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ABSTRACT

Thiostrepton (TS: TS; 5HssN19018Ss) is a thiazoline antibiotic that is effective
against Gram-positive bacteria and the malarisdgte,Plasmodium falciparumright
binding of TS to the bacterial L11-23S ribosomalRXRNA) complex of the large 50S
ribosomal unit inhibits protein biosynthesis. The producing organisngtreptomyces
azureus biosynthesizes thiostrepton-resistance methyfeaase (TSR), an enzyme that uses
S-adenosyl-methionine (AdoMet) as a methyl donor, to modifg TS target site.
Methylation of A1067 [Escherichia colribosome numbering) by TSR circumvents TS
binding.

The S. azureus tsgene was overexpressed En coli and the protein purified for
biochemical characterization. Although the recomahinprotein was produced in a soluble
form, its tendency to aggregate made handling dlecigee during the initial stages of
establishing a purification protocol. Different pication conditions were screened to
generate an isolation protocol that yields millgraguantities of protein with little
aggregation and sufficient purity for crystallognapstudies.

Enzymological characterization of TSR was carmed using an assay to monitor
AdoMet-dependent ([methyH]-AdoMet) methylation of the rRNA substrate by uid
scintillation counting. During the optimization afssay, it was found that, although this
method is frequently employed, it is very time daloour intensive. A scintillation proximity
assay was investigated to evaluate whether it cbeld method for collecting kinetic data,
and was found that further optimization is required

Comparative sequence analysis of TSR has showmbe a member of the novel

Class IV SpoUT family of AdoMet-dependent MTase®nwbers of this class possess a non-



canonical AdoMet binding site containing a deegoiteknot. Selected SpoUT family
proteins were used as templates to develop a TSRology model for monomeric and
dimeric forms. Validation of the homology modelssyzerformed with structural validation
servers and the model was then used as the basngoing mutagenesis experiments.

The X-ray crystal structure of TSR bound with AddM2.45 A) was elucidated by
our collaborators, Drs. Mark Dunstan and GraemenCmiversity of Manchester). This
structure confirms TSR MTase’s membership in thelBpMTase family with a deep trefoil
knot in the catalytic domain. The AdoMet bound I tcrystal structure is in an extended
conformation not previously observed in SpoUT MEas@NA docking simulations revealed
some features that may be relevant to binding acdgnition of TSR to the L11 binding
domain of the RNA substrate.

Two structure-activity studies were conducted teestigate the TS-rRNA interaction
and TS solubility. Computational analyses of TS foonations, molecular orbitals and
dynamics provided insight into the possible modésr'® binding to rRNA. Single-site
modification of TS was attempted, targeting the ydiebalanine and dehydrobutyrine
residues of the antibiotic. These moieties were ifieatl using the polar thiol, 2-
mercaptoethanesulfonic acid (2-MESNA). Similar nficdtions had been previously used to
improve solubility and bioavailability of antibias. The resulting analogue was structurally
characterized (NMR and mass spectrometry) and dhoavgimicrobial activity against

Bacillus subtilisandStaphylococcus aureus
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CHAPTERL1: INTRODUCTION

1.1.S-Adenosyldi -methionine

1.1.1. Structure and Biochemistry of S-Adenosyl-L-methionine (AdoMet)

Since its discovery in 1952 by Giulio CantoBiadenosyl--methionine (AdoMet]1-
1) has been found to be involved in a myriad of esakbiological processes [2]. It is second
only to adenosine triphosphate (ATP) as the mesjufently utilized cofactor in biochemical
reactions [3,4]. AdoMet is synthesized via a corsd#ion reaction between theédarbon of
ATP and the sulphur af-methionine, as shown in Figure 1.1. This reacisonatalyzed by
AdoMet synthase (also referred to as methionin@eesldtransferase, EC 2.5.1.6) and results
in the complete dephosphorylation of ATP to eveliyudeld one pyrophosphate (PPi) and
one phosphate (Pi). Subsequently the PPi is hyziedlyo two Pis by pyrophosphatase [4,5].
The synthesis of AdoMet is the only reaction knotendate that requires the complete
hydrolysis of all three phosphates from ATP, makikdpMet a very energetically costly
molecule to synthesize [5].

NH,
N

% =N
<N | N/) </N N
N

CHs PPP CHs
: AdoMet Synthase %
-Ozcw/\/s + © —~ -OZCWS
NHG” H H PP + Pi NH;" ©
OH OH ! 1

OH OH

1-1

Figure 1.1:Biosynthesis of5-adenosyl--methionine.
AdoMet (AdoMet;1-1) is biosynthesized from methionine and ATP by Adxidynthase.



The AdoMet molecule possesses a positively chaced! sulfonium group bearing
an S-configuration with a 5deoxyadenosine, an aminopropylcarboxylate and ¢hyhe
moiety appended to it. The three substituentsdlagtd to the sulphur atom) all play a role as
precursors or sources of chemical moieties utilizedbiochemical reactions such as
polyamine biosynthesis, '-Beoxyadenosyl radical reactions, and posttransenal
modification of tRNAs, making AdoMet an extremelgrsatile biological molecule [6,7].
However, out of all of the essential biologicaliaties that it is involved in, AdoMet is best

known as the universal methyl group donor in cellalkylation processes [8].

1.1.2. Role of S-Adenosyl-L-methionine (AdoMet) in Methylation

The majority (approximately 95%) &adenosylk-methionine produced by cells is
utilized in transmethylation reactions [9]. AdoMedn alkylate a number of nucleophiles
containing oxygen, carbon, sulphur and the sulestritat are methylated range in size from
small molecules to macromolecules such as protidsDNA [10]. AdoMet is the principle
methyl group donor in the cell and is a few ord#rsnagnitude more reactive to polarizable
nucleophiles (N, O, and S) than another group dhgdelonors, the methylated folates [3].

The powerful methylating ability of AdoMet arise®rn its chemical structure: the
methyl group is attached to the electron-deficieniphonium atom, which confers
thermodynamic instability on the moleculd@%.,0 = -17 kcal/mol) [3,10]. This
destabilization confers substantial reactivity he tmethyl moiety, enabling its donation to
the substrate. Thus, the presence of the catmuighonium centre renders AdoMet the
preferred biological methyl donor.

When AdoMet transfers its methyl group, it is comed to Sadenosyl-

homocysteine (SAH or AdoHcy). The methylation istatged by methyltransferases.



Following this event, SAH is then hydrolysed by SAwidrolase to yield adenosine and
homocysteine. At this point, homocysteine can actaubstrate for methionine synthase,
which uses a folate derivative to methylate ananegate methionine. AdoMet can then be

generated by AdoMet synthase, completing whatfexned to as the AdoMet cycle (Figure

1.2) [4,6,8].
GHa
-0,C S
2 ATP
NH3*
methionine methionine AdoMet
synthase synthase PPi + Pi -
@ \
~N
0,0~ SH cHy </ | /)
+ | N N
NH3 00~ o
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3 2
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Figure 1.2: The Sadenosyl-methionine (AdoMet cycle).
(1) AdoMet is formed from the reaction of methionimelaATP catalyzed by AdoMet synthetaé®). Methyl
group transfer from AdoMet to a nucleophile (:Ny)rhethyltransferases yie®ladenosylhomocysteine
(SAH/AdoHcy).(3) SAH hydrolase catalyzes the hydrolysis of SAHit@domocysteine which is théa)
methylated by methionine synthase to regenerathioméhe to complete the cycle.

1.2.S-AdenosylL -methionine-dependent Methyltransferases

Methyl transfer reactions involving AdoMet are dgtad by a large group of
enzymes referred to as tBeadenosylk-methionine-dependent methyltransferases (AdoMet-
dependent MTases; E.C. 2.1.1.X). The by-productlbtransmethylation reactions &
adenosyl-homocysteine (SAH or AdoHcy), which functions asadural potent inhibitor of

all methyltransferase reactions [11]. The crystalicdures of over 40 AdoMet-dependent



MTases modifying small molecules, proteins, DNA &RMNA have been determined, and

have coordinates deposited in the Protein Data Bank

1.2.1. Classification and Structural Folds

Structural commonalities within AdoMet-dependent&4&s are observed despite low
levels of sequence identity [12]. It was 1993 wiies very first AdoMet-dependent MTase
structure was determinet( Hhal DNA-MTase; PDB: 6MHT) [13]. For a number of years,
all MTase structures were considered to share armomnstructural core which eventually led
to the designation of the “AdoMet-dependent MTasdd’f [12]. However, recently
determined AdoMet-dependent MTase structures redetilat not all MTases conform to
this canonical fold. Presently, there are fiveididtAdoMet-dependent MTase superfamilies

based on structure (Table 1.1).



Table 1.1: Known Structures of AdoMet-dependent MTases.

E.C. Classification =~ Enzyme Name PDB codd
Class|
2112 Guanidinoacetad:MTase 1KHH
2.1.15 Betaine-homocysteige MTase 1LT7
2.1.16 CatechdD- MTase 1VID
2117 NicotinatdN- MTase 5MHT
21.1.8 Histaminé&l- MTase 1JQD
2.1.1.20 GlycineN- MTase 1BHJ
2.1.1.28 PhenylethanolamiheMTase 1HNN
2.1.1.33 tRNA (guanin&¥’-)-MTase 2FCA
2.1.1.37 DNA (cytosing&™-)- MTase 1HMY
2.1.1.48 rRNA (adenindf-)- MTase 1QAO0
2.1.1.52 rRNA (guanin®?-)-methyltransferase 2PJD
2.1.1.56 mMRNA (guanind¥F-)- MTase 173C
2.1.1.57 MRNA (nucleoside-2'-O-)- MTase 2GA9
2.1.1.63 DNA(methylguanin®®):[protein]-L-cysteineSMTase 1EH6
2.1.1.67 Thiopurin& MTase 2BZG
2.1.1.68 Caffeat®- MTase 1KYW
2.1.1.72 Adenine-specific DNA- MTase 1AQI
2.1.1.77 Protein-L-isoaspartate(D-aspart@eMTase 1D15
2.1.1.79 Cyclopropane-fatty-acyl-phospholipid syst 1KP9
2.1.1.80 Protein-glutama@- MTase 1AF7
2.1.1.104 Caffeoyl-Co-MTase 1SUI
2.1.1.113 cytosin&’-specific DNA-MTase 1BOO
2.1.1.125 Histone-arginine |- MTase 10RH
Classl|

2.1.1.13 Methionine synthase 1IMSK
Classlll
2.1.1.107 Uroporphyrinogen-ICT-MTase 1S4D
2.1.1.130 Precorrin-2%°- MTase 2EO0K
2.1.1.133 Precorrin-4'& MTase 1CBF
Class 1V
21131 tRNA (guanin&¥-)- MTase 1P9P
2.1.1.34 tRNA guanosine-@- MTase 1v2X
2.1.151 rRNA (guanin&-)- MTase 1P91
2.1.1.? rRNA 2©- MTase 1GZ0
2117 rRNA uridine-20- MTase 1X7P
2117 tRNA (guanosine-2'-O-) methyltransferase 851J
2117 rRNA 2'-O- MTase 1IPA
ClassV
2.1.1.43 Histone-lysinBl- MTase 109s
2.1.1.127 [Ribulose-bisphosphate-carboxylase]-g/BiiM Tase 1MLV

YMultiple PDB structures may exist for some enzyn@sly one representative PDB was chosen for thieta



1.2.1.1. Class I: The Classical AdoMet-dependent Mise Fold

The majority of AdoMet-dependent MTases characterizo date belongs to the
Class | or Classical Fold. Their structural coreemiiniscent of the well-known nucleotide-
binding Rossman proteins having tg&/pB/a/ arrangement [14]. These Rossmann-based
MTases are comprised of a seven-strarféietieet surrounded hy-helices in an alternating
fashion to form an opea/pB/a-sandwich. The order of the strands is 3214576 sfithnd 7
being antiparallel to the others inserted betwdesnds 5 and 6 (R11141517161) [12].
All Rossmann-fold like MTases possess this cord fol some related topological variant,
where the C-terminal region of the enzyme conttliescatalytic domain and the N-terminus
constitutes the AdoMet binding region [12,15]. Tteucture of the small molecule MTase,

catecholO-MTase (E.C. 2.1.1.6) exemplifies the Class | fahdl is shown in Figure 1.3 [16].

