MS) was performed
by Mr. D. Chipley in the Department of Geologicaiéhces and Geological Engineering
at Queen's University. Protein samples were cormateat to 1mg/mL in the original
buffer, and the elemental composition of the sampés determined allowing the

calculation of phosphorous content with an intesgénium standard.

2.7.1 Full mass spectrum for Etk phosphorylation
The full mass spectrum was used to identify thal totmber of phosphorylation

on Etk. The protein samples of native Etk and tB&4A mutant were treated with cold
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acetone (99.9%) precipitation at °20to remove the salt and buffer content in solution
(300mM NacCl, 100mM Tris-HCI). Following an immediatvash, the resulting pellets
were dissolved in a mixture of the solvents of far@cid/water/methanol (v/iviv; 1:1:2).
The intact protein mass determination was carrigddon an Applied Biosystems/MDS
Sciex QStar XL quadrupole time-of-flight (QqTOF) ssaspectrometer equipped with a
nanospray source designed by MDS Sciex (Concoftth.ifistrument was operated with
an ionspray voltage of 3500V and a declusteringmiadl! 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 phosphorylationesit an in-solution digestion with
endoprotease Lys-C (Roche Diagnostic Corp.) wasl wigeproduce large proteolytic
peptides. The protein was incubated with 50ng Lyiss@5mM ammonium bicarbonate
(pH 7.6) solution at 3T for 4 hours. The digested peptides were subséguieposited
on a MALDI (matrix-assisted laser desorption/iotiza) target plate by mixing with an
equal volume of 0.5uL 2,5-dihydroxybenzoic acid mxa{Sigma, 100mg/ml in 50%
ACN), and the solvent was allowed to evaporate. Wihgy, the target was loaded into
the QStar QqTOF instrument with an oMALMI1I source and a nitrogen laser operating
at 337nm. After MALDI MS peptide mapping, selectpeptides were sequenced by

MS/MS using argon as the collision gas to confine identity.

58



2.8 Protein folding and oligomerization measurement

Circular dichroism (CD)

The change in phosphorylation states of tyrosineases may influence its
secondary structure composition, which could bedet by CD. Etk protein samples
were first dialyzed to replace Tris with phosphatéfer, and NaCl with NaF to minimize
UV absorbance by the buffer. The sample was thgtted into a 0.01lmm cylindrical
guartz cuvette, which was placed in an Olis DSMQLAD machine. Five to eight scans
were averaged to compute the molar ellipticity, ahhivas plotted against wavelength. In
order to study the effect of phosphorylation, thetgin sample was incubated inni®
of ATP and MgClJ for 30 minutes, and the resulting scan was contpereéhe untreated

sample.

Analytical ultracentrifugation (AUC)

AUC applies a high gravitational force enough teqgipitate protein molecules in
solution; various oligomer states can be separdbeded on their differential
sedimentation rates. The samples were spun usiBgcaman Coulter Optima XL-I
Analytical Ultracentrifuge machine with An-60 Titoy at 40,000rpm. A total of 200

scans were taken during the experiment, whichdak2ehours and 40 minutes.
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Chemical cross-linking

Chemical cross-linking experiment was carried oot study further the

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

incubated with one of four cross-linking agents emthe following conditions at 22°C

(the optimal conditions were determined by triadl @nror) and the results were analyzed

by SDS-PAGE:

EDC (1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide tiypchloride): 5mM, 30
minutes. Cross-linking distance = 0A.

DFDNB (1,5-difluoro-2,4-dinitrobenzene): 100M, 30 minsit€ross-linking
distance = 3A.

Glutaraldehyde: 50M, 1 minute. Cross-linking distance = 5A.
BS3(Bis[Sulfosuccinimidyl]suberate): 100M, 30 minut€soss-linking distance =

12A.

Precipitation/aggregation assay

The precipitation of protein sample due to conéwlldephosphorylation was

measured using a turbidity assay. Etk samples di1l&nhd 20 M (in 50mM Tris, pH8.5)

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

transparent 96-well plate with a total volume of BO The status of precipitation

(turbidity) was measured in terms of Os;f3.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 byS$HAGE analysis could
actually contain multiple states of oligomerizatiovhich could be detected and isolated
by size-exclusion columns. The protein samples wereentrated to 10-20mg/mL, and
loaded to HiLoad 16/60 or 26/60, Superdex 200 (@G&umns operated by TKA

Explorer FPLC at 4°C.

58



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 @lahée beginning of this
study, our investigation started directly with tegpression and purification of the
available constructs. The glutathione S-transfe(&®T) -tagged Wzc and Etk kinase
domain constructs (hereafter abbreviated as GST-ANddGST-Etk) were first attempted
due to the rationale that a flexible, 20-a.a. Hisg-tag (with a linker sequence) may
interfere with crystal packing. The GST-Wzc constrexpressed well and typically
yielded 45mg from allL culture, after purificatiog & GST-trap column (Figure 3.1A).
In addition, a further yield of 25mg GST-Wzc coub@ obtained by recycling the
flowthrough back into the GST-trap column. Thrombleavage was performed both on
the column and after elusion with 30 minutes ollation at room temperature (Figure
3.1B). Both Wzc (M.W. = 33kDa) and GST (M.W. = 26KDran at 30kDa on the SDS
gel. A large-scale, 4L culture yielded more tha@rh§ of protein per batch; however, the
resulting protein showed several impurity bandbligher and lower molecular weight on
the SDS gel. Therefore, all subsequent Wzc and ekfkessions were performed in
batches of four 1L cultures.

The usual yield of GST-Etk expression and subsdqu@8T-trap column

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

cleavage resulted in a ~34kDa Etk band and a ~288B& band by on the SDS gel.
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Proteolytic cleavage was completed in 4 hours ammrdemperature (Figure 3.1D);
however, significant precipitation was observedtesreaction proceeded. The majority

of the insoluble pellet was comprised of Etk, althlo GST was also present.
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Figure 3.1 Purification and thrombin digestion of GST-Wzc aB8T-Etk.

(A) GST-Wzc was purified with the GST-trap column ahdwed a ~60kDa band on the
SDS gel(B) Room temperature thrombin digestion of GST-Wzc e@spleted after 30
minutes of incubation. However, Wzc and GST both ati 30kDa on the SDS g€CC)
GST- Etk was purified and showed a ~60kDa bancherSDS gel. Subsequent thrombin
cleavage resulted in Etk at 34kDa and GST at 28kDpRoom temperature cleavage of
GST-Etk was completed in about 8 hours. Signifiqametcipitation was observed as the
reaction proceeded, and both GST (minority) and @&tlajority) were found in the
insoluble precipitate (PPT).
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In order to separate cleaved GST from Wzc aftesntifnin cleavage, the protein
mixture was first dialyzed back into the PBS buff@remove reduced glutathione, and
subsequently passed through the GST-trap columre fldwthrough, presumably
containing Wzc, appeared as a pure 30kDa band eSSBS gel as expected, but with
only ~40% of the original amount of Wzc. In factgrsficant loss of protein was
observed both after dialysis and the second GS¥-telumn. Circular dichroism
experiments could not rule out the existence of @&the flowthrough sample (Figure
3.2A). In order to reliably separate GST from Wnlddwing thrombin digestion, the
protein mixture was separated over an anion exe&wegource Q column (Amersham
Biosciences). Although Wzc and GST eluted at d#fféranion concentrations, the Wzc
fraction degraded and was not detected using SDSEP@igure 3.2B-D).

Since both the Wzc and Etk resulting from thrombieavage were highly
unsuitable for crystallization studies (Wzc degah@md Etk precipitated), the focus of
this study was shifted to N-terminal histidine-taggonstructs, starting with N-HsEtk.
The histidine-tagged constructs provided greatgdom in pH adjustment since protein
buffers were not restricted to the optimal pH ran@eround 7) required for thrombin
activity. As buffer pH was suspected to cause jmatestability, a test of protein stability
against buffer pH was carried out. It was found thath Etk and Wzc precipitated at
neutral and low pH values. Etk (pl = 7.3, 7.4 fbe tHigo tag construct) underwent
irreversible precipitation at pH 8 and below, awdld not be resolublized by raising the
pH to 8 or above. Therefore, all subsequent prdieifers were prepared at a pH of 8.5

and above.
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Figure 3.2Unsuccessful separation of cleaved Wzc and GST.

(A) The apparently pure Wzc sample-tfelix 42%, b-sheet 19%) was analyzed by
circular dichroism. The measuredhelix andb-sheet content in the sample was 33.8%
and 15.7% respectively. Although secondary strectuere clearly shown in the CD
spectrum, it was difficult to exclude the existermfeGST @-helix 49%,b-sheet 12%)
due to the large variance of the CD-estimated sangnstructure(B) The GST / Wzc
mixture was run on an anion exchange Resource @neoith a 5mL/min flow rate and

a NaCl gradient eventually reaching 1M. GST, as@n highly soluble protein, eluted
at a higher anion concentration than Wzc did. Thex¥ showed the UV absorption and
the X axis showed the elution volum&) The Wzc fraction did not show protein-
specific UV absorption spectréD) Subsequently, no Wzc protein was detected on an
SDS gel stained by Coomassie Blue.
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3.1.2 N-His;o-Etk and N-His;-Wzc kinase domain

Despite the unsatisfactory protein expression fewdserved from small-scale
(5mL) pilot studies, larger-scale (1L) expressicsiches of N-terminal 10-histidine
tagged Etk and Wzc (hereafter abbreviated as Ntk and N-Hise-Wzc) were
capable of producing ~20mg of soluble and stablaepr per liter of culture. The
previous solubility problem associated with Etk vedfectively remedied by raising the
pH of all buffers involved in the purification oftiEto 8.5 or above. It was fortunate that
pH 8.5 was also close to the maximal pH limit (89wed for normal functionality of Ni-
NTA resins. Such increase in protein buffer pH Bigantly improved the stability of
histidine-tagged Etk and Wzc.

After elution, N-Hisg-Etk and N-Hise-Wzc were respectively dialyzed to Tris
buffer at pH 9.5 and CAPS buffer at pH 11. Both M;HEtk and N-Hisge-Wzc could be
concentrated to at least 20mg/mL (a few Etk batehese concentrated to 40mg/mL).
Selenomethionine (SeMet)-substituted proteins dah b¥-His-Etk and N-Higso-Wzc
demonstrated comparable expression levels (Fig@#e-B).

Following purification over a Ni-NTA column the gein samples were passed
through a size exclusion column in order to sepaspecies of different oligomerization
states (Figure 3.3C-D). Both Etk and Wzc eluted itwo major fractions. The first
fraction of Etk had a M.W. of ~1,000kD, and the &t fraction was close to 30kDa in
size (M.W. of N-Higg-Etk and N-Hig-Wzc 34kDa). Therefore, Etk and Wzc samples
primarily existed between a monomeric state andggregated state of ~30 monomers.

For Wzc, the CAPS buffer of pH 11 produced predataly the high-M.W. species.
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Figure 3.3 Selenomethionine N-HjsEtk and N-Hise-Wzc purification.

Purification of(A) SeMet N-Higg-Etk batch 9a-b an(B) SeMet N-Hisy-Wzc batch 1a-b.
(C) Size exclusion column elution profile of the ab@e&Met Etk sample an@®) SeMet
Wzc sample. The monomeric fractions of Etk and \(fae second major peak, eluted at
around 184mL) were pooled for crystallization siaFor Wzc, protein degradation (as
two minor fractions eluted at around 0.7 and 0.9 G%&s observed.

SDS gel legends: M = M.W. marker, F = flowthroughs insoluble pellet, W = wash, E
= elution (imidazole concentration in subscript).
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3.1.3 N-Hisjo-Etk N-terminal domain

While this research focused on the structural datetion of the C-terminal
kinase domain of Wzc and Etk, due to the difficuttiycountered during subsequent
crystallization trials, the N-terminal, periplasmdomain of Etk (52-422) was also
attempted as a secondary project. NzHEtk N-terminal domain showed a satisfactory
expression level of 10mg per liter of culture (FiguB.4A). The protein was effectively
purified by the Ni-NTA column. SeMet N-HigEtks;.422 showed a similar level of
expression as native N-HisEtksz-422

Protein buffer optimization experiments indicatéettN-His¢-Etks,-42owas the
most stable in 50mM 4-(2-hydroxyethyl)-1-piperaati@nesulfonic acid (HEPES) pH
7.5 and 300mM NaCl. Also, it was found that the tpio assumed a lower
oligomerization state at 4°C than at 22°C (Figu#B3 Two separate fractions were
eluted when the protein sample was subjected iaeaexclusion column, suggesting a
dimeric form and a high-M.W. aggregate (Figure 3.4&85 the protein sample aged in
solution, the equilibrium shifted from the dimesiate to the aggregated state. Therefore,
in order to slow down premature aggregation, alst@ilization trials of N-Hig-Etksz-422
were maintained at 4°C. Protein buffer optimizaticas unable to increase the solubility
of the protein to above 5mg/mL possibly due to #ferementioned tendency to

aggregate.
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Figure 3.4The purification and buffer optimization of the Btkterminal domain.

(A) N-Hisyo-Etks,-420batch 2a-d. The fractions of 100, 150 and 250mMlanole elution
from a Ni-NTA column were pooled, and subsequenifipation adopted a one-step
50mM wash followed by 150mM elutiorfB) The optimization of protein buffer also
involved different temperature conditions evaluabgdDynamic Light Scattering. At
4°C, the majority of the protein sample showed \@eloaggregation state (radius =
4.99nm) than that at 22°C (radius = 6.96n1(§}) Size exclusion chromatography
separated two fractions of N-HgsEtksy-422 With time, the dimeric fraction (~100kDa)
aggregated to form the high-M.W. fraction.
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3.1.4 N-His6-Etk full length

Since structural determination of the Etk N-terrhimkbmain proved to be
unsuccessful, the expression of the full-lengtlmemmembrane-spamming Etk was
attempted at the final stage of this study. Theitand of 2mg/mL n-dodecyl—p-
maltoside (detergent) resolublized a significanttipa of precipitated full-length Etk
from the initial insoluble pellet. The final yielof pure, soluble full-length N-HisEtk
after the Ni-NTA column reached 7mg per liter (Figg3.5). The protein sample could be
concentrated to above 20mg/mL and dialyzed intoojhiemized buffer (50mM Bicine
pH 8.5, 300mM NacCl) without any further addition tife detergent. However, the
protein sample was later observed to degrade imt®%kDa, ~40kDa and a ~25kDa
species. Present efforts are directed to preséevéutl-length protein for crystallization

trials.