Figure 1.3: CatecholO- methyltransferase is a member of the Class Irfapdy resembling the Rossmann
fold.
(A) Crystal structure (PDB: 1VID) ar(@) topology of catechdD-MTase. Red representshelices, cyan
representf-strands, and green represents loops.

Multiple sequence alignments by a number of graepsal conserved regions in the
AdoMet-binding domain [17-20] (Motifs | — X). Motifi is a glycine rich sequence

(E/DXGXGXG) located af1, the loop betweefdl andaA and part of the N-terminal region



of oA [20] and is involved in interacting with the amimcid moiety of AdoMet [12]; the
main chain NH groups of the enzyme hydrogen bonth whe carboxyl group of the
aminopropylcarboxylate moiety of AdoMet [20]. Thiy@nes in Motif | are not absolutely
conserved; residues with small side chains or amaicids that induce bends are suitable
substitutions [18].

The loop betweef32 andaB forms Motif Il. The last residue of thg2 strand is a
conserved acidic residue whose side chain hydrdgerds to the ribose hydroxyls of
AdoMet [20]. Furthermore, there are a high numidesiromatic amino acids populating this
region [17], which is believed to engage in van \d&als interactions with the adenine ring
of AdoMet [20]. The conserved region of Motif Ilheompasses the first position of th€
helix, where a conserved acidic residue’s mainrci\t hydrogen bonds with tHé®-atom
of adenine [20,21]. Motifs | to Il occupy what hasen designated as the AdoMet binding
region and it is often that cocrystallization oféd\et or the product, AdoHcy, is found to be
located by the conserved residues. FurthermoreifMf and V do make additional
contacts with AdoMet. Motif IV is a diprolyl moti{D/N/E-PPY) and is located at the
carboxyl end of stranfi4 [21]. It interacts with the amino and sulfoniunogps of the amino
acid moiety of AdoMet [18]. Motif V (D/E-LYXXF-L/VI) is comprised of helixaD and
helps stabilize AdoMet binding [20,21].

Motif VI forms strand35 which starts with an invariant glycine residuel®mvith
G/P/A/SIN [21]. It makes contacts with the methreimoiety of AdoMet at the amino and
sulfonium groups [18]. Motif VII is weakly conseveand has a NY in the loop region
betweenaE and36. It assists in the formation of the active siteket. Motif VIII has a

conserved sequence of N/JQXRXR and also plays aimotbe catalytic region. Motif IX



(RX4E) is also one of the less conserved motifs andhvslved in maintenance of the
structural integrity of the enzyme. The C-termimfishe enzyme folds together with Motif |
to help form the AdoMet binding site and is termddtif X with YX 3GN in its sequence

[19,21].

1.2.1.2. Class ll: Bo-dependent Methionine Synthase

The one and only member of the Class Il superfansl the B,-dependent
methionine synthase (Met synthase; E.C. 2.1.111&pnverts homocysteine to methionine
in the AdoMet cycle (Figure 1.2) by catalyzing th@ansfer of a methyl group from
methyltetrahydrofolate to cobal(l)amin [4,6,8,2Zhe cobal(l)amin can be oxidized to the
coba(ll)amin species, which is inactive. Reactmatirequires AdoMet to convert
cobal(ll)alamin to methylcobalamin [22]. The C-tenal region of the enzyme binds to
AdoMet and this region is found to have a veryafiht structure to that of the Class |
Rossmann-like MTases [10].

The 38 kDa AdoMet binding domain has an overah@ped architecture with®a
sheet consisting @1, 32, 35 andp8 mixed witha-helices (Figure 1.4). This coffesheet is
adjacent to a long 28-residue wihhelix (a6) and the concave face of the C-shaped domain
is where the AdoMet binding region resides. Thesgbstrate makes the majority of its
contacts with thex6-helix with the recognition sequence of R-(P/F(¥JS)-(P/F/C)-G-y-

(PIG)(AIS)-X-P [22].



Figure 1.4: The C-terminal, AdoMet binding domain of methionsythase is the only member of the Class Il
MTases.
The(A) Crystal structure (PDB: 1MSK) shows a general ewacshape an@) Topology of the C-terminal
domain of Met synthase show no resemblance to llesC MTases. Red represeatbelices, cyan represents
B-strands, and green represents loops.

1.2.1.3. Class lll: Methyltransferases Involved irVitamin B 1, Biosynthesis

Cobalamin (vitamin B) biosynthesis involves numerous steps. Biosynshesithe
corrin ring entails the transfer of six methyl gosuof AdoMet by six separate, but similar
MTases to the tetrapyrrole scaffold [23]. Thus famly three members to this superfamily
have been structurally characterized: SUMT, whiglrasponsible for the methlylation of
uropophyringoen 1l to precorrin 1l [24]; CbiF, wdh methylates C11 of the tetrapyrrole ring
of Co-precorrin 4[23]; and CbilL, which methylatég tC20 position of the ring [25].

The Class Ill MTase structure has two distioéf domains (Figure 1.5) and is
homodimeric. The twa/3 domains form a kidney-shaped molecule, and bote laafive
stranded-sheet surrounded by four-helices; however, they do not possess the same
topology. In the N-terminal domain, the strand orde 3121411151, while in the C-
terminal domain, the order is 21513141 [23]. There is a conserved glycine rich sequence

(GXGXG) at the end of the firft-strand similar to Motif | in the Classical MTasgsl].



However, unlike Motif | in the Classical MTasesistlglycine-rich region does not interact
directly with AdoMet [10,24]. Instead, the AdoMeobfactor binding pocket for Class lli
MTases resides between concave region of the kilketructure, between the N-terminal

and C-terminal domains [23-25].

A

Figure 1.5: The monomer of a Class Ill MTase: precorriG?- MTase.
(A) The crystal structure (PDB: 2E0K) shows the twdinés o/ domaingB) Topology diagram of precorrin-
2 C*- MTase. Red represerushelices, cyan represerfisstrands, and green represents loops.

1.2.1.4. Class IV: The SpoUT MTases with a Deep Tl Knot

In 2002, a novel chain fold with an unexpectedicttiral feature was observed: a
deep trefoil knot [26]. Subsequently, approximately MTases have been found to possess
this unique topological feature and have been dasggl as the Class IV or SpoU3poU-
TrmD) MTases. These enzymes posses®/[a structure similar to the Class | MTases;
however, they do not posses any sequence similgi@}y SpoUT MTases contain a Six
stranded parallgB-sheet with the first three strands forming haltleg Rossmann fold [10].
The 3-strands are surrounded by sewehelices to form a distinai/B/a sandwich. The C-
terminal backbone region is tucked back withinlitse form a deep trefoil knot, and is part

of the active site and is critical to enzyme atyiyFigure 1.6). Additionally, all members of
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this class are homodimeric structures in which dlegve site is situated on the subunit

interface and the catalytic residues are compifised both protomers [10,27].

>

1

Figure 1.6: The monomer of a Yibk methyltransferase possesiep trefoil knot at its active site.
The (A) crystal structure (PDB: 1J85) (B) TopologfyYibK MTase. Red representshelices, cyan represents
B-strands, and green represents loops. Deep tkefoilis highlighted with dashed box.

Three sequence motifs have been identified in SpblJases (Motifs | — IlI). Motif
| is located at the N-terminus (X-N/D/E-X-G/SR-Xs-G) [28]. The AdoMet binding motif
is the second motif (Motif II: h-V/L/IIM-h-G-X-E/YX>-G-V/L/IIM/P-X, where h is a
hydrophobic residue) which has bulky hydrophobisidees with two glycines within; it
resembles Motif | in the Classical MTases [28,ZBhe last motif is Motif 1l and it is

situated in the C-terminal region and has a sequeh¥/I-X-1-P-M-X5s-S-L/M-N-X3 [28].

1.2.1.5. Class V: The SET MTases — the Protein Lys MTases

The SET MTases are a superfamily of MTases knaxmdthylate lysine residues of
proteins. Originally thought to only contain hisktoMTases, the SET MTases’ namesake
comes from the conserved domain found in histondifying MTases fromDrospophila
melanogasterSuppressor of variegation 3-9 (Su(var)3-9) [3hhancer of zeste (E(2)) [1]

and Trithorax [31]. The SET domain is roughly 130 amendd residues and is rich B+
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conformation forming three smdtsheets. In the C-terminal region of the SET domthia
polypeptide backbone passes through a precediqgttoéorm a knot-like structure (Figure
1.7) [10,32,33]. This loop and the C-terminal regibat passes through it contain two highly
conserved sequence motifs containing SET domai8k |8 consists of ELXF/YDY and
RFNHS/CXXPN [32,34] and forms the active site. Ehiex an absolutely conserved tyrosine
(tyr) that has been implicated in catalysis. Ipisposed that the tyrosine deprotonates the
amino group of the lysine substrate to promote entilic attack on the AdoMet molecule

[33].

A SET B
. — -
o\ >

(

Figure 1.7: The monomer of a SET7/9 MTase has a pseudo-krtbei-terminus.
Flanking the core SET domain are the preSET (nSEd)postSET (cSET) domains that some SET MTases

have. ThgA) Crystal structure (PDB: 109%B) Topology diagram of SET7/9 MTase. Red represents
helices, cyan represerfisstrands, and green represents loops.