F P W50 E150 F P W50 E150

Figure 3.5.The production of N-HisEtkbatch 1a-b.

The membrane protein was shown at the expectedcoiateweight (~75kDa) on the
SDS gel. The lighter bands below Etk were latefficoed to be degradation products of
Etk when overnight, room-temperature aged sampés @analyzed by SDS-PAGE.
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3.1.5 N-His6-YwgD and GST-YwqCN15C45

Another focus of this research was the structuetkmnination of BY kinase
homologs in Gram-positive bacteriBacillus subtilis YwgD was chosen due to its
recently discovered external peptide activation maesm (Mijakovic et al., 2003),
which is completely different from the Y574 tyrosiautoactivation mechanism in Gram-
negative BY kinases. The GST-tagged construct ef gékternal activator peptidB.
subtilis YwqCniscaswas also produced to attempt co-crystallizatioth wiwgD.

N-Hisg-YwgD was successfully expressed and purified withield up to 16mg
per liter of culture (Figure 3.6A). Further purditon by a size exclusion column (Figure
3.6C) separated the protein sample into a dimesactibn and a monomeric fraction.
Both the dimer and the monomer fractions of YwqDeverone to aggregation, and the
protein could not remain soluble beyond a concéntraof 1mg/mL even after extensive
buffer optimization.

The activator peptide GST-Yw@gscas sShowed a high level of expression up to
60mg per liter of culture (Figure 3.6B). GST-Yw@Gcasexhibited a high solubility and
was concentrated to 100mg/mL. Thrombin digesti@hdgd the complete 60-a.a. peptide
of YwgCniscasand a slightly lighter species. The 60-a.a. peptids not separated from
the subsequent purification by size exclusion clategraphy possibly because it
remained bound to GST (Figure 3.6D). The peptide alao prone to aggregation and

could not be isolated in high concentration forstajlization trials.
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Figure 3.6 The production of N-HisYwqD and GST-Yw(q®iscas

(A) N-Hiss-YwqD batch la-d. The protein was purified by Ni-NTA amatography and
eluted at 150mM imidazole, following a brief 50miidazole wash/elution(B) GST-
Yw(qCniscasbatch 1a-b was purified by the GST-trap coluif@). N-Hiss-YwgD eluted
from the size exclusion column as a dimeric fracteamd a monomeric fraction. Both
fractions were prone to aggregation over tifi®). After thrombin digestion, GST and
Yw(C niscas Were not successfully separated from the sizeusiarh column, as the
6kDa peptide (shown at the bottom of the Tris-Twcigel) eluted together with the
26kDa GST. The peptide was prone to subsequenadaion.
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The expression results of the BY-kinase targetsiduhis study are summarized

in Table 3.1. In total more than 200 liters of ceapression batches were attempted.

Among them, two batches (N-HisEtk SeMet 6b and 10a) resulted in protein crydtals

successful structural determination.

Table 3.1Expression and purification status of BY kinasext&dl protein targets.

Best

Best Yield Best SeMet  Concentration
Construct (mg/L) yield (mg/L) (mg/mL) Progress
GST-WzGs1.720 45 Purified, degradation problem
GST-Etks1.726 45 Purified, precipitation problem
N-His;c-WzCus1-720 20 25 20 Crystallization trials
N-His;o-Etkas1-726 25 25 40 Structure determined
N-Hisg-Etkso.402 4 3 5 Crystallization trials
N-Hisg-Etk 7 20 Purified, degradation problem
N-His;o-YwqgD 20 <1 1 Crystallization trials
GST-YwgGuiscas 60 100 Co-crystallization trials

N-Hisg-YccZgs.169
N-Hisg-Ugd
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3.2 Protein crystallization

Among more than one thousand commercial crystaestng conditions, two
conditions (Index #66 and Cryo #15, Hampton Res$gaemabled crystal growth for
SeMet N-Higo-Etk kinase domain (Figure 3.7A). Following expamsand optimization
of these conditions, diffraction-quality crystalsene obtained using a mixture of
ammonium sulfate, PEG (poly-ethylene glycol) 8080d a buffering pH between 5.5
and 6.5 by either Bis-Tris or sodium cacodylatertii@r optimization and additive
screens produced larger and thicker plate crystas6mm x 0.4mm with acetonitrile,
EDTA (ethylenediaminetetraacetic acid), NaCl an@Na

Both Etk native and SeMet crystal growth typicaltyk four to eight weeks to
complete. Precipitation occurred immediately aftmixing the protein with the
crystallization solution, although the precipitatigradually disappeared during crystal
growth. The immediate precipitation is thought &tbe result of a sudden pH drop from
the protein buffer (pH 9.5) to the mixture with stgllizing buffers (pH 5.5-6.5).

Preliminary SeMet Wzc crystals appeared to be plate-shaped (Figure 3.7C),
while it is thinner than crystals of Etk and hasniach poorer quality. No improvement in
Wzc crystal quality was observed after substart@idition expansion. The R614A
mutant of Etk kinase domain were also crystallizgeigure 3.7D). Extensive
crystallization screening of the Etk N-terminal d@mand YwqgD over a two-year period

did not indicate any potential crystallization cdiwhs.
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Figure 3.7 Crystals of Etk and Wzc.

(A) The first Etk crystal from the crystal screen vegsined with 1zit dye (Hampton
Research) for protein. However, it was an Etk @lyfbm an expanded condition that
could not take up protein dye which resulted indyddfraction data(B) Etk crystals are
typically plate-shaped, and grow up to the siz€.6imm x 0.4mm with vulnerable, thin
layers.(C) The preliminary Wzc crystal was also plate-shaguedi appeared to be thinner
than the Etk crystals(D) Etk kinase domain R614A mutant crystal. Some @& th
unsuccessful crystallization pictures are inclusiedppendix B.
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3.3 Data collection, processing and model refinement

Although the chance of finding a diffraction qualitk crystal was as low as 1/10
and crystal handling was very difficult, multipletd collection attempts of Etk SeMet
crystals were carried out both at Queen’s Univeriitd at synchrotron sources between
2004 and 2007. The best Etk crystal at the homeceatliffracted to 2.4A, with a good
overall spot quality but data completeness of or80% due to crystal decay and wide
regions of poor diffraction quality. The crystafmt were brought to synchrotron sources
also suffered from severe radiation damage duehédr thinness (and hence longer
exposure times) as well as frequent ice problenestdwa more powerful cryo cooling at
the synchrotrons. As a result, 1-2% higher glycerohtent was used in subsequent
crystallization drops. The presence of selenomatheatoms in Etk SeMet crystals was
detected by fluorescent scans (Figure 3.8), whignewused to determine a suitable

wavelength for data collection to maximize anomalsignals from Se.

Figure 3.8 Fluorescent scan of a SeMet Etk crystal from th€ ¥8amline, NSLS, BNL.
The X axis shows the energy (KeV, which is invergelated to wavelength) and the Y
axis shows the fluorescence intensity.
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The delay in the eventual structural determinatdrEtk was caused by two
problems associated with Etk datasets. First, thstiHayering of Etk crystals often
created overlapping patterns of X-ray diffractigots. The overlapping of the individual
crystal layers as well as the highly symmetricdiralction pattern itself made indexing
difficult for data processing software programstsasHKL (Otwinowski Z. and Minor
W., 1997) (Figure 3.9A). This problem could be @dist remedied by careful indexing
frame choice, spot selection and systematic tabisdexing parameters such as spot size
and box size.

A more severe problem arose when the crystal wasea inevitably to an angle
of poor-diffraction, where spots were smeared &edrésolution dropped to around 3.5A
(Figure 3.9B). This deterioration of diffraction alily was likely caused by a less-
ordered crystal axis along the layer-stacking diioec Such disorder in crystal packing
also directly contributed to the crystals’ plateysé (lack of thickness). As a result, the
datasets usually had a high (>10%) R-factor andcthmapleteness of dataset rarely
exceeded 85%. Such crystal anisotropy problem wasteally avoided in the dataset

that enabled Etk structural determination (discdssesection 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 qualityt livas difficult to be indexedB)
An image from the region with poor spot quality daenisotropy 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, withcgipinit cell dimensions of a =
115, b = 51, ¢ = 120, arar 90, = 114.50, = 90. The selenomethionine dataset of Etk
kinase domain collected at NSLS, BNL had a reswoiutip to 2.6A, overall completeness
of 86.9% and Rerge 0f 0.090. The phase information of Etk kinase donmeas obtained
by the SAD method (Appendix C). The overall figuwfemerit of phasing fronSOLVE
(Terwilliger and Berendzen, 1999) was 0.67, and/yedom search correctly determined
the positions of all but the first selenomethionimethe construct. TheRESOLVE
(Terwilliger, 2003) automated model building, howevdid not return any meaningful
model. Manual tracing completed nearly 70% of tegidue assignment, with a number
of long gaps in main chain and chain direction utadeties.

A native dataset up to 2.5A resolution was cofldcat CHESS with a higher
(93.8%) overall completes and lowemdre of 0.078. With the native dataset the Etk
model was finally competed manually and refinechvah R=19.6% andR. = 25.3%.
Although the difference between R ang.Hs high, the Ramachandran plot showed only
0.9% of the residues in the disallowed region (Feg8L9C). Another ADP-bound dataset
was collected later at CHESS. The data quality mesas good as the previous datasets,
but was sufficient to show clear density of theatig ADP. The data and model

refinement statistics are summarized in Table 3.2.
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Table 3.2Crystallographic statistics of Etk datasets.

Dataset SAD Native Native + ADP
Space group Cc2 Cc2 c2
Unit cell dimensions (A) a=114.85,b=51.75,c= a=11551,b=51.73,c= a=115.41,b=50.90,c=

120.73 120.52 120.48

=90, =114.50, =90 =90, =114.57, =90 =90, =114.37, =90

Wavelength (A) 0.9788 0.9997 0.9177
Resolution Range (A) 30-2.6 50-2.5 50-3.0
Unique reflections 22672 19864 13128
I/sigma® 28.1(4.9) 20.0 (2.7) 15.9 (4.5)
Completeness (%) 86.9 (56.2) 93.8 (61.8) 91.3(67.1)

ab
Rrmerge

Phasing statistics

0.090 (0.222)

0.078 (0.329)

0.098 (0.241)

Overall figure of merit

Refinement

0.67

Resolution Range (A)

No. of reflections in the working set
Reryst./ Riree”

r.m.s.d. bond length (A)

r.m.s.d. bond angles (°)

Average B factor

No. of protein atoms

No. of solvent atoms

50-2.5
15757
0.196 / 0.253
0.007

12

67.64

3945
114

®Numbers in parentheses refer to statistics fohtpeest shell.

meerge: [lobs - <I>| /' lops Where dpsis the intensity measurement and <I> is the mean

intensity for multiply recorded reflections.

CRcryst and Ree =
respectively.

|F0bs - I:ca|c| /
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50-3.0
13045
0.223/0.291
0.007
1.3
66.13
3689
99

|Fond for reflections in the working and test sets,



3.4  Structure of E. coli Etk kinase domain
3.4.1 Overall structure

The final model of Etk contained 270 out of the 388idues in the construct. The
overall structure of Etk kinase domain adopts aisgherical 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, therdgrae® regions where the protein

model is not complete: the N-terminal histidine tagnd its linker
(MGHHHHHHHHHHSSGHIEGRHIGS), an N-terminal region teeen a.a. 480 and
490, and the C-terminus a.a. 718-726.

The active site, which contains the Walker motislocated at the center of the

semicircular -strand core. The catalytic lysine (K545) of thelkéa A motif is located

at the N-terminus of helix E. The residues belonghe conserved Walker A’ motif
(D567, D569) and Walker B motif (D647), and coortimthe catalytically critical M,
are positioned at the end of strands 3 and 6 osuhbstrate-binding region of the active
pocket. As indicated by the temperature factorgufé 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 fondse activation, Y574, is found
pointing directly into the active site. The C-tenmal tyrosine cluster lacks secondary
structure, and the electron density was only aseaugh for the identification of the first
four tyrosine residues. None of the tyrosine ressdun the final model appears

phosphorylated.
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Figure 3.100verall structure oE. coli Etk kinase domain.

The active site (Walker motifs) is located at tipeaf a-helix E and the end dif-strand 3
and 6. Tyrosine Y574 (pink) points into the actsree, blocking substrate acce§§op
Right) The Etk model is colored according to the averayeperature factor for each
residue (red = high, blue = low).
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The ADP-bound complex structure further confirme tidentification of the
active site (Figure 3.11A-B). Since Y574 phosphatigin is known to activate Etk kinase
(Grangeasse et al., 2002), both apo-Etk and Etk-ADBctures depict the inactive
conformation of the kinase, due to its lack of agghoryl group on Y574. In such an
inactive conformation, the side chain of Y574 psitdwards the -phosphate of ADP,
instead of the would-be-phosphate as estimated by its location in its HoghlinD-
AMPPCP structure (Hayashi et al., 2001) mentiometthé next section. Nevertheless, the
Y574 side chain can readily rotate to approachgthkosphate, becoming susceptible to
phosphorylation.

In the asymmetric unit, there are two essentiatlgntical Etk molecules,
including the bound ligands. The two molecules imitthe asymmetric unit interact with
residues such as K497, D560, K562, N598, H603 a®dOHFigure 3.12A). A second
crystal packing contact surface involves two C-ieahtyrosine residues, Y713 and Y15,
as well as N577, R614 and R687 (Figure 3.12B).iAlttrystal 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 cometexvith ADP and an
important sulfate.

(A) The 2k-F. electron density at llevel in the Etk-ADP complex. Dephosphorylated
Y574 points directly to the active site, impairisgbstrate acces¢B) A simulated
annealing omit map @) for ADP at 3 density level(C) The 2k-F; electron density
at 1 level in Etk. A sulfate (or phosphate) group wasinid located near R614. A
modeled open conformation of Y574 is shown in grealor. (D) A simulated annealing
omit map (kB-F;) for the sulfate/phosphate at density level.
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Figure 3.12Intermolecular contact surfaces in the crystal packf Etk kinase domain.

(A) The asymmetric unit of Etk crystal consists of twmlecules interacting with
residues such as K497, D560, K562, N598, H603 a6d0H(B) A second crystal
packing contact surface involves two C-terminabs$yne residues, Y713 and Y15, as
well as N577, R614 and R68(C) A third crystal packing surface involves S465, B52
E528, N694 and K696.
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3.4.2 Etkvs. MinD

From a structural homology search usibgLI (Holm and Sander, 1995), Etk
intriguingly shares a high z-score (15.6) witiirococcus furiosudinD (Hayashi et al.,
2001), an ATPase involved in cell division inhibiti although exactly how the ATPase
activity of MinD leads to cell division inhibitiors not yet understood (Lutkenhaus and
Sundaramoorthy, 2003). Within thestructure core, Etk anB. furiosusMinD overlap
well with a root mean square deviation (r.m.s.d.)187A despite a ~18% overall
sequence identity. The general folding of Etk aksembles that of Soj in Gram-negative
bacteria Thermus thermophilugLeonard et al., 2005), an ATPase sharing similar
function and sequence with MinD. Sequence alignnimttveen members of the BY
kinase family in both Gram-negative and -positiaeteria, together with MinD ATPases,
revealed very clear sequence conservation ovecahtral parallel strands, but not over
the peripherah-helices despite their similar spatial locationgyife 3.13, 3.14). The N-
terminus of the Etk kinase domain and the C-tersiouMinD occupy the same spatial
location, although the two regions share no secpiatentity.

The structural similarity between Etk, a kinasea] dinD, an ATPase, motivated
us to search for structural differences that magtglain () why they differ in enzymatic
functions, andi() why Etk involves a two-step activation mechanidwo significant
differences in the active sites became evidenst,Rine left half of the Etk binding pocket
is not obstructed (Figure 3.15A), while the MinDtatgtic site (Figure 3.15B) is
narrowed by am-helix (P201-E209), disabling its access to a lgrgetide substrate.
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Figure 3.13. Alignment of E. coli Etk kinase domain and its homologs. Secondary
structure labels are basedBncoli Etk.
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Figure 3.14. Comparison of the sequence topology between Etkskindomain and
MinD.

The (A) Etk kinase domain and@) MinD structures are spectrum-colored based on their
sequence from the N-terminus (blue) to the C-teasifred). The spatial location of the
N-terminus of Etk is occupied by the C-terminusMihD, although these two regions

share no sequence identity.
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Figure 3.15Etk activation via Y574 phosphorylation.

(A) Dephoshporylated Y574 blocks substrate accedsetadtive site. The residue, once
phosphorylated, is likely to find an alternativentmrmation, such as binding to the
positively-charged region led by R614, thereforekimg the active site accessible to
substrates(B) Active site ofP. furiosusMinD complexed with ADP (PDB code: 1G3Q
(Hayashi et al., 2001)JC) Modeled Etk C-terminal peptide (715-722, YNYYGY Si¥)
docked to the active site of the Etk-ADP complesucture. The P-Y574 side chain
interacts with R614. The magnesium cation, colayegkn, is not present in the current
Etk structure (due to the presence of EDTA in thestallization solution) and hence
modeled from the same atom in the structure of MiRDB code: 1G3R (Hayashi et al.,
2001)). Y718 of the peptide substrate is positiotmelde phosphorylated. The Etk-peptide
complex model was energy minimized AYTODOCK (Garrett M.Morris et al., 1999).
(D) The activation loop of Human Insulin-like Growthdfar 1 Receptor Kinase (PDB
code: 1K3A (Favelyukis et al., 2001)). The phosptation of Y1131, Y1135 and Y1136
stabilizes the activation loop far away from thdivec site (orange), which is now
occupied by the ATP analog (green) and the pedidsstrate (magenta). When these
three tyrosine residues are dephosphorylated (Rieie:clIRK (Hubbard et al., 1994)),
the activation loop occupies the same location les 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 MinDvactites is shown on the
substrate-binding (right) side of the binding pdcké Etk (Figure 3.11A-B, Figure
3.15A). The bulky side chain of residue Y574, lechat the beginning of helix F, points
directly into the active site, blocking the maguoesibinding aspartic acid trio (D567,
D569 and D647). In Wzc, the phosphorylation of tyi®sine residue is critical for Wzc
kinase activity (Grangeasse et al., 2002). In esttrthe position of Y574 in MinD is
occupied by N45, which does not narrow the MinDv&csite to the same extent as Y574
does in Etk.

We assumed that in the Etk active site, due tacskendrance of the Y574 side
chain, the ATP cofactor would not be accessiblexternal peptide substrates. In order to
verify this hypothesis, various mutations of Y574rev prepared (Figure 3.16A-B).
Indeed, mutations of this tyrosine residue to alarand glycine to remove this steric
hindrance were found to retain 98% and 87% of laregivity, respectively (Table 3.3).

From mass spectrometric analyses of the whole iprat@sses, the initial Etk
kinase domain samples showed a clear profile ofsphorylation with up to eight
phosphate groups per molecule (Figure 3.17A-B)c&ianly up to seven phosphates
were found in the Y574F mutant Etk sample (Figule’@), the wild type Etk must carry

a portion of phosphorylated (P-)Y574.
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Table 3.3Autokinase activity of wild type and mutated Etkh&se domain.

Wild Type Activity (%)

Wild type 100+ 2.4
Y574A 98.4+ 8.0
Y574E 100t 12
Y574F 12.1+ 1.0
Y574G 86.7+ 2.4
Y574N 26.9+ 1.9
R614A 146t 1.4
R614K 61.8t 6.0

Note: Due to the lack of a suitable external satstand control (kinase) protein with
known kinetic properties (such asm¥ and Ky), the exact values of these kinetic

properties of Etk were not determined in this study

8¢



Figure 3.16Mutants prepared for Etk kinase domain and fulgtarEtk.

(A) Polymerase chain reaction (PCR) products of themids carrying the N-Hig Etk
kinase domain and mutant constructs were analyne@ihcagarose ge{B) N-His;o Etk
kinase domain mutants were expressed, purified,aaatized on an SDS g€C) After
transformation into DH& cells and cell growth, the plasmids carrying thédis; Etk
full-length and mutant constructs were harvesteadl r@solved by electrophoresis on an
agarose gel. RK A stands for the triple mutation of K478A, R479AdaR481A.
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Figure 3.17NanoESI/TOF mass spectrum of the Etk R614A mutant.

(A) The protein solution was prepared in formic acatev/methanol (v/v/v; 1:1:2), and
the m/z spectrum shown was acquired on the QSta@XTOF mass spectromet@s) A
deconvoluted mass spectrum is shown in the inget.pfotein was found to carry O to 8
phosphates(C) Deconvoluted mass spectrum for the Y574F mutaatéd with ATP,
showing a maximum of seven extra phosphates. Témitees of the extra +258Da peaks
are unclear. The total molecular weight of Etk shaw (B) and (C) are different as the
protein samples were cloned with a N-terminal Histdg 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 phosphateldvalearly clash with the
bound cofactor, ADP. Therefore, in order to vadhie active site for subsequent C-
terminal Tyr cluster phosphorylation, P-Y574 hasdopt an alternate conformation that
unblocks the active site. Although the phosphoedaY574 (P-Y574) was not found in
the crystal structure, in both crystallographicatigependent kinase molecules, strong
and unambiguous electron density for a sulfate tyoaas observed at the back of the
Y574 side chain (Figure 3.11C-D)..

The sulfate group interacts with a number of corerresidues at this site,
making a salt bridge with the side chain of R614l &ydrogen-bonds with the side
chains of Q616 and N583; hence, the sulfate greuightly trapped. An 180 rotation of
the Y574 side chain would readily place its sidaichhydroxyl group in an almost
perfect overlapping position with the sulfate oxygatom. It is plausible that this
alternative Y574 side chain conformation, when dedpwith the phosphate group,
would represent P-Y574 in its open position. Thsitpeely-charged R614, along with
Q616 and N583, might play a critical role for pondithe negatively-charged phosphate
group and the P-Y754 side chain away from the actide to open up the active site for
substrate entry. In addition, the P-Y574 aromatig would be stabilized further bya
— stacking interactions the conserved H576 (Figutd@). Not surprisingly, R614, as
well as the nearby positive charges equivalent383\Nand 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 motatif the Tyr residue to Phe
and Asn, the side chains of which are incapableb@hg phosphorylated but are
significant in size, resulted in a significant retdan of enzymatic activity (Grangeasse et
al., 2002; Soulat et al., 2007). The same redudtidiinase activity was observed using
Etk Y574F and Y574N mutants in our study (Table.3.3

In order to verify experimentally the P-Y574 and1R6interaction, we further
generated R614 to Ala and Lys mutants. If the psedanechanism of phosphorylation-
induced conformational switching is correct, thelBR& mutant should have significantly
reduced activity, while the R614K would generalgtain the interaction with P-Y574.
Indeed, the R614A mutant only exhibited 15% of viyide kinase activity (Table 3.3),
and a reduced rate of autokinase activity was @soonstrated, on MALDI, between the
wild type and R614A mutant (Figure 3.18, Figure93.IThe R614K mutant exhibited
62% of the wild type activity, suggesting that K6ids able to interact with P-Y574, but
to a lesser extent than R614 with P-Y574. On timreroband, the Y574 to Glu mutant,
which showed a possible 3.2-A salt bridge with Réfn structural modeling, still
retained all (100%) of the wild type activity (TabB.3). The above results strongly
suggest a conformational shift of the Y574 sideirgchanabling the Y(E)574-R614
interaction that unblocks the active site, hent@anahg subsequent substrates to enter the
active site.

When the P-Y574 conformation was modeled along with C-terminal peptide
substrate (Figure 3.15C), no steric conflicts weteserved in the model. Energy

minimization of the P-Y574—R614 model also resulted small main chain shift, which

93



would be facilitated by the fully conserved G573flexible residue preceding Y574.
Taken together, the evidence herein demonstratedntportance of Y574 side chain

steric hindrance and its removal for Etk autoatibra

Figure 3.18 Partial MALDI/TOF mass spectra of the digested Eitkase 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. iffie range represented the profile
of the phosphorylated tyrosine cluster peptide iahshe C-terminus of Etk (residues
706-726), and the number of phosphorylated grougslabeled on each peak.
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Figure 3.19Time-course oin vitro tyrosine autophosphorylation on the Etk C-terminus

Aliquots of the Etk kinase domain solution (25 jilpg/mL) was mixed with 5mM ATP
and 10mM MgC] and incubated for various time intervals. The @rotvas then digested
with 50ng of endoproteinase Lys-C and the resulpiegtides were analyzed by MALDI
QqTOF mass spectrometry. The bar graph depictsefative mass spectrometry peak
intensity of the multiple phosphorylated (0-7 phueies) 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 thaattfor the R614A mutant.
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3.5.3 Invivo antibiotic resistance assay

In order to further establish the validity of th&draction between P-Y574 and
R614, we carried out am vivo complementation experiment (Figure 3.20). The
experiment was based on the knowledge it knockout E. coli cells exhibited
compromised polymyxin B resistance (Lacour et 2006). Such reduced polymyxin B
resistance was successfully repeated in this axpeti Moreover, polymyxin resistance
could be restored by transforming the plasmid @agyull-length etk gene into thestk
knockoutE. colicells followed by proper (XM) IPTG induction.

As shown in Figure 3.20, wheatk knockouts were rescued by full-length Etk and
its mutants, differential resistance of polymyxinws observed at a concentration of
1.2mg/mL. Y574A, which removed the Y574 steric hindrapnas well as Y574E and
R614K, which represent the constantly switched+whaild-type-like P-Y574 and R614
interaction respectively, showed high polymyxineBistance. On the other hand, mutants
with a compromised P-Y574-R614 switch (Y574F, Y57R614A) showed a low level
of polymyxin B resistance. The above results supihar conclusion that Y574 blocks the
Etk active site and the interaction between P-Y&i7d R614 is required for the activation
of the kinase. Y574 is therefore the molecular gwibf Etk (and Gram-negative BY
kinases) autoactivation.

Interestingly, the Y574E mutant, which should rejerg a kinase which is always
active, did not show an elevated level of polymyxésistance. Instead, a somewhat
reduced resistance was observed (Figure 3.20).efdrer the production of the
protective capsular polysaccharide did not directiyrespond to the autoactivation level
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of the kinase. Indeed, when the C-terminal tyrasiné Wzga were all mutated to
glutamic acids, a large reduction in the productewrel of extracellular polysaccharide
was observed (Obadia et al., 2006). The regulaifaime polysaccharide export by BY

kinases is further discussed in section 4.4.

Figure 3.20E. coli K12 W3110etk knockout cells complemented with full-length Etk
and its mutants treated with polymyxin B.

(A) Wild type Etk and its mutants restored differemtdls of polymyxin resistancéB)
Western blot of the membrane fractions of varioustamts prior to polymyxin B
exposure was probed with anti-histidine-tag antjbdithe recombinant mutants showed
similar expression levels and stability as the wijgde. 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 mechanisrparicularly evident when
contrasted with the activation mechanism of eukizgy®TKs (section 1.4). In eukaryotic
receptor tyrosine kinases (RTKSs), an entire adbwaloop must first be displaced by as
much as 10A (through the phosphorylation of spedifiosine residues) before kinase
activity ensues (Cowan-Jacob, 2006) (Figure 3.15By. comparison, the Etk
conformational change following initial phosphotybam is much less profound. Two
additional structural features that exert constsagn active site conformational changes
account for the much simpler PTK activation mechamhere.