Although the core of the SET domain is structyrainserved, protein lysine MTases
can differ in their other domains. Some SET MTasay possess a pre-SET (nSET) or post-
SET (cSET) (Figure 1.7). The preSET domain is fichcysteines (CXCXCX4CXCXy-
CX3CXCX3C where N varies depending on the SET MTase) amav@ved in interacting
with amino acid residues of the core SET domaim#&ntain structural stability. Some SET

MTases may have metal ions coordinating to thecgtra, such as in the case of the Su(var)
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family members where the cysteines in the preSEfaiio coordinate to 7 to form a
Zn;Cys triangular cluster [32]. Other SET MTases may pessa postSET domain that
houses aromatic residues to form a hydrophobic re#laoy packing against the core SET

domain and forming part of the active site [34].

1.2.2. Conformation of Cofactor Binding in S-Adenosyl-L-methionine-
dependent Methyltransferases

Given the distinct structural folds for AdoMet-@g@lent MTases, it is not surprising
that the binding conformations of Adomet or AdoHuog found to vary among MTases. Four
different features of the cofactor molecule carcbmpared when bound to different classes

of MTases: 1) Sugar ring pucker, 2) dihedral argfl©4-C1'-N9-C4, 3) dihedral angle of

04-C4-C5-S9, and 4) dihedral angle of G&5-S6-Cy (Figure 1.8, Table 1.2) [10].

o

-C4 /
_ +S8\
Ozcj/\Cy’\CS 4j

03H O2'H

Figure 1.8: The structure o$-adenosyl-methionine (AdoMet) and the dihedral angles usectbimpare
cofactor binding in different classes of MTases.
Red: O4-C1'-N9'-C4; Blue: O4-C4'-C5-S9; Green: C4C5-S6-Cy.

Table 1. 2:Dihedral angles of AdoMet or AdoHcy found in théfelient classes of Adomet-dependent MTases.
Class Ring pucker  O4'-C1'-N9-C4  04-C4'-C5-S3 C4'-C5'-S3-Cy

I 2'endo ~135 (anti) ~ 180 ~ 180
Il 3'endo ~180 (anti) ~-9C ~ 180
1] 3'endo ~180 (anti) ~-9C ~-9C
\% 3'endo ~180 (anti) ~ 80 ~-9C¢
\% 3'endo ~180 (anti) ~-90 ~-9¢

In the classical Rossmanoid MTase class, AdoMetrass an extended conformation

with a 2-endo sugar ring pucker and this adenine inathteposition (dihedral angle of 04
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C1-N9-C4 is ~135). The dihedral angle for O£4-C5-Sd is approximately 180 as is
the ligand dihedral angle (of G&5-S3-Cy) (Figure 1.9a) [10]. For the Class Il methionine
synthase, the AdoMet also assumes for the mostgmadxtended conformation, with the
exception of the dihedral angle of '@34'-C5-Sb (it is -9C° instead of 189, additionally,
the conformation of the ribose sugar iseBdo [10]. For Class lll to Class IV, one obseraes
more folded conformation for the cofactor; the difs angles of O4C4'-C5-Sd are also -
90° for Class lll and V and for Class IV 8thowever for the ligand dihedral angle (&5 -

3-Cy), Class 11l — V all have a tightly folded confortiaan (Figure 1.9) [23,35].
A VB
C D
}6 g%
E

Figure 1.9:Binding of cofactor AdoMet/AdoHcy amongst differesiasses of MTase demonstrates
conformational specificity.
(A) Class I, Classical MTase (1VIDB) Class Il (1IMSK)(C) Class Il (1CBF)D) Class IV, SpoUT MTase
(IMXI) and (E) Class V, SET MTase (109S).

14



1.2.3. Inhibition of S-Adenosyl-L-methionine-dependent Methyltransferases

AdoHcy/SAH (1-2) is the transmethylation product arising from AdetMiependent
methyl transfer reactions and is one of the mof#ct¥e competitive inhibitors of this
reaction (Figure 1.2) [11]. Thi€i value for AdoHcy/SAH is often less than tkKen value of
AdoMet (Table 1.3), suggesting that the activessivé AdoMet-dependent MTases have
similar or higher affinities for the demethylatedoguct. Consequently, syntheses of
structural analogues of AdoHcy/SAH and AdoMet agehdnhibitors of AdoMet-dependent
MTases have been of considerable interest. Mostbhgtin an elegant series of structure-
activity studies, Borchardt and coworkers desigoetntial inhibitors of AdoMet-dependent
MTases by systematically modifying the structure AtfloHcy/SAH and AdoMet;
modifications were done on the amino acid [36-B3ke [37,39]and ribose sugar [37,40,41]

moieties.

Table 1. 3 Comparison oKm value for AdoMet andi value of AdoHcy/SAH for selected MTases.

MTase Km (AdoMet)  Ki (AdoHcy/SAH)  Reference
x 10°M

Protein carboxy@-MTase 3.2 0.64 [42]
CatecholOo-MTase 14 4.4 [11]
Phenylethanolamin®-MTase 10 1.4 [11]
Acetylserotonin MTase 14 2.1 [11]
tRNA (adenine) MTase 3 0.11 [43]
Proteint-isoaspartyl MTase 2 0.08 [44]
GlycineN-MTase 100 35 [45]
DNA MTase (Dnmt3a) 0.52 0.163 [46]
Histamine MTase 6 5 [47]

A naturally occurring AdoHcy analogue is the amigal antibiotic sinefungin
(A9145), which was first isolated by Hamill and Hoefrom Streptomyces griscoly48]. In
lieu of the thiomethyl moiety in AdoMet, sinefungiossesses an amino group (-GiH)
(1-3). It is believed that the analogue may be recaghias AdoMet-like structures but with

the inability to donate a methyl group to an incoghnucleophile. Sinefungin and its related
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compound A9145C1(4) have been reported to be very potent inhibitdrsethyl transfer
reactions withKi values in the nanomolar range compared tckihef AdoHcy/SAH (Table

1.3) about making sinefungin-based target desigy attractive [49-52] (Figure 1.10).

NHQ NH2 NH2
N BN N N
</ | N y) XN </ | N
N /) NH* < | /) N /)
N N3 N N NH5* N
-0,C S . ; B
YT/ 0 OQC o -OQC _ o)
NHg NH.*
3 .
H H H H e OH Off
OH OH OH OH
1-3 1-4

1-2
Figure 1. 1Q Natural inhibitors of AdoMet-dependent MTase teats are structural analogues of AdoMet.

1.3. rRNA Methyltransferases and Their Role in Antbiotic
Resistance

1.3.1. Antibiotics and Antibiotic Resistance

Antibiotics can be considered one of the greatessiogeries of the twentieth century.
Between 1940 and 1960, major strides and succegses made in the development of
antibiotics in the clinical setting; it was durirtis time that penicillin, streptomycin,
tetracycline, chlormaphenicol, erythromycin, ceplspbrin and vancomycin were
introduced. As a result this time period is oftedided as the “golden” era of antibiotics
[53,54]. It was thought that the battle againseatibus diseases had come to an end and
victory was declared for humankind [55]. Howeverithwthe appearance of antibiotics,
antimicrobial resistance soon followed, and hasaiaed a concern for the health and
medical community [56].

There are four main mechanisms of action of aniitsantimicrobials, involving the
inhibition of: 1) cell wall biosynthesis, 2) protebiosynthesis, 3) DNA/RNA biosynthesis

and, 4) certain metabolic pathways (Figure 1.1htirAicrobials that interfere with cell wall
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biosynthesis compromise the structural integrityhef rigid peptidoglycan cell wall such that
the cell undergoes osmolysis. These antimicrobradkide the penicillins, vancomycin and

cephalosporins [57]. Prevention of protein biosgsth is another common mode of action.
Tetracyclines, macrolides and aminoglycosides,bald to the large 50S or small 30S
ribosomal unit and stop protein synthesis at déifiéistages. This can eventually lead to cell
death. Interference of nucleic acid biosynthesisengby the antimicrobial inhibits essential
enzymes involved in DNA (i.e. fluoroquinolines) RNA replication (i.e. rimfampin) is also

effective. Lastly, inhibition of folate biosynthesi(i.e. sulfonamides) or other essential
metabolic pathways will lead to the eventual deno§dhe cell and is often targeted by

antimicrobials [54,57-59].

Gram-negative Gram-positive

) DNA/RNA biosynthesis
DNA gyrase
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o I mRNA
e DNA N
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Figure 1.11:The four major targets of antibiotics and antimigeds.
1) DNA/RNA biosynthesis 2) Protein biosynthesi<C#)l wall biosynthesis and 4) Major metabolic padlys

With the increased use of antibiotics and antinb@ls, bacteria have evolved a
number of strategies to circumvent their actionsi®ance can appear between months and

years after the first introduction of an antimidedbinto a clinical setting [60]. The
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significant mechanisms that bacteria employ to eahiresistance are: 1) reduction of
antibiotic accumulation, 2) enzymatic degradatiomadification of the antibacterial, and 3)
modification of the target site (Figure 1.12) [6It].order for an antibacterial to be effective,
it must be able to reach its target site within¢b. Intrinsic resistance is possible for Gram-
negative bacterial species whose outer membrane ata barrier to antimicrobials.
Likewise, cell permeability can be reduced by matet resulting in a decrease in expression
or activity of small channels within the lipid byler. Alternatively, increasing the expulsion
of antibiotics across the membrane by the actioafftix pumps will reduce the antibiotic’s

intracellular concentration [54,58,61-63].

Decrease in
antibacterial concentration o)

OAO-A

o KoS,

o

-] .] Antibacterial

Target alteration modification/degradation

Figure 1.12:Antibiotic resistance mechanisms utilized by baater
1) Decreasing the internal concentration of théaottc 2) modification of the target site 3) mddétion of the
antibacterial

Modification or hydrolysis of the antibiotic is @mmon mechanism of resistance
employed by bacteriaB-Lactamases are a classic example of this typeesistance
mechanism. These enzymes degrade penicillin byohyzing the B-lactam ring of the

antibiotic rendering it ineffective. Likewise, aliteg the target site prevents the antibiotic
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from binding and exerting its action. This is these for DNA gyrase and topoisomerase,

which are targets for fluoroguinolone antibacteri&4,58,61-63].

1.3.2. Methylation as a Resistance Mechanism: Erythromycin Resistance asa

Paradigm

The order Actinomycetes (in particul@treptomycegenus) has long been recognized
as a prolific producer of antibiotics [64]. Any dnbtic-producing bacteria must find a way
to avoid the toxicity of its own product (discusdweefly in theSection 1.3.)1 One common
molecular mechanism utilized to confer resistamcautogenous antibiotics is methylation
(target alteration). Many antibiotic producers hgemes that encode for AdoMet-dependent
ribosomal RNA (rRNA) MTases that methylate ribossrme specific sites. Methylation
either on the 23S rRNA in the 50S subunit or th& tBNA in the 30S subunit blocks the
antibiotic from binding so that it can no longereexits action [65]. Resistance to the
antibiotic erythromycin exemplifies this type okrgtance mechanism, and will be a focus of
this section.