First, Y574 is located at the start of helix F. Asignificant main chain shift
would result in the partial or even complete unwugdof helix F, which we did not
detect in the circular dichroism spectra (Figur2l. Second, the main chain loop prior
to Y574 is rigid (containing hydrogen-bonds to stté8 and R614), well-defined in the
electron density map and has a low temperaturerf@Eigure 3.10), unlike the activation
loop in mammalian kinases. The lack of the mainircltanformational change in Etk
would not impede the access of substrate as lorthea¥574 side chain is absent. As
shown in Figure 3.15C, the substrate can readifyrageh the active site and cofactor
from the protein surface, even though the actite s enclosed from the sideBhe
active site rigidity in Etk provides additional sugut for our novel PTK activation model.
It is the localized nature of the conformationabiche — the rearrangement of a single
side chain — that sets the bacterial PTK activatimudel apart from existing eukaryotic

PTK models.
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Figure 3.21 Circular dichroism spectra of Etk kinase domairasBed line: freshly
purified Etk. Gray line: the same fraction afterA@nd M§" treatment.
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3.6  Studies of oligomerization states

During BY kinase sample preparation, it was repHgtaoticed that the protein
samples could assume multiple oligomerization staidese different oligomerization
could be influenced by the level of phosphorylatadrihe 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 tmajor fractions (Figure 3.3).
For Etk, the first (high M.W.) fraction remainedaBle over time; but the second
(monomeric) fraction slowly transformed to the ffifeaction (Figure 3.22A). For Wzc,
the second (monomeric) fraction transformed intofttst (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 highlijherable to aggregation
when dephosphorylated. The aggregation was likalysed by the strong hydrophobic
attraction among the dephosphorylated tyrosinedvesi in the C-terminal Tyr cluster.
Etk aggregation was easily observed not only abtiteom of the test tubes but also on
SDS gels, as the dephosphorylated samples travatdier than the phosphorylated
samples (Figure 3.23A). On the other hand, wheatatewith ATP and Mg the SDS
gel protein band did not shift significantly, indting that the untreated samples already
had a high degree of phosphorylation (Figure 3ds8}hey stayed soluble through the

purification process.
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The phosphorous content inside the two Etk frastielnted from a size exclusion
column was analyzed by Inductively Coupled Plasnas$/Spectrometry (ICP-MS). Not
surprisingly, the phosphorous content of the highM(~1MD) fraction was lower than
that of the monomeric fraction, with a ratio of #4The shift over time from the
monomeric fraction to the high-M.W. fraction as siman Figure 3.22A might be a result
of the natural hydrolysis of phosphotyrosines imigh-pH (9.5) buffer. Such loss of
phosphotyrosine was ultimately reflected in theesos of phosphotyrosine in the crystal
structure of Etk. The hydrolysis of phosphotyrostoeld also explain the aggregation of
Wzc at an even higher-pH (11) CAPS buffer.

Moreover, the aggregation of Etk by alkaline ph@tpbke dephosphorylation was
monitored over time as a function of solution tdrtyi (Figure 3.23C). The rate of Etk

aggregation was influenced by both Etk and alkgtinesphatase concentration.
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Figure 3.22Shift in Etk and Wzc oligomerization states by tiared pH.

(A) The two major Etk fractions (Peak 1: ~1MD, Peak32kDa) eluted from a size
exclusion column were separated. Four days latewas found that the high-M.W.
fraction remained unchanged, while a small portanthe monomeric fraction has
transformed into the high-M.W. fractiorfB) While Wzc also eluted in two major
fractions at pH 7, only the high-M.W. fraction remed in the pH 11 CAPS buffer.



Figure 3.23The status of Etk phosphorylation altered by ai@phosphatase

(A) SDS gels of the Etk wild type and mutants. Rowtk wild-type high-M.W. fraction
from size exclusion column; Row 2: Etk wild-type mooneric fraction; Row 3: Y574A
mutant; Row 4: Y574G mutant; Row 5: Y574E mutamwR6: R614A mutant. Column
B represents samples from column A incubated witaliae phosphatase. Column C
shows samples from column A treated with ATP and'M@) ICP-MS showed that the
high-M.W. fraction of Etk had a lower degree of ppborylation than the monomeric
fraction. The ratio of phosphorous content in fhasticular pair of sample was about 4:7.
(C) Etk precipitation was induced by alkaline phospbat(AP) dephosphorylation, and
measured by O.Bsoto monitor turbidity over time.
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3.6.2 Full-length Etk oligomerization

When full-length Etk was subjected to a size exoluscolumn, three major
oligomerization states were observed across disgnowth batches (Figure 3.24): a
monomeric state (M.W. = 55-80kD, including pariatlegraded protein), a seemingly
tetrameric state (M.W. 300kDa) and a high-M.W. aggregated state (M.WAMD).
When the full-length Etk was treated with alkaliphosphatase, we observed no
precipitation, but a large increase in the proportof the high-M.W. aggregate state
along with the reduction of the tetrameric andt@nomeric states. On the contrary, the
monomeric state was relatively favored when theégmmosample was treated with ATP
and Md"*, although a significant amount of the high-M.Watst was still present.
Interestingly, the untreated sample, which by iefiee had a medium degree of
phosphorylation, had the highest proportion of titeameric state, the oligomerization

observed in the cryo-EM structure of Wzc (Collingile, 2006).
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Figure 3.24 The balance of three different oligomerization estaf full-length Etk is
influenced by (de)phosphorylation.

Size exclusion column elution profile of full-lelgEtk showed three oligomerization

states at ~4000, ~300 and 55-80kD. Dephosphorylatidhe protein sample favors the
high M.W. aggregated state. On the contrary, a pigbsphorylation state favors the 55-
80kDa monomeric state. The untreated sample, whydnference has a medium degree
of phosphorylation, has the highest proportion lef +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-A dEpd- structure, the
intermolecular contact was observed solely wittia N-terminal periplasmic domain,
but not within the C-terminal cytoplasmic domaino(iiis et al., 2006). Moreover, the
Wzc-Wza complex cryo-EM structure demonstrated ractliassociation between the
polysaccharide export channel Wza and the N-terndoenain of the protein tyrosine
autokinase Wzc (Collins et al., 2007). In orderverify whether the Etk N-terminal
domain alone was capable of forming the tetrames, N-Higo-Etks>-422 sample was
studied by Analytical Ultracentrifugation (AUC) @tire 3.25A). Three oligomerization
states of Etk N-terminal domain were observed fthenresult of Ultracentrifugation: a
monomeric 50kDa state, a 250kDa state, and a 43GkBX®. The 250kDa species
represented the majority of the sample. The cleasgmnce of the 250kDa species
indicated that Etk N-terminal domain alone was isight to form a higher
oligomerization state, although its molecular weiglas larger than that of a tetramer,
180kD.

In addition to AUC, chemical cross-linking was usgederify the oligomerization
potential of the Etk N-terminal domain (Figure 32E). Out of the four chemical cross-
linking agents tested (cross-linking distance hfiem 0 to 12A), three demonstrated a
dimer species, and in one case (DFDNB), a trimeciss. Interestingly, cross-linking
experiments also hinted at the existence of a ~R&Mpecies, similar to that seen with
AUC. While the Etk N-terminal domain tetramer (18Qkcould have appeared as a

250kDa species in AUC and SDS-PAGE, it is possibé the pentamer conformation
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was indeed produced by the Etk,construct, which is only a partial construct of Etk
Nonetheless, from the results of both AUC and chahtross-linking, it could be safely
inferred that the Etk N-terminal domain alone wasffisient to form higher

oligomerization states.

3.7 Limited proteolysis of Etk

Limited proteolysis was one of the strategies agldbph an attempt to improve
Etk crystal quality. Proteases preferably digestftee-hanging random coils in solution
due to the increased availability of the stretcloeghs, which hinders crystal packing.

Among all proteases tested in this study, only obtygpsin yielded meaningful
digestion results for Etk, where a major 26kDa seginwas detected over 17 hours of
room-temperature incubation (Figure 3.26). The Itegisegment was relatively stable
in solution, and did not appear to be further diggsfter 48 hours of incubation. Whole-
mass mass spectrometry analysis was able to praviglere accurate mass estimation i.e.
within 30-Daltons. Through a computer-aided seamtly one possible Etk fragment
(Phe488 - Tyr717) clearly matched the experimepdditermined molecular weight of
25,260Da. As seen in the structure of Etk, thesavege sites indeed occurred within the

long-stretched loop regions of the kinase (Figul® 3Figure 3.13).



Figure 3.25Ultracentrifugation and chemical cross-linking akE-terminal domain.

(A) Ultracentrifugation profile of N-Hig-Etks,.422 Three species of 50kD, 250kDa and
430kDa in size were separat€éB) N-His;o-Etksz-420 (M.W. = 45kDa) cross-linked with
BS3 (12A cross-linking distance) showed an obvidimser band on the SDS gel, and
several ambiguous high-M.W. bands when the conagotr of BS3 was increased to
5mM. (C) N-His;o-Etksz.422 cross-linked with EDC (0A cross-linking distanai#)l not
result in any oligomerizatiofD) N-His;o-Etks2.422 cross-linked with glutaraldehyde (5A
cross-linking distance) demonstrated a dimer banttt&o vague high-M.W. band&E)
N-His;o-Etks2-422 cross-linked with DFDNB (3A cross-linking distanchowed a dimer
band, a trimer band, and a seemingly pentamer &a280kD.
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Figure 3.26Limited proteolysis of Wzc and Etk C-terminal camsts by chymotrypsin.

The Etk protein sample (0.45mg/mL) was treated vaktymotrypsin in a 20,000:1
protein:protease weight ratio in 50mM Tris buffét&5. After 17 hours, a secondary Etk
band of ~26kDa (indicated by arrow) was detectedhenSDS gel. Whole-mass mass
spectrometry analysis provided useful insights theidentity of this segment.



3.8 Protein kinase and ATPase activity of Etk

As Wzc was reported to phosphorylate UDP-gluco$ydimgenase (Ugd), which
participates in the synthesis of the EPS colanid é@6rangeasse et al., 2003), Etk and
Wzc samples produced for this study was testedhiir ability to phosphorylate Ugd.
The results showed that while both Etk and Wzc destrated autokinase activity, only
Etk was able to phosphorylate Ugd (Figure 3.27)thid stage it is unclear why our Wzc
sample did not phosphorylate Ugd as reportedenditire.

Another newly reported function of Wzc is its ATRaactivity (Soulat et al.,
2007). However, we detected very low level of AT@astivity in Etk and its mutants
(2% activity of the positive control, AceK). Althgh the overall ATPase activity is
minimal, certain mutant samples demonstrated sagmitly higher activity than others,
and the general level of ATPase activity among mistés similar to that of their kinase
activity (Table 3.4).

It is notable that the R572A mutant resulted inighHevel (360%) of ATPase
activity, while earlier it also demonstrated a highase activity comparable to 250% of
wild type Etk. Further discussion of the possilikes played by R572 will be addressed

in section 4.2.6.
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Table 3.4ATPase activity of Etk kinase domain and mutants

ATPase activity

Etk 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 3.27Radioactive ATP (auto)kinase assay of Etk and Wzc.

(A) Native and SeMet Wzc and Etk were incubated wigia.Urhe kinase samples were
analyzed alone, after addition of ATP and®ignd after addition of ATP and alkaline
phosphatase (APJB) The resulting autoradiograph af@d) the superimposed SDS gel
and X-ray film. Radioactive signals correspondingWzc and Etk (both native and
SeMet) were detected only when ATP was added. geared to be phosphorylated by
Etk. The SeMet Wzc band was split into two duedbdgamage.



Chapter 4 — Discussion

To our knowledge, the newly uncovered mechanismaofivation — via
conformational change of the side chain of a sifigleresidue in the active site — is the
first amongst PTKSs.

Although Y574 is the molecular switch of Etk (anda@-negative BY kinases)
autoactivation, this residue is not conserved ianGpositive BY kinases (Figure 3.13).
A different BY kinase activation mechanism was speed in Gram-positive bacteria to
involve a separate membrane-binding protein, wischomologous to the N-terminal
domain of the Gram-negative BY kinases (Mijakowiale, 2003). In fact, the structure of
CapB, a BY kinase homolog, was reported in the Gpasitive, infection-causing
bacteriaStaphylococcus aurey®livares-lllanaet al, 2008) less than one month after
our publication of theé. coli Etk structure (Lee et al., 2008). There exist maxyected
structural similarities between Etk and CapB aslwves their non-tyrosine-kinase
homologs. However, a few intriguing differences evésund to have a profound impact

on their enzymatic functions.

4.1 Comparison of the overall structures of Etk and hormologs

The BY kinase family is regarded as part of th@®plnucleotide-binding protein
superfamily due to a common P-loop, which contaims catalytic Walker A motif,

GXXXXGKT/S (Leipeet al, 2002). Indeed, high-resolution 3-D structurepmiteins in
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this P-loop superfamily all showed a conserveddplspatial arrangement, in which the
P-loop is found right before a helix pointing perdeularly into the center of the
semicircularb-core (Figure 4.1). The Walker A’ and Walker B nfigtwhich contain the
aspartic residues coordinating the #¥gon, are found at the end of two adjacént
strands. The overall shape of the catalytic donmisimilar among the BY kinases Etk
and CapB (Olivares-lllana et al., 2008) as wellttzes ATPases MinD (Hayashi et al.,
2001) and Soj (Leonard et al., 2005). The bacteBal/Thr HPr kinase/phosphatase
(Marquez et al., 2002), however, contains seviersirands which are unrelated to the
semicirculamb-core and constitute an entirely separate domagu(€ 4.1E).

Not surprisingly, the structural fold common to fdoop superfamily is distinct
from that of the eukaryotic kinase superfamily, ethgshares no sequence homology with
BY kinases and does not contain Walker motifs (Fégli.1F). The catalytic site of the
eukaryotic kinase superfamily is located betweeradmelical domain and &-strand
domain (Figure 4.1F).

As seen in Figure 4.1, it is evident that the dties of the newly published BY
kinases Etk and CapB are not entirely novel. Thectire of CapB was determined, in
fact, by molecular replacement based on the MinRieh@Olivares-Illlanaet al, 2008).
However, the structures of Etk and CapB have redeahportant features unique to

bacterial Tyr kinases discussed in sections 4.24aRd
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Figure 4.1 Overall structure comparison of BY kinases and hHogm

High-resolution X-ray crystal structures @A) Gram-negative BY kinas&. coli Etk
kinase domain, PDB# 3CIO (Lext al, 2008);(B) Gram-positive BY kinasé&. aureus
CapB fused with activator peptide from CapA, PDB/ED (Olivares-lllanaet al,, 2008);
(C) P. furiosuscell division ATPase MinD, PDB# 1G3Q (Hayastial, 2001);(D) T.
thermophiluschromosome segregation protein SoJ, PDB# 2BEKr&sabet al., 2005);
(E) S. xylosugHPr kinase/phosphatase, PDB# 1KO7 (Margeteal, 2002); andF) the
tyrosine kinase domain of human insulin recept@B# 1IRK (Hubbard et al., 1994).
The b-strands are colored yellow. The catalytic resid{ies the Walker A, Walker A’
and Walker B motifs) are colored green. The kinasgvation 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 artsdhomologs showed the
conservation of almost all functional motifs (Figu4.2). Thea andb phosphates of
soaked or co-crystallized ADP are hydrogen-bondgd the main-chain peptide of the
P-loop (Etk D542 and G544) and the helix immediatibwnstream which points into
the b-core (Etk T546). The adenosine ring of ADP isaatiied to a hydrophobic region
(discussed further in section 4.3), while the oxyg¢om on the sugar ring binds to an
arginine residue (Etk R672) conserved in Gram-negd@Y kinases (Figure 3.13). The
e-amino group of the catalytic, Walker A lysine chgt (Etk K545) is associated with the
ADP b-phosphate, and is in a position to interact with ATP g-phosphate. Therefore,
mutations of this lysine residue to methionine astpstudies (as reviewed in Table 1.2)
completely abolished the enzymatic activity. Thadmg of the negatively-charged
phosphates of ADP is further strengthened by tisitige dipole moment accumulated at
the N-terminal end of the central helix. Althougbt mnvolved in any hydrogen-bonds,
the conserved glycine residue (Etk G544) of theR&fah motif likely caps the helix thus
reserving space for the phosphate groups of ATRcit# is a well-knowna-helix

terminator at the N-terminal end (Serrano and Fel€89).
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Figure 4.2.Active site comparison of Etk and homologs.