Erythromycin is a member of the macrolide classanfibiotics whose structural
features are defined by a large macrocylic lactomg (12-16 carbons) substituted with one
or more sugar moieties [66,67]. Erythromycin A viiast isolated fromSaccharopolyspora
erythraea(formerly known asStreptomyces erythreuand is a 14-membered macrocylic
lactone with two substituted sugafsD-desoamine in the C-5 position anel-cladinose in
the C-3 position X-5). Erythromycin is a commonly administered antilwcand is active

primarily against Gram-positive bacteria and somannegative species [68,69].
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Macrolide antibiotics such as erythromycin are ltioirs of protein synthesis in
prokaryotes by binding to the 50S subunit of tl®sbme at the peptidyl transferase centre.
The antibiotic prevents the growth of the nasceotgin chain after two or three residues
have been synthesized and causes premature digsoai the peptidy-tRNA from the
ribosome [70,71]. The binding site for erythromyaimd other macrolides resides in domains
Il and V of the 23s rRNA [72]. In the completelyided 50S ribosomal subunit, hairpin 35 of
domain Il and the petidyl transferase loop of domdiare folded into close proximity to
each other [73,74] (Figure 1.13).

Footprinting studies have shown that erythromyaiteracts with adenine 2058
(A2058,E. colinumbering) and adenine 2059 (A2059) of domain ¥ asenine 705 (A705)
of domain Il (Figure 1.13) [72,74,75]. Ribosomabi@in L22 interacts with all six domains
of the 23S rRNA. It forms the majority of the pogpiide exit channel, and the narrowest
constriction of this channel is comprised of L22dah4 [73,76]. Upon binding of
erythromycin or other macrolides into the bindingcket, the polypeptide exit tunnel is

blocked, effectively stopping polypeptide elongat{&igure 1.13) [77,78].
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Figure 1.13:Macrolides block the the polypeptide exit tunnethaf large ribosomal unit.
Erythromycin (red) blocking the entrance to stop pinogression of polypeptide growth (PDB: 1YI2) Si
domains comprise the 23S rRNA in the large 50S sitlofi the ribosome and is shown on the right hside.
Ribosomal proteins are shown in yellow and RNAlurebHairpin 35 of domain Il and the peptidyl tréarase
loop make the binding region of erythromycin. Fbirtding studies show that the antibiotic interagith A752
of hairpin 35 and A0258 and A2059 of central lodgomain V (Adpated from [74]).

Resistance to erythromycin can be achieved by mamodi-methylation of the
exocyclic amino group of a single adenine group(0®& on domain IV carried out by
erythromycin resistance methyltransferase [79-8bpversion of the adenine residueNd
N°-dimethyladenine (omMN®-methyladenine) reduces the binding affinity of tergmycin
through disruption of hydrogen bonding interactiobstween the macrolide and the
nucleotide, and consequently impedes erythromyaetgon. Furthermore, the presence of
the additional methyl groups introduced by Erm M agbstruct the interaction of
erythromycin with binding to its cognate target {g8. Methylation renders resistance not
only to macrolides, but provides cross-resistancgeteral structurally dissimilar antibiotics
such as the lincosamides and streptogramin B (Eidut4). This resistance is collectively

referred to as MLS or Macrolide-Lincosamide-Streptogramin B resis&a[82].
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Figure 1.14:Examples of lincosamides and streptogramin Bs.
Resistance to macrolides confers resistance tvgettveo families of antibiotics despite structuraksinmilarity.

1.3.3. Other MTases that Confer Antibiotic Resistance

There are a number of other MTases that are krtowsonfer antibiotic resistance.
Methylation is an emerging resistance mechanismclioically relevant aminoglycosides
such as kanamycin and gentamycin [83]. Methylatb®1408 of the istamycin producer,
Streptomyces tenjimarienubestows resistance to kanamycin and apramycin,lewnhi
methylation of G1405 oMicromonospora purpureanediates resistance to kanamycin and
gentamicin [84]. AviRb fromStreptomyces viridochromogen€&857 methylates U2479 of
23S rRNA and gives rise to resistance to avilamygjran antibiotic commonly used as a
growth promoter in animal feed [85]. Resistance ctdoramphenicol, florfenical and
clindamycin can be achieved by methylation of A2583Staphylococcus sciur86].
Therefore, methylation by AdoMet-dependent MTasayga significant role in antibiotic
resistance mechanisms. The focus of this thesis ihe peptide antibiotic thiostrepton and
the MTase that confers resistance to it, thiostrepesistance rRNA MTase (TSR) in the

antibiotic producing organisi@treptomyces azureus
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1.4. Thiostrepton and Thiostrepton Resistance

1.4.1. The Thiopeptide Antibiotic Thiostrepton

Thiostrepton (TS; &HgsN19018Ss, mw = 1665 g/moll-6) is a member of a family of
multicyclic peptide antibiotics known as the thippde antibiotics. These antibiotics all
share common structural features such as thiazaepg, dehydro amino acid residues
scattered throughout the peptide backbone scatinltl a piperidine or dehydropiperidine

serving as linchpin between two or three macroayjtimains [87].

1-6

TS was originally isolated fronstreptomyces azureu$88,89] and later found in
Streptomyces hawaiiendi80] andStreptomycyekurentii [91]. It is effective against Gram-
positive bacteria. Gram-negative species are sitrally resistant due to the impermeability
of the outer membrane to TS [92]. TS also exhibdsvity againstPlasmodium falciparum

the major organism responsible for human malarsg [9
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1.4.2. Mode of Action of Thiostrepton

All members of the thiopeptide antibiotics not yplossess a similar structure, but
they also share a similar mechanism of action.nfbits protein biosynthesis by binding to
the 50S ribosomal subunit at the GTPase centres Thntre is comprised mainly of
ribosomal protein L11 complexed with a region o @3S rRNA termed the L11 Binding
Domain (L11BD). Thiostrepton binds between thetdledit is formed between the rRNA and

the N-terminal domain of L11 [94-97] (Figure 1.15).

L11-NTD

N\, L11 L11-CTD

Figure 1.15: Thiostrepton inhibits protein biosynthesis by bimglio the GTPase centre of the ribosome.
The GTPase centre is comprised of 23S rRNA (wlaite) Protein L11 (red) (PDB: 3CF5 and 10LN).

The L11BD is a well conserved 58 nucleotide seqgednt 1051 to 1108) that forms
a hairpin structure to which TS binds very tigh§s = 10'M) [98] (Figure 1.16). However,
binding affinity of TS in the presence of proteifllis several orders of magnitude greater
[98,99]. Ribosomal protein L11 has two distinct dons tethered by two conserved proline
residues. The C-terminal domain (CTD) is respossilor anchoring the protein to the
ribosome and binds to the L11BD, making extensigetacts with the rRNA backbone.
Conversely, the proline rich N-terminal domain (NTidakes limited contacts to the rRNA

[100,101].

24



x>

G

A—1070
1067 —A G
U

111
O

ccomOOc

1060 —

>O0CrO00>

AGA
1040 c

A U C
1030 —(ID(IS.A(IEUGlG(IBAACI:}(IB(I)
(§CGCGUCCGGCUG A G CUGGUC,

\
A 1120 1110

—1080
C
A—1050

o)

-0

-0

-

-0
oo

»—cC
»C

b=

A

»

1090

Om o

C-—
u
C—
G—
A

Co

UAA

L11 binding domain (L11BD)

Figure 1. 16:Secondary structure of the 23S rRNA in the GTPag®n.
Nucleotides 1051-110&( coli numbering) comprise the L11 Binding Domain (L11B}ich binds to the C-
terminal domain of protein L11.

The NTD undergoes a sequence of conformationalgdsduring the elongation step
of protein biosynthesis that facilitate the ess#n®@TP hydrolysis reactions [102]. Figure
1.17 shows a general overview of the elongatiorecytring protein chain growth. The
process begins with Elongation Factor-Tu (EF-Tuinptexed with GTP delivering the
aminoacyl-tRNA to the ribosomal aminoacyl site (ke (Step 1). Upon binding, GTP is
hydrolyzed, with the concomitant transfer of thewging peptide chain on the peptidyl-tRNA
to the aminoacyl-tRNA that just arrived (Step 2jafislocation of the aminoacyl-tRNA from
the A site to the Peptidyl site (P site) is mediaby the binding and hydrolysis of the
Elongation Factor-G (EF-G) GTP complex. The deacylated tRNA now leaves thnoting
exit site (E site) and the cycle repeats (not showiigure) [103]. It has been postulated that
the flexible L11-NTD region functions as a molecwdwaiitch, playing a significant role in the

release of EF-Tu and EF-G [104,105].
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EF-Tu-GTP EF-Tu-GDP
1. Binding w
EF-G- GD%aostrepton 3 /
/ 2. Transpeptidation

3. Translocation )\\

EF-G-GTP

Figure 1. 17 Steps in the peptide elongation cycle in proteosynthesis.
See text for a brief description of protein bio$watis. The antibiotic thiostrepton inhibits the fojysis of the
GTP in the EF-GGTPeribosome complex thus halting the process.

The binary complex (L11 and rRNA) is the functiorsdhte to which elongation
factors are able to bind freely and reversibly, beer, with the antibiotic present, EF-G
binding is prevented. When TS binds, the L11-NTEates and the domain moves closer to
the rRNA (Figure 1.18). This binding imposes confational rigidity to the NTD to the
same degree as the CTD [106]. Therefore, the pceseinTS locks this “molecular switch”
in the “off position” [107], and as a consequemm®tein biosynthesis is stopped prematurely

at the translocation step [106-108].
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A second molecular switch, which has also been qweg to be turned off upon
binding of TS involves ribosomal protein L7. Ribasal protein L7 is important in the
release (but not the hydrolysis) of phosphate (®D9]. In the presence of TS, a
conformational change within the L11-NTD interruptse otherwise stable interaction
between protein L11 and the C-terminal domain U7isTnteraction permits the L7-CTD to
interact with EF-G such that the GTP-binding pooseEF-G allows for Pi to be released
[107]. Therefore, the binding of TS turns off twoolecular switches by initiating an

interdomain and intradomain change of protein L11.

L1 RNA

Ts
. o
cTD
NTD

Figure 1. 18:Thiostrepton binding to the L11BD.
(A) Structure of thiostrepton (TS) bound to the rRNvhite) and Protein L11 (red) (PDB: 2JQ@®) The
relative orientation of the C-terminal domain (CTé)d the N-terminal domain (NTD) of Protein L11 ebas
upon 23S rRNA binding. The NTD is brought closetite rRNA when TS binds (Adapted from [106]).

1.4.3. Mechanism of Resistance: Thiostrepton-resistance rRNA

Methyltransferase

Streptomycespecies are quite sensitive to TS; however, th@rb8ucer,S. azureus
is unaffected by the production of its own antilwoFor exampleStreptomyces coelicolor
did not grow on nutrient plates containingid/mL of TS whileS. azureugrowth remained
resilient at high concentrations (3@/mL) [110]. S. azureuencodes a gene that confers

resistance by preventing TS from binding at the BRBSA target site. The gene product is a
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RNA-pentose MTase, thiostrepton-resistance rRNA 8&T4TSR), which, methylates a
specific adenosine (A106E. coli numbering) at the ®-hydroxyl group to give 20-
methyladenosine. The introduction of a methyl grqupcludes binding of thiostrepton,
thereby rendering the ribosome resistant to thibiatit [94,111,112].

TSR is produced withits. azureusand can only methylate protein-free 23S rRNA
and has no effect on intact ribosomes. Methylaisoonly observedh vitro when salt treated
(LiCl) are stripped to their “core particles”. Howex when the “split” proteins are added
back to reconstitute ribosomes, methylation did eadur. This suggests thit vivo, TSR
must act early during transcription and prior t@ thssembly of the 50S subunit [111].
Through a series of mutagenesis experiments, eksnmnthe L11BD essential for TSR
recognition and enzyme methylation have been détedn TSR enzyme activity requires
U1061, U1057 and the sequence of U1066-A1067-GHIBHI-A1070, which contains the
methylation target itself. The majority of residues the hairpin encompassing residues

1051-1108 on the L11BD is also required for recogni(Figure 1.19) [113].
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Figure 1.19:Recognition hairpin on 23S rRNA for TSR MTase.
(A) Secondary structure of tlie coli 23S rRNA GTPase centre at the L11 binding dom&irows point to
nucleotide bases that are essential for the enagptingty of thiostrepton-resistance rRNA methyltsérase
(TSR), and bold residues are residues requiretefargnition.(B) Complex of protein L11 (red cylinders and
blue arrows) and 23S rRNA fragment (grey ribbovigllow residues are bases important for the recmgnby
TSR. The arrow points to the site of methylatid®p67 shown in red (PDB: 10LN).

28



1.5. Research Objectives

The widespread use of antibiotics has been acaoieghaby the appearance of
antibiotic resistance in bacteria. The strategigswhich antibiotic-producing bacteria
maintain resistance to their endogenous drug'somchave been subjected to in depth
investigation. This doctoral thesis explores thactire and function of TSR, with the intent
of better understanding antibiotic-ribosome intéoas. We overexpressed, isolated and
characterized TSR, and this research is describ&thapter 2andChapter 3 The structure
of the enzyme was approached, initially ihysilico means (homology modelling) and later
through X-ray crystallography by our collaboratofewards the end of completion of this
thesis research, a successful X-ray crystal strectids acquired by our collaborators, in the
laboratory of Dr. Graeme Con@hapter 4focuses on a detailed analysis of the structure of
TSR.

In addition to studying the enzyme, we also endeeed to study the cognate
antibiotic, TS Chapter 5. We performed molecular mechanics, semi-empiacalab initio
studies to further understand the structural amdtednic properties of this antibiotic. In
conjunction with this study, we began an investayabn single site chemical modifications
of thiostrepton to attempt to improve its solulgilivhile maintaining its antimicrobial

activity.
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CHAPTERZ2: OVEREXPRESSION ANDPURIFICATION OF
STREPTOMYCYEBZUREUSTHIOSTREPTONRESISTANCErRNA
METHYLTRANSFERASE

It has been known for a number of years that st to the peptide antibiotic,
thiostrepton (TS), can be achieved through metloylaif the ribosomal RNA (rRNA) at the
guanosine triphosphatase region [97,98]. The tt@pgin producerStreptomyces azureus,
possesses a genisrf that encodes for a 23s rRNA methyltransferasechwicatalyzes the

methylation of the 2hydroxyl group of adenosine 1067 (A10&7,coli numbering) (Figure

2.1).
NH,
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S-adenosyl-L-homocysteine 2' methylated A1067
(SAH/AdoHcy) of 23S rRNA

Figure 2. 1:Methylation of the 20 hydroxyl moiety of A1067 of the 23S rRNA by thicepton-resistance
rRNA methyltransferase (TSR).

This enzyme, thiostrepton-resistance rRNA methy#farase (TSR; EC 2.1.1.66),
utilizes the methylating ager-adenosyl-methionine (AdoMet) and modifies the 23S

rRNA such that it prevents TS from binding betwéla hairpin region containing A1067
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and the ribosomal protein L11; as a result, protieanslocation can continue without
interruption [94,97,110-112].

TSR is composed of 269 amino acid residues witlokecalar mass of 28901 Da, and
initial isolation and characterization of this emmy was performed by Thompson and
Cundliffe [114] and Bechthold and Floss [113] irB19and 1994 respectively. Although the
function of TSR has been briefly studied and doent®d in the literature, its structure was
not available until recently [113,114]. Interestynghrough sequence analyses, TSR is found
to possess certain conserved sequence elementsspedsby members of the newly
identified SpoUT (Class IV) methyltransferase stguaily [29,115]. Therefore, it is very
likely that TSR possesses the unique topologicaufe observed in this superfamily: a deep
trefoil knot in its active site region. Proteinaaedknots are observed in nature and are quite
rare: less than one percent of all protein strastuleposited in the Protein Databank contain
knots [116]. Therefore, TSR not only presents dractive enzyme for which to study
protein-RNA interactions and antibiotic resistaneechanisms, but its putative knot presents

a fascinating aspect to protein structure-functelationships worthy of investigation.

2.1. Cloning and Purification of Hexahistidine-taggd
Thiostrepton Resistance rRNA Methyltransferase

Previous work in the Honek laboratory resultedhae tloning of the5. azureug SR
gene (a generous gift from Dr. Gerry Wright, McMasUniversity) into a pET-22b
expression vector and then introduced i&tocoli BL21 (ADE3)/pLys. Purification of the
enzyme was done by conventional chromatographicnmeanion exchange, hydrophobic

interaction, hydroxyapatite chromatography followsda second anion exchange column.

Although this purification of TSR yielded enzymesafbstantial purity, unfortunately it was
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still not sufficiently pure for X-ray crystallograg and at each purification step, a substantial
amount of protein was lost, giving a very low oveygld. Since the determination of the X-
ray crystal structure of TSR would require largeoants of highly purified enzyme, efforts
to find an alternative, and more efficient methddorification were directed to the use of

fusion tags.

2.1.1. Affinity Tags

A fusion or affinity tag can be defined as an exwgpus amino acid sequence with a
high affinity for a specific ligand (biological athemical) [117]. These fusion tags can be
classified as protein tags (small globular protemspeptide tags (less than 25 amino acid
residues), and have become highly efficient tootgfotein isolation [118]. Affinity tags can
be introduced at the N- or C-terminal of the tangettein, and they exploit the selective and
specific interaction and recognition of the fusipnotein to a complementary ligand
immobilized on the stationary matrix. Fusion tagalde the purification of different proteins
with different biochemical properties using a conmpoocedure [117,119].

Advantages of using affinity tags over conventiaeghniques are that they not only
facilitate facile purification of their fusion paer (one step purification), but they can also
increase overall purification yield [120], increaselubility [121], enhance proper protein
folding [122] and prevent proteolysis [123]. On thierhand, the presence of a fusion tag
may lead to negative effects on the protein suckhasge in protein conformation [124],
lower vyields [125], and compromised enzyme actiyit®6]. It is imperative to choose an
affinity tag that does not affect the structurdusrction of their fusion partner.

There are a number of different affinity tags aaalié, all of which follow a similar

protocol with slight changes in buffer conditiod®7] (Table 2.1). A comprehensive review
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of these affinity tags is beyond the scope of thissis, but the topic has been reviewed

extensively elsewhere in the literature [117,118,128].
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Table 2. 1:Common Affinity Tags Utilized and their Matrices.
(Adapted from [127])

Affinity Tag Size (aa) Sequence Matrix

Poly-His 2-10(5)  HHHHHH Ni?*-NTA, Co**-CMA* (Talon")
Poly-Arg 5-6(6) RRRRR Cation exchange resin

FLAG 8 DYKDDDDK Anti-FLAG monoclonal antibody
Strep-tag Il 8 WSHPQFEK Strep-Tactin (modified streptavidin)
c-myc 11 EQKLISEEDL Monoclonal antibody

S-tag 15 KETAAAKFERQHMDS S-fragment of RNase A

HAT (natural his affinity tag) 19

KDHLIHNVHKEFHAHAHNK

Co?*-CMA (Talor)

Calmodulin-binding peptide 26 KRRWKKNFIAVSAANRFKKISSGAL Calmodulin

Cellulose-binding domain 27-189 Domains Cellulose

SBP 38 MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP Sttapidin

Chitin-binding domain 51 TNPGVSAWQVNTAYTAGQLVTYNGKYKCLQPHTSLAG Chitin
WEPSNVPALWWQLQ

Glutathionine S-transferase 211 Protein Gluthathione

Maltose-binding protein 396 Protein Cross-linked amylose

*CMA = caroxylmethylaspartate
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2.1.2. Removal of Affinity Tags

The presence of an affinity tag may not altertifidogical activity of a protein, and

thus the removal of the affinity tag may not be essary. Nonetheless, the presence of a

fusion tag could potentially alter the protein in anpredictable manner and it is usually

preferable that the tag be removable [117]. Affinags are typically removed enzymatically

[127], although treatment with harsh chemicals sasltyanogen bromide is an alternative

method [129] (Table 2.2). Enzymatic cleavage idgured over chemical methods because

they are more specific and are performed under moldditions, whereas with chemical

cleavage can lead to modification of side chairds@otein denaturation [117].

Table 2. 2:Different Agents Utilized to Remove Affinity Tags.
(Adapted from: [118])

Cleavage Agent

Cleavage Specificity

Chemical Treatment (harsh)

Cyanogen bromide
Hydroxylamine
Formic Acid

Acetic Acid

Enzymatic Treatment (mild)
Endopeptidases

Thrombin

Trypsin

Factor Xa

Subtilisin

Enterokinase

Exopeptidases
Carboxypeptidase A
Carboxypeptidase B
Aminopeptidase |
Dipeptidylaminopeptidase

X-M-| -Xaa
Asn-| -Gly
Asp-1 -Pro
Asp-1 -Pro

Arg-Gly-Pro-Arg-l -Xaa
Arg/Lys-| -Xaa
lle-Glu-Gly-Arg-1 -Xaa
Ala-Ala-His-Tyr-| -Xaa
Ala-Ala-Ala-Ala-Lys-| -Xaa

Poly His+ -Xaa

Ply Arg-PolyLys4 -Xaa
Glu-Ala-Glu-i -Xaa
Xaa-Tyr-l -Xaa (not Pro)

Xaa = unspecified amino acid

A protease specific cleavage sequence is introdbetdeen the fusion tag and the

fusion partner [130]. Cleavage can be performeti either endoproteases such as thrombin

and trypsin or exopeptidases such as carboxypegtidaor aminoeptidase |. Depending on



the protease, cleavage of the tag can be “cleaiéawe a few amino acid residues extra on
the protein [118]. Overall protein yield may deaeaf there is unexpected cleavage or
incomplete cleavage, thus optimization of cleavegeditions is required. Furthermore, after
removal of the tag, the “detagged” protein musisoéated from the protease and the affinity

tag [117,118,127].