A common arrangement of catalytic residues wasrgbdein the active sites @A) E.
coli Etk (Leeet al, 2008);(B) S. aureusCapB fused with activator peptide from CapA
(Olivares-lllanaet al, 2008);(C) E. coli Wzc modeled after Etk (different residues are
colored based on their element, while identicaidiess are colored blue)D) P. furiosus
ATPase MinD (Hayashiet al, 2001); and(E) S. xylosusHPr kinase/phosphatase
(Marquezet al, 2002).
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Immediately adjacent to the catalytic lysine, théeschain of the conserved
serine/threonine residue (Etk T546) is hydrogendeointo an aspartic acid residue from
the Walker A’ motif, the M§' cation, the ADPb-phosphate, and potentially the AGP
phosphate. Therefore, it is likely that a polaides is preferred at this position, with an

adequate side chain length for interaction witi*\gd the ATRyphosphate.

4.2.2 Walker A’ motif

The three aspartic acid residues of the Walker Bk (D567 and D569) and
Walker B (D647) motifs also occupy a conserved iapdbcation across BY kinase
homologs (Figure 4.2). These negatively-charged sithins were thought to trap the
Mg** ion, which stabilizes the transitional substrafBPAcomplex (van der Wolkt al,
1995). However, crystal structures surprisinglyvghm direct interaction between the
Mg®* and these aspartic acid residues. Rather, theinelyatharged side chains and the
cation are intermediated by water molecules. As Ntg" is also found at the same
location in the MinD structure with the ATP analegdMP-PCP (Hayashet al, 2001),
it is likely that Md* binds to water molecules, which are in turn staéil by the Walker
A’ and Walker B Asp residues.

As seen in Figure 4.3A, in the structure of thective K55M mutant of CapB
(Olivares-lllana et al., 2008) the hydroxyl grouppY225 was found in the active site of
its neighboring molecule, acting as the potentegtjgle substrate. This hydroxyl group is
stabilized by the side chain of D79, the secondaiigpacid residue in the Walker A’

motif. In kinase reactions, the second aspartid actithe Walker A’ motif (Etk D569)
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therefore functions as the catalytic base, andntieeophilic attack is carried out by a
lone pair electrons of this hydroxyl group oxygetona of the substrate side chain
(Admiraal et al., 1999). In ATPase reactions, hasvethis role is fulfilled by the oxygen
atom on a water molecule (Hayashi et al., 200I)c&ithe spatial orientation of CapB
D79, Etk D569 (Figure 4.3B) and its equivalent DAOMInD are highly similar, it is
expected that in ATPases the nucleophilic wateremdé occupies a location equivalent
to that of the hydroxyl group of the peptide sudigtrin BY kinases. Indeed, such a water
molecule was reported in the structure of MinD faswa in Figure 4.3C (Hayashi et al.,
2001). In addition, the nucleophile-binding Aspidee (Etk D569) was shown to be
required for correct protein folding, as its mutatito leucine prevented folding

maturation (Cuet al, 2001).



Figure 4.3The binding of the nucleophiles in BY kinases aritPAse MinD.

(A) In the CapB K55M mutant (Olivares-lllana et aD08), the hydroxyl group of Y225
from the neighboring molecule is the nucleophilekimase activity. This hydroxyl group
is stabilized by D79 of the Walker A’ motif. The awproline residues, P159 and P160,
uphold the space required for substrate bind{BY.These two proline residues, as well
as the Walker A’ motif aspartic residue are consdrn Etk (shown here) and other BY
kinases.(C) In MinD (Hayashi et al.,, 2001), the nucleophilic teta molecule is
coordinated not only by D40 of the Walker A’ motifut also by the peptidyl amide
group of A121 (white arrow), making it ready toaalt theg-phosphate of ATP.
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4.2.3 Stabilization of the nucleophile

An interesting difference arises while comparing thucleophile stabilization
mechanism of MinD with that of BY kinases. In theusture of MinD complexed with
AMPPCP (Hayashi et al., 2001), the nucleophilicavanolecule was observed to be
coordinated by two structural features of the erzyfd) the side chain of D40 of the
Walker A’ motif and (2) the peptidyl amide group A121 (Figure 4.3C). In the CapB
structure, however, the nucleophilic hydroxyl growps coordinated only by the side
chain of D79 (Figure 4.3A). The MinD Al121-equivalem CapB and other BY kinases
are replaced by a proline residue (Etk P670, Figu3&-B), which is conserved in nearly
all BY kinases (Figure 3.13). Therefore, in BY lsea it would be more difficult to
harbor the same nucleophilic water molecule at libeation, as seen in the absence of
such water in both wild type CapB and Etk strucu(teee et al., 2008; Olivares-lllana et
al., 2008).

Moreover, CapB P160, Etk P670 and their equivalentsther BY kinases are
part of the conserved back-to-back proline residéegure 3.13). This structural feature
likely increases the rigidity of the coil regionndareserves the space required for
substrate peptide binding. Indeed, in the structiirthe CapB K55M mutant (Olivares-
lllana et al., 2008), the dephosphorylated C-teain¥225 was found adjacent to residues
P159 and P160 of the neighboring molecule (FiguB&)} This previously unreported
structural difference between BY kinases and Min&yrhe another important factor that

differentiates CapB and Etk from ATPases. The laicthis amide group in BY kinases
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may also explain their weak ATPase activity of Ekction 3.8) and YwqD (Mijakovic
et al., 2003).

It is intriguing that although the lack of backtack proline residues is generally
true in all ATPases, ifi. thermophilusATPase Soj, a proline residue again replaces the
MinD alanine. No nucleophilic water molecule wasurid in Soj, despite the high

resolution (1.6A) of the Soj structure (Leonardlet 2005).

4.2.4 Walker B motif

Surprisingly, the HPr kinase/phosphatase lacksWaéker B motif aspartic acid
(Etk D647 equivalent) but is still an active protéBer) kinase (Marquez et al., 2002).
Therefore, it is likely that the role(s) played the Walker B Asp residue in other BY
kinases could be performed by the two Asp resichfethe 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-blockingsyne residue (Etk Y574) only
exists in Gram-negative BY kinases; in other homgsl&'574 is replaced by residues
with smaller side chains (T84 in CapB, N45 in Mirdhd no such residue exists in HPr
kinase/phosphatase). Two exceptions of the Y5744Riéferaction have been found
among BY kinases in Gram-negative bactelRalstonia solanacearurgspB, although
containing the autoactivation tyrosine residue (Eb¢4), does not possess the equivalent

Etk R614 residue. However, within the same podirebarged region (N583, R614 and
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Q616 in Etk, Figure 3.11C) iR. solanacearurkspB, the residue equivalent to Etk N583
is a lysine preceded by an arginine (Figure 3.tBfhe second exception, nitrogen-fixing
proteobacteri&inorhizobium melilotExoP, glycine is in the position equivalent to Etk
Y574 (Figure 3.13), which results in no steric mamte equivalent to the constitutively
active Y574G mutant of Etk (Table 3.3). There is positively-charged residue

equivalent to R614, N583 or Q616 in ExoP either.

4.2.6 Etk R572 vs. Wzc K567
The comparison betwedhn coli Etk and a modeled and energy-minimiZedcoli

Wzcca active site also revealed useful information (Fggd.2C). Only five hypothetical
mutations would be needed to convert the activedditVzc to that of Etk. While S537D,
I1538S, C563A, and E572N do not alter any importactive site interactions, K567R
(R572), located just outside of the binding pocketompts further investigation. In the
CapB structure, the equivalent lysine residue waseored to be in the vicinity of the
substrate-imitating C-terminal Tyr cluster of agi#oring molecule. If such a residue is
involved in substrate binding, lysine and arginame likely to be functionally equivalent
at this position. Interestingly, it was noticedttihautation of this arginine residue in Etk
(R572) to alanine resulted in a 150% increase whde activity and a 260% increase in
ATPase activity (section 3.8). Moreover, sequenignent analysis (Fig. 3.13) showed
that this R/K residue is conserved in all Gram-tiggaBY kinases and in some Gram-
positive BY kinases, but not in MinD ATPases. Itpisssible that the R572A mutation

removed the steric hindrance imposed on the pealepéiptide substrate, or allowed an
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easier dissociation of the phosphorylated substidtavever, it is unclear why the
ATPase activity of Etk was also affected, and whinlM and other ATPases do not

contain an arginine or lysine residue at this posit

4.2.7 Tyrosine kinase vs. serine/threonine kinase

The comparison of bacterial Tyr kinase Etk with tbdaal Ser kinase HPr
kinase/phosphatase also provided insights into tstbsspecificity. First, our mass
spectrometry results (Figure 3.17, Figure 3.18)wstb that all eight possible
phosphorylation sites on Etk occurred on Tyr resgdlAlso, there has been no Ser/Thr
kinase activity reported for Etk. If Etk is indegpecific for tyrosine, it is likely to be due
to its deep catalytic pocket at the site of phosghmansfer which would not be readily
accessible to a Ser/Thr side chain. As shown imrEigt.4, in the Tyr kinase Etk, the
catalytic lysine residue, K545, and the aspartsduge responsible for substrate hydroxyl
group binding, D569, are located much farther afvayn the protein surface than the
equivalent residues (K157 and D175) in HPr kindsegphatase, a Ser kinase. In
addition, theb-phosphate (and potentially tligphosphate) in the Etk structure is not
located close the protein surface as seen with (fw@phosphate in the HPr
kinase/phosphates structure.

To verify the above reasoning, the substrate Tsidte in the modeled complex
(Figure 3.15C) was replaced with a Ser residue, AD®# replaced with ATP. The

distance between the Ser side chain oxygen and ApRosphorous was 4.5A. This
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distance is too long for the kinase reaction t@tplace, in comparison with that between

the Tyr side chain oxygen and ATRhosphorous at ~2.5 A.

Figure 4.4Cross-sectional views of the catalytic center aftéaal kinases.

The structural basis of bacterial kinase subsspéificity is revealed by cross-sectional
examination of the enzymes’ catalytic centerdAf E. coli Etk, which is specific for
tyrosine and(B) S. xylosusHPr kinase/phosphatase (Leonard et al., 2005)¢chwis
specific for serine. The distance between the pratarface and the catalytic residues
(Etk K545 and D569; HPr kinase/phosphatase K157CHtb), is significantly greater in
a tyrosine kinase (Etk) than in a serine kinaser (kifase/phosphatase). Thghosphate
of ADP in the Etk structure (black arrow) was alaaried deeper than the equivalent
phosphate (white arrow) found in the HPr kinasecstire.
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4.3 Comparing the activation mechanisms of BY kinases

The timely publication of the first structure of Gram-positive BY kinaseS.
aureus CapB (Olivares-lllanaet al, 2008) not only confirmed the similarity of BY
kinases, but also raised further insights intoois unique activation mechanism when
active sites from both kinases are compared. Theation peptide of CapA;.22a fused
directly before the N-terminus of CapB, was seetha active site shaping one side of
the binding pocket (Figure 4.5A). Although no hygeo-bonding between the activation
peptide and the ADP cofactor was observed, theoasittlaimed that a key phenylalanine
residue, F221, was important for ADP adenosine bingling. The authors also reported
that the F221A mutation resulted in a largely regliautokinase activity, possibly due to
low affinity of the CapA-B complex for ATP (Olivasdllanaet al., 2008).

While F221 is not conserved among Gram-positivetdsad Tyr kinases, a
hydrophobic residue is generally found at this tmra (Olivares-lllanaet al, 2008).
Surprisingly, when the structure of fused CapA-B sigperimposed onto Etk, the
backbone of the Capéy.,22 activation peptide almost completely overlaps with N-
terminal section of Etk,474 Sequence comparison reveals a closely matchedsiduee
section conserved in all BY kinases, making up @tsh-helix followed by ab-strand.
Thisb-strand (strand 1 in Figure 3.10) forms the edgdefcentral, semicirculdo-core.

Such an alignment between Etk kinase and the Catidasor is rationalized by
the fact that, in Gram-positive bacteria, the geneoding the activator proteingpA) is

located directly upstream of the Tyr kinasafB gene. As the N-terminal domain of Etk
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is homologous to CapA, the Gram-negative tyrosimeade gene wzc or etk is
equivalent to the fusion @apAandcapB

As seen in the alignment of the CapA-B and Etkvacsites (Figure 4.5B), CapA
F221 is substituted by S473 in Etk. Since serineoisa hydrophobic residue and ADP
was featured in the Etk active site, the F221 residf CapA does not seem to be
required for the binding of the adenosine ring @MAXATP. However, under a closer
investigation, a phenylalanine residue in Etk, E54&s brought into light. The distance
between F22da,1 and the ADRaps adenosine ring is 3.2A, while the distance between
F54 7y and the ADRy adenosine ring is 3.5A (Figure 4.5B). Therefof€&221:,pa does
promote nucleotide binding, so would Fgd.7 While F54¢ is conserved among all
Gram-negative BY kinases as an immediate extersidhe GKTFWalker A motif, in
Gram-positive BY kinase this residue is replacedltyreonine (Figure 3.13).