2.1.3. Purification with a Histidine Affinity Tag

The most widely utilized affinity tag is the polyshidine tag that is comprised of a
stretch of histidine residues of varying numberns-tdgs are relatively small and work under
both native and denaturing conditions. Its affim#gin is relatively inexpensive and elution
conditions are mild. All these advantages makehtisédine affinity tag a very attractive
fusion tag to use on an enzyme system [128]. Thergé purification protocol of his-tagged-
proteins involves immobilized metal ion adsorptionromatography (IMAC) [131]. The
crude cell lysate containing all of its endogenqusteins is passed through a column
containing immobilized transition metal ions suchréckel, cobalt or zinc on an adsorbant
(typically nitrilotriacetic acid). The histidine itazole effectively chelates the metal ions
allowing for the his-tagged-protein to be retaimedthe column. The target protein is eluted
by washing the column with increasing concentraiah imidazole which displaces the
polyhistidine-tagged protein from the column [1ZF]gure 2.2). IMAC is a very efficient

method of protein purification, although it is metommended for metalloproteins [117].
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Figure 2. 2: General overview of the purification of a histiditagged protein and its subsequent removal.
Adapted from [117].

The strength of binding of the affinity handle ttee matrix is determined by the
number of histidine residues present. Howeverngtgaven time, only two histidine residues
in the sequence can coordinate to one metal ioereftre, the more histidine residues
present, the higher the likelihood that two will ipea favourable orientation to coordinate
with the immobilized metal. The most commonly enyeld histidine-tag is the

hexahistidine-tag [118].
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2.1.4. Plan of Action

With the above considerations of fusion tags indniwe endeavoured to overexpress
and purify TSR with a hexahistidine-tagged appendedits N-terminus. While the
hexahistidine-tagged TSR was expressed as a sqgbubtein, throughout the purification
process, large amounts of protein precipitated, inggk SR a very difficult enzyme to
handle. A number of different screening conditiovere examined and eventually, it was
found that removal of the tag and addition of dartauffer additives yielded enough soluble
protein for biochemical and structural studies. sTlehapter describes the experiments

involved in the overexpression and isolation of TSR

2.2. Materials and Methods

2.2.1 Reagents and Materials

The following reagents and materials were obtain@a the following companies:

BDH (VWR) (Mississauga, ON):citric acid, 38% formaldehyde, sodium acetate

Bioshop (Burlington, ON): agarose, bacto-tryptone, chloramphenicol, imidazsbpropyl-

B-thiogalactopyranoside (IPTG), kanamycin, tricht@tic acid, Tris (hydroxymethyl)

aminomethane hydrochloride (Tris-HCI), and Thgdroxymethyl) aminomethane

hydroxide (Tris-OH ), phenylmethylsulfonyl fluoridfMSF), yeast extract
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EMD Pharmaceuticals (Durham, NC):acetone, 14.8 M ammonium hydroxide,
ethylenediamine tetraacetic acid (EDTA), glaciatacacid, glycerol, methanol, sodium

dodecyl sulphate (SDS), sodium chloride, sodiunrbyide

GE Healthcare (formerly Amersham Biosciences) (Up@da Sweden)thrombin protease,

Phastgels, Phastgel buffer strips

Qiagen (Mississauga, ON)nickel (1) nitrolotriacetic (Ni-NTA) super flow 1€n

New England Biolabs:100 bp DNA laddenNdd, BanHl

Sigma Chemical Company (St. Louis, MO)f3-mercaptoethanol, bovine serum albumin,

bromophenol blue, Coomassie Brilliant Blue G-258jdtum bromide, nickel (ll) sulphate,

2.2.2 General Equipment

2.2.2.1. Cell Disruption Equipment

Lysates of cells for purification were obtainednr sonication of resuspended cells
with a Sonicatd™ cell disruptor model W225 from Heat Systems-Ulirss, Inc
(Plainview, NY), converter model #2 with a standéadered mircrotip at an output control

setting at 5.
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2.2.2.2. Centrifuges

Microvolume centrifugation was carried out using tBiofuge A microcentrifuge
(Heraeus Sepatech GmbH, Germany). For large vokangples (>20 mL), centrifugation
was done on a Beckman Avanhti-25I centrifuge (Mississauga, ON) or on the Beskm
Coulter Avanti’ JE centrifuge (Fullerton, CA, USA). For proteimcentration with starting

volumes between 1 — 2.5 mL, Vivascience Vivaspincentrators were used at a speed of

5000 rpm on the VWR Clinical 100 Microcentrifuge.

2.2.2.3. Chromatographic Equipment

All columns utilized in the purification processi¢firap™ HP, HiTrap Benzamidine
FF and MonoQ) were acquired from GE Healthcarenfloly Amersham Biosciences,
Uppsala, Sweden). Purification of TSR was eithefgpmed on a Fast peptide and protein
liquid chromatography (FPLG machine or a high performance liquid chromatobyap
apparatus (HPLC). FPLC was performed on a PharmBctech (now GE Healthcare,
Uppsala, Sweden) system comprising of: LCC-500 miatography controller, two P-500
pums, MV-7 motor valve and Empower Pro (Build 115dftware. HPLC was carried out on
a Waters HPLC system (Milford, MA, USA) consistiofjthe following components: Waters
600S controller, Waters 626 pump, Waters 2996 Ridte Array Detector, in addition to
Waters Empower 2 software, Build 2154. All aquebuBers were filtered through a Ou@n
membrane filter (Pall Life Sciences, East Hills, NBefore injection, all samples were
filtered through a syringe filter: 0.@m polyethersulfone membrane (VWR International,

Mississauga, ON). All buffers were degassed poarde.
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2.2.2.4. Incubators

Growth of liquid bacterial cultures employed eithar Series 25 controlled
environment incubator shaker (New Brunswick Scfen€o., Inc., Edison, NJ) or Inno4
4330 refrigerated incubator shaker (New Brunswicle&ific) both shaking ~ 200 rpm. For
standing or plated bacterial cultures, growth wasedin a Precisioh gravity convection

incubator from Precision Scientific, Inc (Chicadfo).

2.2.2.5. Protein Concentration Devices

Concentration of purified protein was accomplishising Amicon Centricdh YM
10 (Millipore, Bedford, MA) centrifugal concentragy VivaScience Vivaspins (Stonehouse,
UK) with a molecular weight cut off of 10 000 Da, Hanosep Centrifugal devices with

10K molecular weight cutoff (PALL, East Hills, NY)

2.2.2.6. Spectrophotometry

Protein quantitation assays using the Bradfordapsaethod were performed using
one of the following instruments: Varian Cary 3 WA&ible Spectrophotomter (Mississauga,
ON) spectrophotometer with the CaryWinUV AdvanceelaBs Application Software 3.00
(182); Ultrospec 2100 pro UV/Visible spectrophottene (GE Healthcare, Uppsala,
Swedan); Molecular Devices SpectramaXlus 384 (Union City, CA, USA), SoftmaxPro

v. 501 Software.
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2.2.2.7. Thermal Cyclers

All polymerase chain reactionss were performed d®ehné (Princeton, NJ, USA)
Techgene cycler or Applied Biosystems GeneAnCR System 2700 v. 2.04 machine

(Foster City, CA, USA).

2.2.2.8. Mass Spectrometer

The nano-electrospray mass spectrometer used Mag@mass Q-TOF Ultima

Global and supplied by the Waterloo Chemical Analy&cility, University of Waterloo.

2.2.3 General Experimental Protocols

2.2.3.1. Gel Electrophoresis
DNA Electrophoresis

Agarose gel electrophoresis was used to separasenll DNA and DNA fragments
based on size for further manipulations. Agarods gensisted of 0.8-1.5% (w/v) molecular
biology grade agarose andg TAE (Tris-acetate-EDTA buffer; 40 mM Tris base, &M
glacial acetic acid, 1 mM EDTA) and were preparadthe following manner: 0.8 g of
agarose was added to 100 mL of TAE and dissolved with heat via microwaving for
approximately two minutes. The agarose was allowenbol to approximately 50C prior to
adding 4 puL of ethidium bromide (0.5ug/mL) for visualization. The agarose-ethidium
bromide mixture (~20 mL) was then poured into afdashamber and allowed to cool. DNA
samples to be separated were mixed 1:5 volumex dbd&ding buffer (10 mM Tris-HCI, pH

7.5, 50 mM EDTA, 10% glycerol, 0.25% Bromophenou®). All samples were run in
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parallel with a 100 bp DNA ladder in TAE buffer approximately 80 V. Bands were

visualized under short UV-light for photographs dmrg UV-light for band excision.

Protein Electrophoresis

Standard sodium dodecyl sulphate polyacrylamidestgetrophoresis (SDS-PAGE)
was utlized to separate proteins based on theiecutdr weights. All protein samples were
denatured, linearized and were made negativelygekddoy boiling for 5-10 min after mixing
with loading buffer (150 mM Tris-OH, 2% SDS, 1Bemercaptoethanol, 10% glycerol, 0.1
Bromophenol blue pH 8.0) at a 1:1 ratio. Separatidnproteins employed the semi-
automated Pharmacia PhastSysténelectrophoresis system with precast gels and buffe

strips. Gradient gels (10-15%) were used for séjperanless stated otherwise.

Coomassie Staining

Development of gels involved three steps: 1) stginvith 0.1% Coomassie brilliant
blue R, 30% methanol and 10% acetic acid 2) daataiwith 30% methanol, 10% acetic

acid and 3) preserving with 5% glycerol and 10%iacecid.

Silver Staining

The silver staining protocol was adapted from Waayd coworkers [132] and
involved four solutionsSolution A:0.8 g AgNQ was dissolved in 4 mL of dd. Solution
B: 10.5 mL of 0.35% NaOH mixed with 0.7 mL of 14.8MH,OH. Solution C:Solution A
was added dropwise into Solution B with constaintisg. A small amount of precipitate will

appear and then dissolve before adding the next. dkthen all of Solution A is added to
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Solution B OR if the precipitate does not dissolye total volume is increased to 100 mL
with ddH,O. Solution C must be prepared fresh and used wihnin.Solution D:1.25 mL

of 1% citric acid was mixed with 128 38% formaldehyde and increased to a volume of
250 mL with ddHO. This solution must also be freshly prepared.