Based on the above structural comparison, it iy Vigely that F54¢y and its
equivalent in other Gram-negative kinases are fanatly equivalent to F223%,, and its
equivalent in other Gram-positive BY kinases. Bahidues promote the binding of the
adenosine ring through a hydrophobic attractiodistance of 3.2-3.5A. Interestingly, in
Gram-positive BY kinases this phenylalanine resiguattributed to an external peptide
that activates the kinase, whereas in Gram-neg#&leinases the residue exists on a
separate structural motif within its own sequertés possible that a separate activation
mechanism by Tyr574 was evolved to “compensate’tberlack of such kinase activity

control in Gram-negative BY kinases.



Figure 4.5Overlapping Etk and CapB validated the activatloeory of CapB.

The Gram-positive BY kinas®. aureuCapB is activated by the binding of an activation
peptide, which is fused to the N-terminus of Capll ahapes the left side of the binding
pocket (Olivares-lllanat al, 2008).(A) This peptide (pink) lies in an almost identical
location to an N-terminal segment of Etk kinase don{green)(B) The proposed key
residue F221 in CapA is seen as S473 in Etk. Tlkeagine-binding function of F221 in
CapA-B complex is likely to be served by F547 ik.Ethese two phenylalanine residues
share a similar distance to the adenosine ringA(3@ F221capa 3.5A for F54%).
Moreover, both Phe residues are conserved withaéir twn Gram-staining type, but
replaced by another non-hydrophobic residue irofiposite type.
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4.4 Functional implications in polysaccharide export rgulation

As the activation mechanisms of BY kinases havenl®decidated, the focus of
research will be shifted to what happens next: vdoats the activation of BY kinase do?
Various studies have shown that it is the overadigphorylation status of the C-terminal
Tyr cluster, rather than the phosphorylation of apgcific tyrosine residue, that regulates
the export of capsular and extracellular polysagdea (Morona et al., 2000; Obadia et
al.,, 2006; Paiment et al., 2002). As summarizedTable 1.2, both completely
dephosphorylated (or Phe-substituted) and compgletebsphorylated (or Glu-substituted)
Tyr clusters reduced or abolished CPS/EPS producliberefore, it has been speculated
that the BY kinase needs to cycle between phospdtedyand non-phosphorylated forms
for CPS production (Obadia et al., 2006; Whitfialtd Paiment, 2003; Wugeditsch et al.,
2001). The newly published structures and experiatedbservations of Etk and CapB
have provided important clues of how such “cycling’possible — in other words, how

the phosphorylation status of the Tyr cluster canidact CPS/EPS export.

4.4.1 Dephosphorylation leads to high oligomerization st& of Etk

As mentioned in Section 3.6.1, during the prepamabf Etk samples, it was
noticed that the phosphorylation status of Etkalyeinfluenced its oligomerization state.
When Etk samples were treated with alkaline phosislea the protein precipitated
immediately and irreversibly; this process was naed quantitatively to show time-
and concentration-dependent aggregation of Etku¢gi§.23C). Freshly purified, soluble
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Etk typically eluted in two fractions from a sizectusion column. The first peak had a
molecular weight of ~ 1 million Dalton, while thecnd peak had a molecular weight
corresponding to a monomer (34kD) (Figure 3.22AntrBMALDI and ICP mass
spectrometry showed that the first fraction hadwaer degree of phosphorylation than
the second fraction, specifically on the C-termimgt-cluster (Figure 3.18A-B, Figure
3.23B). Therefore, reducing the phosphorylatiotesté the Tyr-cluster certainly leads to
Etk aggregation, most likely due to the concerdratiof relatively hydrophobic
dephosphorylated tyrosine residtfest the C-terminus

Therefore, we anticipate that full-length Etk wowdgperience similarly strong
hydrophobic interactions in a dephosphorylatedestdhe resulting aggregation may
severely disrupt its default tetrameric complexdascribed by the cryo-EM structure
(Collins et al., 2006). Indeed, such disruption whserved experimentally as described
in section 3.6.2 (Figure 3.24) — the dephosphdoatfull-length Etk led to the
disappearance of the tetrameric species, but thmaton of the high-M.W. (4MD)
species. Since the tetrameric conformation of Btzq) was again seen in its complex
with the CPS export channel protein as revealedripg-EM (Collins et al., 2007), a low

phosphorylation state of Etk almost certainly disuthe kinase-channel complex.

9In terms of protein folding, tyrosine is consid&sdightly hydrophobic, and is usually found in the
hydrophobic core of proteins (M.J.Betts and R.B3eills2003).
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4.4.2 ldentification of the RK cluster

On the other hand, the above experimental evidealsessuggested that, when
fully phosphorylated, the Etk kinase domain cledalyors the monomeric staie vitro,
possibly because it lacks the N-terminal, periplassiomain that provides the tetrameric
contact previously shown.

While taking a closer look of the Etk kinase domatructure, we observed a
positively-charged loop region (residues 478 to)4@hich contains a total of nine
arginine and lysine residues. This RK cluster isseoved across all Gram-negative
Etk/Wzc tyrosine kinases (Figure 3.13). Interedtinthe RK cluster was found in close
proximity to the C-terminal Y cluster (Figure 4\When the Etk kinase domain structure
was modeled into the “molar tooth” contour of tlygccEM Wzc tetramer (Collins et al.,
2006). Upon full phosphorylation of Etk, it is owonjecture that the resulting
concentration of negative charges on the phospai@ylY cluster will provide strong
attractive forces to the RK cluster of an adjadetiktmolecule. This attraction will likely
disrupt the tetrameric conformation of Etk in itthdse-channel complex, thereby
affecting the CPS export machinery. Indeed, inletigth Etk the tetrameric species was
seen converted to the other oligomerization statesn the protein sample was treated
with ATP and Mg"* (Figure 3.24). Moreover, the mutant in which tirstfthree basic
residues of the RK cluster were replaced by ala(i#&8A, R479A and R481A) could
not restore polymyxin B resistanceDetk cells (Figure 3.20).

Taking the above observations and inferences immownt, both complete
dephosphorylation and full phosphorylation of th& E-terminal Y cluster would make
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a negative impact on the physiologically-significaetrameric conformation of the
kinase. Published evidence (Table 1.2) also sugdestat an intermediate number of
phosphorylation sites on the Tyr cluster is reqgliror normal CPS assembly
(Drummelsmith and Whitfield, 1999; Paiment et 2002; Wugeditsch et al., 2001). Such
structural influences by changes in phosphorylatgiate very likely outline the

regulatory mechanism of the polysaccharide exgoguie 4.7A).



Figure 4.6 Modeling the Etk kinase domain into the Wzc cryo-Bicture.
(A) The Etk kinase domain structure fits well into Wec tetramer (Collins et al., 2006).

(B) (Bottom view) The RK cluster lies opposite to t@eterminal Tyr cluster of an
adjacent molecule.
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Figure 4.7 Different BY kinase oligomerization states drivey the changes in the
phosphorylation status of their C-terminal Y-cluste

(A) (Top) Both a high and a low level of phosphorylatiof the C-terminal Y-cluster
disrupts the tetramer conformation of Gram-negaBYekinase Etk. (Bottom) In Gram-
positive BY kinase CapB, the dephosphorylation bé tY-cluster drives octamer
formation by attaching the dephosphorylated Y-eusd the active site of a neighboring
molecule. Such changes in oligomerization stateBYokinases could be the regulatory
machinery driving CPS/EPS export. For example, (B¢ the complex between
tetrameric Wzc and octameric Wza revealed by criyb{Eollins et al, 2007) likely
involves the(C) negatively-charged (left, colored red) bottom soe&f of the Wza
octamer. The misalignment of the disrupted Wzaataar conformation could result in
the dissociation of the oligomer complex and thesgte of the export channel Wza as
seen in the crystal structure of Wza alone (rigdnget al, 2006).
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4.4.3 CapB octamer formation

In contrast with Gram-negative BY kinases, neitteerstrong hydrophobic
attraction between dephosphorylated Tyr-clustersarieK cluster was reported in Gram-
positive BY kinase. However, the phosphorylatioatist of the C-terminal Tyr cluster
also caused a change in the oligomerization stateeaealed by the CapB structure
(Olivares-lllana et al., 2008). Although the wilgpe CapB kinase appeared as a
monomer in crystal packing, the inactive K55M muataxhibited an octamer ring
conformation, 120A in diameter, where the dephosgated C-terminal Tyr cluster was
observed to associate with the active site of ghimring molecule (Olivares-lllana et al.,
2008).

While such an octameric conformation could be actifal to crystal packing in
the 14 space group, the active CapA-B kinase paakeddifferent crystal space group,
P1. The additional molecular contacts provided oy dephosphorylated Tyr clusters
possibly enabled the formation of the higher-ordereligomeric state. Upon
phosphorylation of the Tyr cluster, the weakenesbeiation between CapB monomers
might cause the dissociation, or an alternativefaromation of the octamer (Olivares-

lllanaet 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 directly linked to
CPS/EPS export. For example, the tetrameric Gragathe BY kinase is associated
with the octameric export channel as revealed leyctyo-EM structure (Figure 4.7B)
(Collins et al, 2007). Interestingly, strong negative chargesadrgerved at the bottom
surface of the Wza octamer (Figure 4.7€0ggesting that the Wza-Wzc complex is
formed via salt bridges. Disruption of the kinasgamer is likely to interfere with such
tetramer-octamer complex formation, followed by ttlesure or deformation of the
export channel. Indeed, when Wza was crystallizeshea the export channel was
observed in its closed conformation (Daetcal, 2006), with its periplasmic exit blocked
by tyrosine residues contributed by each of ithtergonomers (Figure 4.7C). This would
explain the loss of CPS/EPS production at very tmwery high phosphorylation states
of the Tyr cluster in Gram-negative BY kinases.

Moreover, since the average molecular weight ofseaicharide is also affected
by the phosphorylation status of the Tyr clustee &ssociation and dissociation of the
BY kinase oligomers must play a role more subtknttimply allowing the passage of
polysaccharides through its middle channel. It isssible that such changes in
oligomerization state also directly or indirectije&t the function of Wzy polymerase.

It is exciting that the almost simultaneous pulilara of the first bacterial Tyr
kinase structures (Lee et al., 2008; Olivares-#lat al., 2008) revealed a number of
important structural and functional clues. Combjnguch information from both studies

have provided particularly useful inferences in #wativation mechanisms and cellular
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functions of BY kinases. Moreover, certain insigbftsonvergent evolution, such as the
conserved hydrophobic residue (CapA F221 and EtW7F5in adenosine ring
coordination, as well as the change in oligomeidpmatstate caused by changes in
phosphorylation status of the Tyr-cluster, wouldydmecome obvious by analyzing the
structural and functional information from both E#ind CapB. Intriguingly, Gram-
positive and Gram-negative BY kinases have evolerg different structural machinery
to accomplish the same activation and regulatongtions.

Certainly, additional structural studies are regdim order to verify the effect of
Tyr-cluster phosphorylation on the oligomerizatgiate of BY kinases, and explore how
the cycling between different oligomerization ssaddfects the production and passage of
the polysaccharides. The ultimate resolution of tG8S/EPS export regulation
mechanism would rely on determining the exact i@tghip between the changes in the

kinase-channel complex and the entire multi-compbneachinery.



4.5 Challenges encountered in this study

4.5.1 Challenges in Etk crystallization

After determining the Etk structure in its dephosphated form, we spent over
two years to elucidate the structure of phosphtegl&tk, in which P-Y574 would be in
the open/active conformation. Unfortunately, batkceystallization with ATP/M§" and
soaking existing apo-crystals with high concentragi of ATP cocktails resulted in
structures still showing Y574 in its dephosphomthstate. Crystallization of the Y574E
mutant was unsuccessful as well. Since in the @rystcking of Etk the spatial location
for the potential P-Y574/Y574E is occupied by thge@ninal Y715 of an adjacent
molecule (Figure 3.12B), it is possible that sust@dscrystallization of the alternative P-
Y574 conformation is theoretically unachievablekdwise, the phosphorylated P-Tyrs
on the C-terminal tail might make the molecule flaxible to be packed into an Etk
crystal.

From mass spectrometric analyses of the whole ipratasses, initial samples of
the Etk kinase domain exhibited up to eight phospheoups per molecule (Figure 3.17),
where the phosphorylation occurred on Y574 andtterminal Tyr cluster: Y711, Y713,
Y715, Y717, Y718, Y720 and Y722 (Figure 3.18). Hoee it is intriguing that in the
crystal structure, no phosphotyrosines were obseore the C-terminal Y-cluster and
Y574. As previously discussed in Section 3.6.1,hHigh pH (9.5) of the buffer and long
incubation time for crystallization (1~2 month) righave led to the loss of phosphate

groups through non-specific hydrolysis. HoweverewltEtk samples were treated with
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alkaline phosphatase, as they were dephosphoryilatére crystal structure, the protein
precipitated immediately and irreversibly, and cbabt be used for crystallization trials.
Therefore, the solubilization of Etk requires thd af phosphorylation at the highly

hydrophobic C-terminal tail, and subsequently, geddand steady dephosphorylation
may act to concurrently decrease protein solubiibd facilitate the growth of Etk

protein crystal. This inference is also supportgdh® observation that the Etk crystal
grew from the initial precipitation in the crysialition drops. The initial aggregation was
likely formed by the less-phosphorylated speciethenprotein sample, and it is exactly

these species which slowly dissolved and contribtaehe future protein crystal.

4.5.2 Overcoming anisotropic crystal packing

After the initial diffraction-quality (up to 2.5AEtk crystal was tested on the X-
ray machine, two years and numerous synchrotroa dallection trips were spent to
finally obtain a successful dataset. Besides dmamt difficulty in reproducing the
protein production suitable for Etk crystal growttlata processing was constantly
plagued by problems with indexing due to multiplgstal sheet stacking and pattern
ambiguity. Moreover, data quality was severely bied by crystal packing anisotropy
(section 3.3).

The common underlying cause of such problems isaled by the Etk structure
shown together with symmetrically related molecyleigure 4.8). A 10-A gap is easily
observable in between layers of Etk molecules.h&scrystal could not have grown with

such a gap, the empty space must be occupied Hyighly disordered residues missing
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from the final model. These residues include theéemhinal His-tag and linker (20
residues in total), RK-cluster residues 480-490 #edC-terminal Tyr cluster 718-726.
While all of the above regions are predicted tordredom coils by secondary structure
prediction programs, a certain repeated packingepatmust exist for structural
determination.