After protein separation has been performed, thevge soaked in 50% reagent grade
MeOH for at least 1 hour. During this time, SolatiG was prepared and used to stain the gel
with constant agitation. The gel was then washedif,O for 5 min before putting into the
developer solution, Solution D. Development of ghaining is stopped when bands appear
and then the gel is washed immediately with gldHand placed in 50% MeOH or 45%

MeOH/CHCOOH to stop the reaction.

2.2.3.2. DNA Manipulation and Cloning Methods

Standard bacterial and DNA cloning was perforn@ibwing the standard molecular

protocols outlined by Sambroek al. [133].

2.2.3.3. Trichloroacetic Acid Precipitation

Protein samples recovered at low concentrationsre werecipitated using
trichloroacetic acid (TCA) and resolved using SDSSE. TCA was added to a protein
sample (~100 to 30QL) to a final concentration of 10% and placed oa fior 15-30 min.
The sample was centrifuged af@ at 13000xg for 15 min. The supernatant was removed
and discarded and the precipitated pellet was vaaahd resuspended with 3QQ of ice

cold acetone and respun for 5 min. The acetoneraasved and discarded and the final

pellet was allowed to air dry thoroughly for a nmmim of 15 min. The pellet was then
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resuspended in SDS loading buffer with vigorougesang, and boiled for 5 -10 min prior to

loading onto the SDS-PAGE gel.

2.2.3.4. Determination of Protein Concentration

Protein concentration was measured based on thdfdsda method [134]. The
Bradford assay dye reagent was prepared by disgpM0 mg Coomassie Brilliant Blue G-
250 with 50 mL 95% ethanol. Then 100 mL of 85% (wghosphoric acid was added to the
solution, which was then diluted to 0.5 L with ddH Bovine serum albumin (BSA) was
used as standard protein and prepared in the saffex Bolution as the protein of interest
and were used to calculate the correlation factetwben protein concentration and

absorbance at 595 nm.

2.2.3.5. Mass Spectrometric Analysis

Preparation of Protein Samples for Mass Spectroynetr

Verification of protein molecular weight was perfeed using mass spectrometry. All
protein samples were prepared by exchanging sabyfter with Milli-Q water three times
using Nanosepcentrifugal devices with 10 kDa molecular weightadf. Alternatively, if
protein precipitation occured and was problemagaoval of buffer salts was achieved by
applying protein sample onto a 1 mL Sephadex G2fltzation column with Milli-Q water
as the eluant. An additional step was occasionaipired where the salts of the eluted

samples were removed using a Nan8semtrifugal device.
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Electrospray Mass Spectrometry of Protein Samples

The samples, now in Milli-Q water were diluted insalution containing 1:1
acetonitrile:water with 0.2% formic acid in a ratd 1:1 before injecting into the mass
spectrometer. Mass spectrometry was carried out wiectrospray ionization (ESI) in
positive ion mode. Molecular masses were obtairedguthe MaxEnt algorithm using the

MassLynx program.

2.2.4. Cloning of TSR into E. cali

The primers used for clonirtgr open reading frame (ORF) were as follows and were
obtained from MOBIX Central Facility (DNA Synthesisaboratory, The Institute for

Molecular Biology and Biotechnology, McMaster Unisity, Hamilton, ON):

5" CCAGAATTC CAT ATG ACT GAG TTG GAC ACC ATC GCA AAT CCG3'
5" CCCAAAGCTT GGA TCC TTA TCG GIT GEC CGCC GAG ATT CCT GIC GAT CC3'

In both primers, the bold highlighted segments famologous to part of the ORF
encoding TSR. The underlined and italicized ressdmelicateNdel and BanHl| restriction
endonuclease sites, respectively. Thregene was a generous gift from Dr. Gerry Wright
(McMaster University, Hamilton, ON) originally frofalJ702 and now in pUC-19 and given
the name pUC-TSR. Ther ORF was amplified using the polymerase chain rea¢PCR).
Both the gel purified PCR product and the pET28btatewere digested with the above
restriction enzymes and gel purified. The purifrdducts were then ligated using T4 DNA
ligase. The ligation product was transformed irfteraically competenk. coli DH5a cells,
and then plated on kanamycin-containing Luria-bertd.B ; per liter: 10 g tryptone, 5 g
yeast extract, 10 g NaCl pH 7.0) agar (LB brothsplu6% agar). Plasmid was isolated from

the colonies and again digested wBtAnH| and Ndd restriction enzymes to confirm correct

47



size oftsr insert. The pET-28b-TSR vector, simply designaedTSR10 was transformed
into E. coliBL21 ADE3) pLys. An expression test was performed andrallzorresponding
to the hexahistidine-tagged TSR was observed atkEg0as observed on the SDS-PAGE

gel. This work was completed by Graeme CouturelmdElisabeth Daub.
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3 9 15 21 27 33 39
O R |

1 ATG ACT GAG TTG GAC ACC ATC GCA AAT CCG TCC GAT CCC GCG
43 GTG CAG CGG ATC ATC GAT GTC ACC AAG CCG TCG CGA TCC AAC
85 ATA AAG ACA ACG TTG ATC GAG GAC GTC GAG CCC CTC ATG CAC
127 AGC ATC GCG GCC GGG GTG GAG TTC ATC GAG GTC TAC GGC AGC
169 GAC AGC AGT CCT TTT CCATCT GAG TTG CTG GAT CTG TGC GGG
211 CGG CAG AAC ATACCG GTC CGC CTC ATC GAC TCC TCG ATC GTC
253 AAC CAG TTG TTC AAG GGG GAG CGG AAG GCC AAG ACATTC GGC
295 ATC GCC CGC GTC CCT CGC CCG GCC AGG TTC GGC GATATC GCG
337 AGC CGG CGT GGG GAC GTC GTC GTT CTC GAC GGG GTGAAG ATC
379 GTC GGG AAC ATC GGC GCG ATA GTA CGC ACG TCG CTC GCG CTC
421 GGA GCG TCG GGG ATC ATC CTG GTC GAC AGT GAC ATC ACC AGC
463 ATC GCG GAC CGG CGT CTC CAA AGG GCC AGC CGA GGTTAC GTC
505 TTC TCC CTT CCC GTC GTT CTC TCC GGT CGC GAG GAG GCC ATC
547 GCC TTC ATT CGG GAC AGC GGT ATG CAG CTG ATG ACG CTC AAG
589 GCG GAT GGC GAC ATT TCC GTG AAG GAA CTC GGG GAC AAT CCG
631 GAT CGG CTG GCC TTG CTG TTC GGC AGC GAA AAG GGT GGG CCT
673 TCC GAC CTG TTC GAG GAG GCG TCT TCC GCC TCG GTT TCC ATC
715 CCC ATG ATG AGC CAG ACC GAG TCT CTC AACGTT TCC GTT TCC
757 CTC GGA ATC GCG CTG CAC GAG AGG ATC GAC AGG AAT CTC GCG
799 GCC AAC CGA TAA

Total number of bases: 810
DNA sequence composition: A: 155; C: 249; G3;24T: 158

B)
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1 MTELDTIANP SDPAVQRIID VTKPSRSNIK TTLIEDVEPL MHS IAAGVEF

51 IEVYGSDSSP FPSELLDLCG RQNIPVRLID SSIVNQLFKG ERK AKTFGIA
101 RVPRPARFGD IASRRGDVVV LDGVKIVGNI GAIVRTSLAL GASSIILVDS
151 DITSIADRRL QRASRGYVFS LPVVLSGREE AIAFIRDSGM QLM LKADGD
201 ISVKELGDNP DRLALLFGSE KGGPSDLFEE ASSASVSIPM MSTESLNVS
251 VSLGIALHER IDRNLAANR

Number of residues: 269
Molecular weight (MW): 28901 Da

Amino acid composition:

22 A 1C 2H 6M 10T
21 R 6Q 251 9F ow
9N 15E 26L 13 P 2Y
20D 216G 9K 30S 22V

Figure 2.3:S. azureushiostrepton-resistance rRNA methyltransferase Cawé protein sequence.
(A) DNA sequence an() corresponding protein sequence. Standard one teitkes for amino acids have
been used.
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2.2.5. Overexpression of TSR
2.2.5.1. Optimization of Overexpression of TSR in irRh Media

A small starter culture in TB broth (per litre: §2ryptone, 24 g yeast extract, 4 mL
glycerol in 900 mL ddkO plus 100 mL of 0.17 M KHPO, and 0.72 M KHPQO,, pH 7.0)
and NZCYM media (per litre: 10 g NZ amine, 5 g Na&lg yeast extract, 1 g casamino
acids, 2 g MgS@7H,O, pH 7.0) supplemented with kanamycin (3@/mL) and
chloramphenicol (341g/mL) was inoculated from frozen stock and growmromight at 37
°C. The cultures were diluted 100 times in theipessive medias and grown at°&7with
constant agitation (~200 rpm) until both sets ofscedached a mid-log phasegph= 0.5-0.8)
optical density of 0.6. Isopropfi-thiogalactopyranoside (IPTG) was then added to the
media to a final concentration of 1 mM to initidt8R overexpression. The cells were grown
for 24 h with 1 mL samples removed at various tpoats, then harvested by centrifugation
(5 min at 13 00¢¢g) and frozen at -86C.

To ascertain if TSR expressed as a soluble pro&tithe end of the time course, 2
mL of the sample was taken out and subjected teethounds of sonication (10 second
pulses). The sample was separated by centrifugéiomn at 13 00&g) and the supernatant
and pellet were analyzed on SDS-PAGE along withtithe-dependent sample pellets that

were previously collected.

2.2.5.2. Harvest of Induced Cells

Following a large volume induction, in a large Beaa JA-15 rotor, cells were

harvested by centrifugation at 6089 for 15 min at 4°C. Cells were washed twice with a
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minimal volume of 20 mM Tris buffer pH 7.0 and rentrifuged. Pelleted cells were frozen

with liquid nitrogen and stored at -8C for future use.

2.2.6. Purification of (His)s-tagged TSR (HTSR)

2.2.6.1. Cell Lysis

TSR was overexpressedin coli BL21 ADE3)/pLysS strain as described above. To
obtain crude cell lysate for purification of enzyntlee steps were as follows: Frozen cells
were resuspended in HisBind Buffer (Buffer A: 50 mMis buffer pH 8.0, 20 mM
imidazole, 500 mM KCI, 10% glycerol; 2-5 mL/g frazeells) and thawed on ice in the
presence of 1 mM of phenylmethylsulfonyl fluorid®MSF) and 1 mg/mL lysozyme for ~30
minutes. The suspension was then sonicated onoicelG-12 cycles with 10 s pulses
separated with one min pauses. If the lysate ig wiscous, 5ug/mL DNase was added to it,
followed by incubation (15 min). The cell lysateol(sble fraction) was collected by
centrifugation at 20000 rpm (48 30@) with a JA-25.50 rotor for 20 min at 4C. The
supernatant was then filtered through a |2 filter prior to further remove any particulate

cell debris.