Such difficulty in crystal packing is well-reflecten the shape of the Etk crystals,
which are very thin plates that easily dissociate thinner plates. As the loosely-packed
“gaps” produce a high degree of disorder alongatkis perpendicular to the gap plane,
the crystal has the slowest growth along this akierefore, when the X-ray beam passes
perpendicularly through the plate crystal, a higigrée of randomness in crystal packing
causes the observed anisotropic problem shown gar&i3.9B. As a result, it was
difficult to collect a complete dataset for struetiidetermination of Etk.

This anisotropic problem could not be resolved byventional data collection
stations, where only the loop-axi§ qr w'') rotation is available. The plate crystal
invariably lies parallel to the plane of the loopedto surface tension. Therefore, when
the crystal only rotates along the loop axis, eedainf angle the X-ray bean inevitably
passes perpendicularly through the loop plane disasdhe plate crystal, causing large
deterioration in spot quality.

There are two common solutions to this problemstFithe experimenter could
bend the loop by ~50°. However, such bending mmgititbe maintained through flash-

freezing in liquid nitrogen. In addition, the bdobp is usually curved; hence the thin
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plate crystal within the loop will be slightly dested, which would further damage data
quality. A second, better solution is to collect the data vétk-rotational angle, at
roughly 45° to the axis. In this case the X-ray beam will not passough the
anisotropic axis. The X-29 beamline at the NSLS,LBMWhere the successful Etk

selenomethionine dataset was collected, providels ak-rotation option (Figure 4.9).

Figure 4.8 Highly disordered region between layers of Etkegale in the crystal.

When symmetry-related molecules of Etk are disglage~10A gap between layers of
molecule became obvious. Such a gap is presumdldg by the highly disordered
residues missing from the final protein model: N¥tmal His-tag and linker (20 residues
in total), RK-cluster residues 480-490, and theef@rinal Tyr cluster 718-726.

1 wWhenk = °, the w rotational axis is identical to tHeaxis.
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Figure 4.9Thek- angle rotation device at the X-29 beamline at NJRIS|,..

Beamlines that allovk-angle rotation are very useful for plate crystafadcollection, as
they allow the X-ray beam to avoid the most anggatr plane, which is perpendicular to
the shortest dimension of the plate crystal.



4.6 Future directions

The determination of the high-resolution structafehe Etk kinase domain, as
well as the in-depth discussion in this chaptevehapened the door for many practical
studies to extend our understanding of BY kinages iavestigate their exact role in
CPS/EPS export regulation. In the future we wollkteé to pursue both structural and

functional studies as outlined below.

4.6.1 Structural studies of Etk kinase domain

Given the intermolecular packing surface revealgdhe Etk structure (Figure
3.12), we could strategically remove flexible lo@gmions associated with poor electron
density, such as the RK cluster residues 480-49@jture constructs to facilitate better
crystal packing, improve crystal quality and reddeegthy crystallization time. This
might allow us to capture the phosphorylated cantdion of Y574 and Tyr cluster.
Comparing the structures of dephosphorylated wittosphorylated Etk may better
explain its regulatory role in CPS/EPS export atfieo cellular functions, and expose
other previously unidentified, yet important sturet features.

In addition, we would like to explore the posstililof co-crystallizing O-antigen-
like polysaccharides with Etk kinase domain or-fatigth Etk, which may reveal the
sequence and structural features responsible &rdgulation 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 subsés the kinase activity studies
performed thus far on Etk and its homologs only snead autokinase activity. Such
activity measurement was more qualitative than gtaive, and the result was biased by
the initial phosphorylation state of the proteinmgée (which could not be
dephosphorylated first due to irreversible preeipin). Our three separate attempts at
finding a suitable external substrate — Ugd, a g@iu:Tyr) peptide and a C-terminal-
like peptide — have been unsuccessful so far. Gt step will be to express the
inactive K545M mutant of Etk, which does not exhdmy kinase activity but still has an
intact C-terminal Tyr cluster for intermolecularqdphorylation. The solubility of this
mutant could be promoted by removing part of theek@inal Tyr and other hydrophobic
residues in order to prevent precipitation evenmiodly dephosphorylated. The inactive
Etk substrate will be phosphorylated by a truncatedion of Etk kinase, engineered to
lack a C-terminal Tyr cluster. This quantitativaddic study will accurately illustrate the
catalytic roles of active site residues and furtiigaintify the substrate specificity of Etk.

We would also like to extend the mutagenic studyhef RK cluster in order to
identify the Arg and/or Lys residues required fesaciation with the phosphorylated C-
terminal Tyr residues. Previous studies have shaWwat it is the extent of
phosphorylation of the Tyr cluster that influendbe export of polysaccharides and,
hence, antibiotic resistance. Therefore, the fonctif the RK cluster might be due to the

overall positive charge, instead of the presencearof specific Arg or Lys residue.
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Subsequent mutagenic studies would include theHdorsixth and the seventh to ninth
arginine and lysine residues in the cluster. Pmintations of specific residues in the trio
will be performed once functionally-important tricge identified by the antibiotic
resistance assay. In parallel, a construct withlo&itRK cluster, and constructs with the
partial RK cluster will be made to investigate thpact of the positive charge status of
the cluster.

Besides the antibiotic resistance assay, we walkl tb also establish other
means of functional assessment. For example, tiaagm electron microscopy (TEM)
visualization of the surface polysaccharide phepetyas been performed in the literature
(Reid and Whitfield, 2005). Gel electrophoresis laéso been utilized the assess the
molecular weight of exported polysaccharide (Obadial, 2006). Western blot using
anti-phosphotyrosine antibody could be used tofyethe level of phosphorylation

present in protein samples.

4.6.3 Protein-substrate interaction studies

As Etk has been implicated to have a role in paylswather than CPS/EPS
transport, we would also like to expand our scdpaterests to protein substrates of Etk.
RpoH and RseA, which are phosphorylated specifidayl Etk but not Wzc, are sigma
factors controlling the expression of heat shockege(Kleinet al, 2003). Past studies
have identified the phosphorylation sites as Rpg¥280 and RseA Tyr 38 (Kleiat al,

2003). Co-crystallization of the Etk kinase domamd the peptide fragment containing
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these tyrosine residues should explain the enzyméistrate specificity, and may serve
as a template for understanding and identifyingofrotein substrates.

A similar co-crystallization approach could be @zdrout for Etk and Ugd, which
is phosphorylated by both Wzc (Grangeastsal., 2003) and Etk (Figure 3.27). The exact
phosphorylation site(s) on Ugd could be detected shig-directed mutagenesis of
suspected phosphorylation sites combined with westélotting with anti-
phosphotyrosine antibody. Based on the previoustyerchined structure of Ugd
(Campbellet al, 2000), and that the phosphorylation of Ugd by Bivase homologs in
Gram-positive bacteria has been reported (Mijakevial., 2003), the possible candidates
of phosphorylation sites could be easily narrowearm

The membrane-associated CPS/EPS polymerase Wzanisther likely substrate
or interaction partner of BY kinases, as the phosghtion status of BY kinases
influences the production of high-M.W. polysaccbar{Obadia et al., 2006; Paiment et
al., 2002). It is possible to purify the membramet@n Wzy by adding detergent, as in
the case of full-length Etk, or by fusing Wzy wahhighly-soluble protein such as GST
or calmodulin. Mass spectrometry could be carrietto determine phosphorylation sites,
while chemical cross-linking could be used to wepfotein-protein interactions. Since
no structural homolog of Wzy has been reported,sthgctural determination of such a
key enzyme in the CPS/EPS transport pathway woeldabchallenging, but highly
important task.

It is also possible to detect other protein subssraf Etk by incubating whole cell

extract with the Etk kinase domain, ATP and #IgThe mixture will be purified
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subsequently using a resin coupled with phosphsityeoantibody. The identification of
the substrates, as well as the number and locatigrhosphorylation sites, could be
detected by mass spectrometry. In fact, such exgeets have been carried out with the
PhosphoScan Kit (Cell Signaling), but no phosplastyre has been detected from the
resulting eluate. Future attempts will focus orr@asing the solubility of proteins during
sample preparation. Alternatively, two-dimensiogel electrophoresis could be carried

out to identify proteins which contain phosphotynes.

4.6.4 Full-length and N-terminal Etk

Our immediate next step is to resolve the degradasroblem of full-length Etk
for its eventual structural determination. We anarently experimenting with the
following approaches: buffer exchange, low temperastorage and crystallization, and
protease inhibitor. The two major products of ddgteon, the 55kDa and the 25kDa
species will be analyzed by mass spectrometry deroto identify the site of internal
cleavage. The protein construct will then be refiteeavoid the cleavage site(s).

The crystal structure of full-length Etk will undotedly provide valuable, first-
hand information of the oligomerization of Etk aitg likely mode of salt-bridge
formation with the Wza octamer — a possible linkagighin the CPS/EPS export
regulation machinery. As our partial construct atcY (the Wza-equivalent in the Group
IV CPS export pathway), Ycgéiso did not express in bacteria, future attempts will
involve other combinations of sub-domains of Yc@séd on the structural information

of Wza. The entire membrane protein YccZ will almotested, as full-length Wza was

147



shown to have good solubility and a tendency tenftre octamer complex (Dorg al,
2006).

As detailed in section 3.1.3, we are also activplyrsuing the structure
determination of the N-terminal domain of Etk, whiavould also answer the
aforementioned functional inquiries albeit to askssextent. Interestingly, we have
observed that the over-expression of the N-termdmahain of Etk as well as of full-
length Etk both resulted in a slimy bacterial pellBherefore, it is likely that the N-
terminal domain alone is sufficient to alter thadtion of the CPS/EPS export pathway
due to its lack of constraints from the transmemeéraelices and the C-terminal domain.

Functional assessment of individual residues arcsiral features of full-length
and the N-terminal domain Etk will be carried owt bite-directed mutagenesis or
truncations. We will also actively utilizen vivo functional assessment tools such as
antibiotic resistance complementation by knockamsgcues, CPS/EPS visualization by
TEM and polysaccharide molecular weight measurenigntgel electrophoresis as

mentioned above.
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4.6.5 Gram-positive BY kinase homologs

The structure of the Gram-positive BY kinase horgpléapB, has been recently
published (Olivares-lllanat al, 2008). While comparing the Etk structure withttbé
Gram-positive BY kinase CapB (section 4.3), we ddteat the previously unidentified
Etk F547 is likely to share a similar ATP-stabitigi function with CapA F221. In order
to verify our hypothesis, a number of constructaldde tested for kinase activity: Etk
F547T mutant, Etk S473F-F547T double mutant, CapR2RB1% 44 mutant, and CapB
T57F mutant. A significant reduction in kinase wityi is expected from Etk F547T and
CapA-B F2215,a mutants, while Etk S473F-F547T and CapB T57F miatare

expected to remain active.



4.7 Conclusion

Research on bacterial Tyr phosphorylation has donits prime in the last decade.
Since the characterization of the first proteirogme kinase in 1997, there have been
close to 20 bacterial protein Tyr kinases homoldagaracterized in both Gram-positive
and Gram-negative bacterial strains. These Tyrdda@ears no sequence similarity to
their eukaryotic counterparts, and their versgtilind importance have been well
demonstrated in pathogenic capsular and extraaellplolysaccharide production,
antibiotic resistance, stress response and DNAbubésan as reviewed in Chapter 1.

The publications of the crystal structureskofcoli Etk andS. aureusCapB, the
first two structures determined for bacterial Tymdses, have set a benchmark on the
blooming frontier of bacterial Tyr kinase researStructural information, combined with
various functional experiments in this study aslaelothers in the literature over the last
decade, have answered two critical functional ingsias discussed in Chapters 3 and 4:
(1) how the kinase activity is activated; (2) hdve tsubsequent autophosphorylation of
the C-terminal Tyr-rich tail regulates the exporf oapsular and extracellular
polysaccharides. Structural comparison betweenebatftTyr kinases, Ser kinases and
their homolog MinD ATPases also uncovered the baseerlying their functional
differences.

The structural determination of Etk was consideaezhallenging case due to the
difficulties encountered in various stages of thesearch, including protein stability,
protein solubility, crystal reproducibility, crystharvesting, data indexing, data quality,
and seven rejections during our attempt to pubdishfindings over a one-year period.
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However, it is exactly through such struggles tvat gained a substantial amount of
knowledge of the protein. For example, in orderirtorease the solubility of Etk we
realized that a high phosphorylation state of Edswequired. This led us to study the
relationship between Etk phosphorylation status asdligomerization states, which
proved to be critical in understanding the CPS/E&fbilation machinery. We have also
gained valuable technical knowledge of X-ray criystgaphy such as plate crystal
handling and data collection, and the rare oppdstdar manual model building in this
era of fully-automated superprograms suchABS OSHARPand PHENIX We believe
that these experiences will pave a smoother wagdorfuture investigations of bacterial

T kinases and X-ray crystallographic studies inegah
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Appendix A — Crystallization techniques

A.1 Crystallization methods

Vapor diffusion is the most popular crystallizationethod in protein X-ray
crystallography. As vapor diffusion allows simplenda systematic crystallization
condition screening, it is ideal for high-throughgtructural genomics projects. However,
in vapor diffusion the exact drop composition dgricrystallization is unknown. When
the sealed chamber is opened, the vapor diffusguilierium inside is broken. As a
result, grown crystals may be damaged, making lstingesometimes difficult. While all
Etk kinase domain crystals in this study were gateer with the vapor diffusion method,
we encountered additional problems of drop drying amembrane formation (section
2.3.4). Several alternative crystallization methodave been widely applied by

crystallography laboratories (Figure Al).
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Figure Al. Protein crystallization methods and rationale.

The vapor diffusion method involves eithg) a hanging drop ofB) a sitting drop. In
vapor diffusion, the protein and crystallizatioragents are mixed in the drop to be
diffused against a reservoir of crystallizationusimin. (C) In the microbatch method, the
protein and crystallization solution are premixed gsubmerged under o{D) In thefree
interface diffusion method, the protein solutiorsiswly mixed with the crystallization
solution in a capillary.(E) Phase diagram showing relationship with protein and
crystallization concentration. Methods mentionedvabare marked with letter (a)-(d).
Despite the variation in crystallization methodee tcommon goal is to drive the
equilibrium into the nucleation zone and extendstalygrowth in the metastable zone.
Source of Figures 4.8A-C and E (Vinson, 2006; Chayred Saridakis, 2008).
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Microbatch

In this laboratory, the protein and reagent sohgiare incubated together under
low-density silicon oil (Hampton Research), parafbil (Hampton Research), or a
mixture of both, as the aqueous mixture is derts@n the oil. The oil layer protects the
drop from sudden changes in the environment sucthask and temperature variation
(Chayen and Saridakis, 2008). The consistency op dromposition and pH also
promotes crystal stability. Different from the vapdiffusion method, the starting
condition of the protein mixture must allow crystalcleation, unless the oil used is
permeable to water evaporation. The microbatch oskeih not compatible with small
volatile organic molecules in the crystallizatioalution, as these molecules will be

dissolved in oil.

Free interface diffusion

Free interface diffusion is usually carried out ancapillary tube, where the
crystallization solution slowly diffuses into theopein solution and vice versa, creating a
gradient of protein and precipitant concentratibime spectrum of protein and precipitant
concentration allows optimal nucleation growth @ing point along the gradient. Since a
relatively large amount of protein sample is regdiper experiment, this method is
mostly used as a crystal optimization techniquenwéatable buffers, pH, and additives
are already known (Chayen and Saridakis, 2008).

In this research, capillaries (Hampton Researclt).&im in diameter were used
in crystal optimization trials of Etk N-terminal ohain. Although possible protein
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crystals were obtained, they were highly mobileidaesthe capillary and gave no

satisfactory X-ray diffraction patterns.

A.2 Crystal optimization methods

The following optimization methods of crystal cotmohs are also widely applied
by crystallographers. Although in this study, sevef the following techniques were

attempted but with limited success, they may praseful in future studies.

Ligand screening

Ligand binding could stabilize protein structuredgromote crystallization. The
assessment of ligand suitability is usually perfednby measuring the change in thermal
stability of protein in the presence of a poteriigdnd. A more stable structure results in
a higher protein “melting temperature”, where thet@n denatures and exposes its
hydrophobic core. A commercially available repodempound binds to the hydrophobic
residue and undergoes a change in color detectesbégtrometry. A suitable ligand
improve protein folding stability, which usuallyaés to more easily and rigidly-packed

protein crystals (Pantoliaret al, 2001).

Macro-seeding
Crystals of low quality were first transferred tdeas-concentrated crystallization

solution to allow partial dissolution, and subseglyeincubated in a second protein-
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precipitant mixture which allowed further crystabgth. Alternatively, at the early stage
of crystal growth (determined from experience), dnep was streaked by a dog whisker
to carry microcrystals to a second drop, which amed lower precipitant concentration
than the original drop. This new environment shdaltl within the metastable zone of

the phase diagram (Figure A1E) to prevent nuclediia still promote crystal growth.

Micro-seeding

Low quality, or small crystals were mechanicallystted and ground with a glass
rod, and serial-diluted (10x, 100x, 1000x) in idedit precipitant solution to make a seed
stock solution. The seed stock solution was addeairiew protein-precipitant drop with
a slightly lower precipitant concentration than ttep from which the seeds were
obtained. As in the case of macro-seeding, sucleva arop should fall within the
metastable zone of the phase diagram. Ideally, seleral seeds were spawned in the

new drop, resulting in a low number of large crigsta

Drop transfer

During the early stage of crystal growth, the dfopver slip) was transferred to
another chamber with a reservoir solution of loywercipitant concentration. Again, the
new equilibrium would stop nucleation, but stiloprote crystal growth. Such procedure
was typically performed using screw-cap 24-welltgga(Qiagen) to prevent incomplete

sealing by the vacuum grease.



Dehydration

The quality of crystals with high solvent conterglgtive to protein content in the
asymmetric unit) could be improved by reducing #wdvent content in the crystal,
forcing tighter protein molecule packing (Heras awdrtin, 2005). This is done by
leaving the crystal drop open in the air for a slaonount of time (ranging from seconds

to minutes).

A.3 Future perspectives of crystallization
While nanoliter-dispensing robots have made it fbsg0 screen thousands of
crystallization conditions in a matter of hoursystallization is still considered the

bottleneck of structural genomics projects compaoedther steps in the pipeline (Table

Al).

Table Al. 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 frowip://targetdb.pdb.orgt Jan 2008 (Chayen and
Saridakis, 2008).
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It is unfortunate that less than 20% of total pedftargets yielded crystals of
diffraction quality. The success rate for indivitlleboratories, however, is likely to be
higher than that for large-scale, collaborativeidiral genomics projects due to more
focused attention and relentless trials of thearsdeers. In this laboratory, the general
perception of successful crystallization rate iswl30%, while in this particular study
the success rate dropped to 14% (one out of seven).

In addition, due to the high redundancy of crystakening conditions, it has been
reported at the Joint Center for Structural Gensroicthe Scripps Research Institute that
merely 14% of the 480 screening conditions contetito 84% of the 465 successfully
crystallized proteins, while 20% of the conditiozentributed to 98% of the successful
trials (Page and Stevens, 2004). It was estimdttedléss than 300 crystallization trials
should be sufficient to find crystallization condits. If no such condition is found,
additional efforts would be better spent optimizihg protein quality (section 2.3.3) or
attempting to crystallize a homolog either in tlzene or another organism (Rupp and
Wang, 2004). Indeed, in this study we switched $oftam Wzc to its homolog Etk due
to the degradation problem of Wzc. Eventually, fingt Etk crystal appeared within the
first several hundred screening conditions attethpievo surface residue mutations,
E530A and E584A, were planned for Etk kinase donbainwithout successful ligation.
From the later determined Etk structure, such tesidues are indeed located at the
protein surface, but do not involve in any crygatking.

It is also a common practice to fuse two proteimdms, which respectively have

relatively rigid structures, while bypassing a flgg, likely unimportant coil region in the
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middle of the two domains. The structure of CapBswiatermined by this approach

(Olivares-lllana et al., 2008). On the other hamat, YwgD (a CapB homolog) construct,

which does not have its activator peptide fusecoteer its hydrophobic residues, showed
severe aggregation problems.

In addition, we suspect that the aggregation of Pwsamples could have
interfered with the normal functionality of the kse. Previous studies have demonstrated
the kinase activity of YwgD in the presence of thetivation peptide Ywq@iacas
(Mijakovic et al., 2003). However, during our kimaactivity assay we were unable to
measure any YwqgD autokinase activity even in tles@nce of YwWqiacas

While it is theoretically possible that many pratenolecules will never crystallize,
crystallography could still largely benefit from pid diagnostic methods, which
determine the likelihood of success from a vast Imemof simultaneous targets during
the early stages. For example, tk&lPred server (Slabinski et al., 2007) provides a
comprehensive prediction of protein crystallizabifrom a summary of protein sequence
features, such as the percentage of coils, isoElgmbint, and the longest disordered
region. The best category (top 20%) of the protgiredicted byXtalPred resulted in
~60% success rate of crystallization. In recentsjea fluorescence-based thermal shift
assay has been incorporated in high-throughputtsital genomic projects for screening
buffer conditions and ligands that improve the #itgbof the target protein (section
4.5.3).

It is also very important to be able to detect pgeing leads from numerous

results of crystallization condition screening, fexample, by distinguishing small
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crystalline from amorphous substances. Light sgagepermits non-invasivein situ
monitoring of crystallization trials of crystal nec formation before they are visible
under the light microscope (Wilson, 2003). Therefat became possible to stop the
formation of new crystal nuclei by diluting the stallization buffer in time.

Another promising direction of improving crystalizon involves the use of
porous materials that act as nucleation cataly@syen and Saridakis, 2008). Improved
crystal quality has been reported with porousa@iliwith pore sizes of 5-10 nm (Chayen
et al, 2001) as well as gel-glass material with poresiaf 2-10 nm (Chayest al, 2006).
While the exact reason of the improvement is sti€lear, it is possible that the pores
provide a stable growth environment to very smatstal nuclei, which are more likely

to lose than gain molecules due to high surfaca avelume ratio.

171



Appendix B — Best disappointment of crystallization

While the quiet dark nights alone in the lab frequengguited in fruitless
crystallization screening plates, | consider mysa€eptionally lucky to witness a few
extremely rare events of protein crystallizatiomttihave never been reported by my
supervisor and colleagues.

The first phenomenon happened in a dried well freereening plate #04 of
MSK1 (Figure B1), one of my side crystallizatiorojgcts from Dr. Simon Arthur of the
University of Dundee. Although dried protein drogre frequently observed, it is very
uncommon to see salt crystals arranged into arpattt@t looks almost purposeful. The
drop adopts a typical, traditional Chinese theme Rafck's Peony (bottom) with
background buds and grass. It is not surprising tlesgearchers sometimes call

crystallography an art — not performed by the expenters, but by nature.

Figure B1 A dried well with salt crystals that compose a flswtheme.
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The scientific essence of crystallography is destrated not only in rational
experimental designs and result discussions as mgnated by this thesis, but also in the
disappointing precipitation of protein samples. Tseparate incidences were particularly
memorable and serendipitously related (Figure EX). September 6, 2005, an Etk
crystallization drop exhibited the precipitationttean of the Arabic number 8 exactly as
how | would write it. While just less than a morgarlier, on August 10, 2005, another

drop exhibited the precipitation pattern of 21.

Figure B2. Protein precipitation patterns that resemble Aralbimbers.
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Appendix C — Methods of phase determination

As a protein crystal is exposed to the X-ray bednscatters the X-rays into a
pattern of reflection spots, where each spot cpaomrds to a reciprocal plane of the
crystal. The crystal is rotated to record the ditron from (ideally) all reciprocal planes.
The diffraction image is first indexed, accordinglie wavelength of the X-ray beam, the
center of the beam, the likely space group andaelitdimension of the crystal, and the
distance between the crystal and the imaging detacdetermine the spots to be used in
data measurement. Spots across diffraction imagesngegrated and scaled to have
comparable strength.

While reconstructing the electron density map byurley transform, two
components for each reflection are required: theliémde, which can be measured
directly as the square root of reflection intensig;md the phase angle of reflection.

Several methods have been developed to obtain pifaseation:

Multiple isomorphous replacement (MIR)

Multiple isomorphous replacement was the earliesthod used to determine
phase information. A heavy atom derivative protaiystal was obtained by soaking the
crystal in solutions containing heavy atoms, tyjycalg, Au, Pt, Ag or W, or by co-
crystallization. The location of a firmly-bound Iuyaatom, due to their strong diffraction

signal, could be first determined. Subsequently, pessible solutions of the phase angle
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of any structure factor containing the heavy atggna could be calculated (Figure C1A-
C). In order to resolve such phase ambiguity, mpldtidatasets, each with a different

heavy atom derivative were obtained.

The MIR method has slowly lost its appeal overybars, as crystal quality was
frequently damaged during heavy atom soaks. Alse,availability of high-intensity,
tunable wavelength synchrotron sources have allogasier ways of obtaining heavy
atom derivatives. With anomalous signals (see belows also possible to determine
phase information with one heavy atom derivativesingle isomorphous replacement

with anomalous signal (SIRAS).

Multiple-wavelength anomalous dispersion (MAD) andsingle-wavelength

anomalous dispersion (SAD)

In multiple anomalous dispersion, only one heawmaterivative crystal is used
to generate multiple datasets under different vengths. At least one of the wavelengths
should be close to the absorption edge of the heatwy, where anomalous scattering
occurs (Figure C1D). The changes in the diffraciimiensity caused by the anomalous
scattering (usually a few percent) can be obsepetdeen || and its Friedel opposite
|Fehky| at the same wavelength (the Bijvoet differenas)well as the same k| at
different wavelengths (dispersive differences). IBabange in diffraction intensity is
used to locate the heavy atom and calculate th&lirphase. Three datasets (peak,

inflection, and remote) are typically collected &oMAD dataset.
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Figure C1.Phase angle determination by heavy atom derivatives

The correct phase anglag) associated with each individual structure fa¢t) could
be determined with the aid of multiple heavy atosnivhtives.(A) Two structure factors
have to be measured, the combined (native and hetawy) structured factor ¢f) and
the structure factor of the heavy atom along.(B) The phase and magnitude ¢f &an
be calculated by knowing the positions of a heaeyain Subsequently, two solutions of
Fp are obtained - a phase ambigu(i@) By determining the position of a second heavy
atom derivative, only one solution of Femains(D) Energy absorption of selenium near
its K-absorption edge. A typical data collectiorastgy of MAD and SAD is indicated
by arrows.

Source of Figure 2.3A-C: Rupp, 208itp://www.ruppweb.org/Xray/101index.html
Source of Figure 2.3D:

CCP4 Tutoriahttp://www.ccp4.ac.uk/dist/examples/tutorial/htnelévy-doc.html
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In many cases, only one dataset is collectedeatrtaximum of the theoretical
(peak) or the minimum of f' (inflection) of the amalous scattering factor. If the data
quality is reasonably good, such dataset aloneifficent for phase calculation. This
exception is called single anomalous dispersiond58y shortening the exposure time
to X-ray, the crystal is subjected to less radratdtamage and yields data of higher
quality. By the advance of synchrotron power, SAE3 lhecome a very popular method

for structural determination.

The most common heavy atom derivative used for M SAD experiment is
selenium, because its K-absorption edge (~0.97%Apdsily accessible by tunable
synchrotron sources. However, the expression |@felelenomethionine-derivative
protein is usually reduced compared to native jmeteAlso, the protein target must
contain enough non-flexible methionine (2 or moretmonines per 100 residues). In the

case of Etk kinase domain, there were 8 methiorfiores total of 300 residues.

Molecular Replacement (MR)

Molecular replacement uses a previously determpmetein structure homologous
to the target protein, from which the diffractioata was collected. The correct rotation
and translation function of the original model igtefmined by maximizing the
correlation between the new Patterson map (theiéotansform of the intensities) of
the phase model and the Patterson map generatedtir® dataset. In this study, the

structure model oP. furiosusMinD (Hayashiet al, 2001) was tested on Etk diffraction
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data. However, no solution was found with the h&gheg Likelihood Gain = 33.6 and Z
score = 6.5. As the number of protein structurehéndatabase increases rapidly, more

and more structural determination will rely on noliar replacement.

Direct Method

Since there is a low degree of freedom of individcatams inside the crystal, a
limited number of relationships exist between phaseé intensity. Therefore, for small
molecules (<100 atoms) or very high-resolution settatypically close to 1A), it is

possible to directly determine the phase infornmatiom the dataset.
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