2.2.6.2. Purification of Hexahistidine-tagged TSR ith IMAC
Batch Purification with Nickel(ll)-nitrilotriaceti¢Ni-NTA) Superflow resin

Prior to the addition of clarified cell lysate, theckel(ll)-nitrolotriacetic (Ni-NTA)
superflow resin (binding capacity of ~8 mg/mL) wasisived at least three times with
HisBind buffer (Buffer A: 50 mM Tris buffer pH 8.@20 mM imidazole, 250 mM KCI). The

Ni-NTA resin slurry was combined with the clearell tysate and mixed gently on a rotary
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shaker at AC for one hour. The lysate-resin slurry was theadés into a 10 mL BioRad
Econd’-Column. The buffer level was drained to just abihet resin bed and three to five
column volumes of the HisBind buffer were appli&@&R elution was achieved by applying
HisElution buffer (Buffer B: 50 mM Tris buffer pH.® x mM imidazole, 250 mM KClI;
where x is 20 mM, 40 mM, 100 mM, 250 mM) in a stepwisehias with increasing
concentrations of imidazole. Fractions of 2 mL vo&iwere collected and 50 - 1QQ of
each fraction was analyzed on SDS-PAGE. Fractdmsghest purity were then pooled and
dialysed against two 1-L changes of 50 mM Tris éuffpH 7.5 at 4C using
SPECTRA/POR dialysis tubing with a molecular weight cutoff b2 000 — 14 000 Da. The

protein concentration was estimated by the Bradé&sshy using BSA as a standard.

Optimization of Protein Solubility During Dialysis
Optimization of buffer conditions for enhancedwmlity during the second dialysis
step was achieved by screening different additiieable 2.3 summarizes the different

conditions that were tested and utilized for opetion.

Table 2.3:Different Conditions Screened to Enhance TSR Shituliduring Dialysis.

Additive/Condition Amount/Concentration

glycerol 0%, 10%, 15%, 20% (v/v)
[B-mercaptoethanol 0 mM, 10 mM

dithiothreitol 0mM, 1 mM

NaCl 0 mM, 75 mM, 150 mM, 500 mM
KCI 0 mM, 75 mM, 150 mM, 500 mM
pH 7.0,7.5,8.0

time* 3,5,8h

Histrap™ HP column  Not applicable

EDTAY 2.5 mM

*Time indicating the length of the first dialysigahange
YEDTA: ethylenedaminettraacetic eid

Equal amounts of protein for different sets of dtods were used for dialysis with

two buffer changes. The amount of precipitationafify) was quantified by pipetting the
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white protein from the dialysis bag and centrifuiggat 13000<g for 10 min. The supernatant
was pipetted off or decanted and the white pellas wrepared for SDS-PAGE analysis to
confirm that it contained TSR. The soluble fractmnthe sample was quantitated by means

of Bradford assay and compared.

Optimized Purification with Histra' HP N?*-Sepharose column

The recombinant (Hig)TSR (HTSR) was purified by IMAC on a HisTrapHP N#*
column. A 1 mL HisTrap" HP was equilibrated with 5 column volumes of BitglWash
Buffer (Buffer A: 50 mM Tris buffer pH 8.0, 20 mMmidazole, 500 mM KCI, 10%
glycerol). The clarified cell lysate was loaded @mitite column at a 0.5 mL/min flow rate.
The column was washed extensively with buffer Ailupdseline absorbance at 280 nm to
remove non-binding proteins. The hexahistidine-¢ah@SR was eluted with Elution Buffer
(Buffer B: 50 mM Tris buffer pH 8.0, 500 mM imiddep 500 mM KCI, 10% glycerol).
EDTA (2 mM) was added immediately to fractions @ming TSR. To remove the
imidizole, the eluted enzyme solution was dialyseduentially against 50 mM Tris buffer
pH 7.5, 500 mM KCI, 10% glycerol at & using SPECTRA/PORdialysis tubing with a
molecular weight cutoff of 12 000 — 14 000 Da. metein concentration was estimated by

the Bradford assay using BSA as a standard.
2.2.7. Removal of (His)e-tag from Recombinant TSR

2.2.7.1. Time Course on Thrombin Cleavage of Histalgom TSR

To 100pL of HTSR (~1 mg/mL) was added Ca@b 2.5 mM. After, SuL was taken

out and set aside as a mock digestion (negativeratbnTo the remainder of the HTSR
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sample, 1uL of thrombin protease (1 UL) was added, since according to manufacturer’s
instructions, 1 unit of thrombin protease shouldage 100ug of protein to give the
corresponding cleaved TSR (T$RThe mixture was allowed to incubate at ambient
temperature and at the following time points (t.580, 1 h, 2 h, 4 h, 12 h, 24 h)pk of the
sample was taken out and frozen in at*20wvith SDS-PAGE loading dye. At the end of the

time course, all samples were analyzed with SDSHPAG

2.2.7.2. Thrombin Cleavage and Clean up of de-tagdd SR (TSR)

Removal of the His-tag was achieved by treatmettt @f thrombin protease (1{L)
at 4°C while gently shaking for 16-18 h in thrombin alage buffer (50 mM Tris buffer pH
7.5, 500 mM KCI, 10% glycerol, 2.5 mM CaflOne unit of thrombin protease was used to
cleave 100ug of protein to give the corresponding cleaved T@BR). The thrombin
protease, along with any residual uncleaved HTSR nemoved with the application of the
cleavage mixture onto a HiTrap Benzamdine FF Affiniolumn and HisTra' HP in
tandem. TSRwas initially collected as the flowthrough at geraf 0.5 mL/min in Buffer A
(50 mM Tris buffer pH 7.5, 500 mM KCI, 10% glyceyaind the HTSR eluted with Buffer B
(50 mM Tris buffer pH 7.5, 1M KCI, 10% glycerol) &5 mL/min. Lastly the thrombin
protease was eluted with Thrombin elution buffeuf(8r C: 50 mM glycine pH 3.0). The

cleaved TSR sample was dialyzed against 50 mMbirditer pH 7.5 with 10% glycerol.

2.2.8. Further Purification of TSR’

In order to achieve higher purity, anion exchanigematography was subsequently

performed using a MonoQ column. The column wasialhyt washed to zero baseline
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absorbance at 280 nm and then T®&8s eluted with an increasing linear gradient Gfl kit
1%/min from Buffer A (50 mM Tris pH 7.5, 10% glyad)y to Buffer B (50 mM Tris buffer
pH 7.5, 1 M KCI, 10% glycerol) between 26-32% KChis purification was followed by
dialysis against 50 mM Tris buffer pH 7.0, 75 mM IKCO % glycerol and the protein stored

at -80°C for future use.

2.2.9. Gel Filtration Chromatography of TSR’

Superdex-75 (10/300) is a gel filtration columrnhna bed volume of 24 mL and was
calibrated used BioRad gel filtration standard ¢stivgy of protein aggregates (unspecified
molecular weight), thyroglobulin (670 kDa), bovigamma globulin (158 kDa), chicken
ovalbumin (44 kDa), equine myoglobin (17 kDa) amdmin B12 (1.35 kDa) in 50 mM Tris
pH 7.5, 150 mM KCI and 10% glycerol. In additioaylsonic anhydrase (29 kDa) and bovine
serum albumin (66 kDa) standards from Sigma werpl@yad in the calibration process.
Sample volumes of 100L of 1.0 mg/mL were filtered with a 0j2m GHP membrane filter,
loaded onto the column and eluted at a rate ofvLBnin in a buffer consisting of 50 mM
Tris pH 7.5, 150 mM KCI and 10% glycerol. To tdse teffects of thiol-reducing agents, to
the buffers were addg@tmercaptoethanol or dithiothreitol to a final contration of 10 mM

and 1 mM respectively.

2.3. Results and Discussion

2.3.1. Expression of Recombinant His-tagged-TSR in E. coli

In earlier work in the Honek laboratongr was overexpressed successfully without a

fusion tag; however, attempts at producing higtelewf crystallographically pure protein
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achieved only limited success. Taking this intostderation, the hexahistidine fusion vector
pPET28b(+) and the protease deficient BLADE3) strain harbouring pLys were chosen as
the expression system. Thsr ORF was successfully subcloned from pUC-TSR to

pPET28b(+) to give pTSR10 (Figure 2.4).

PCR and digestion

PUC-TSR with Ndel and BamHI e —
3496 bp —_—
\\
AN
o /
Ligation
—
et
/—t
KmR //{\ KR - \\
N\ Digestion with N
\ Ndel and BamHI \
pET-28a(+) PET-28a(+)
\ 5369 bp —_— \ 5369 bp
\ \
\ / \
\\ _ ~ -

Figure 2.4: Cloning strategy for the construction of pET-28A(s) (pTSR10).
Amp R, ampicillin resistance marker. Kan R, kanaimyesistance marker.

Time course expression tests were performed witlerdnt types of rich media.
Optimal expression occurred four hours after inducfor NZCYM and between four and
six hours for TB with comparable amounts of prot@&imce the induction time for TB was
slightly more flexible than for NZCYM and the indian time was shorter than the observed
8 h with LB, all subsequent cell growth procedusese performed with TB medium with a
four hour induction with 1 mM IPTG for overexpressi(Figure 2.5). Although its sequence
was determined by protein solubility predictionaithms to more likely to be expressed
(74%) as insoluble inclusion bodies [135], it wdsserved from SDS-PAGE analysis that
TSR was expressed as a soluble protein. Howevsr,sdlubility during subsequent

manipulation was observed to be easily compromised.
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Figure 2.5: Time course of expression of TSR in different noédia.
Proteins were visualized with Coomassie staininghen?0% SDS PAGE gel. LMWM = low molecular weight
marker.

2.3.2. Enhancing Purification of His-tagged-TSR in E. Coli After IMAC

Purification

2.3.2.1. Batch Purification of TSR with Ni-NTA Supéflow resin

Initial purification of hexahistidine-tagged TSR svaachieved through batch
purification of the enzyme with a gravity Niaffinity column. E. coli cells containing the
overexpressed TSR were disrupted by lysozyme tes@tand sonication and the clarified
cell lysate incubated with the RiNTA resin for one hour. The lysate-resin mixturasw
loaded onto a column and the unbound proteins weashed off and TSR was eluted off
with increasing amounts of imidazole in the buff&fter this process, the purity of fractions

was examined by SDS-PAGE (Figure 2.6).
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Figure 2.6 SDS PAGE analysis of fractions collected duringification of HTSR using a Ni-NTA
Superflow column.
LMW = low molecular weight marker. Fractions 14-g@ow a prominent band at ~31 kDa indicative of RTS

A prominent TSR band at approximately 31 kDa withnon amounts of
contaminating proteins was observed. Electrospragsnspectrometry confirmed this finding
(Figure 2.7). Fractions containing TSR were poaad dialysed. However, during dialysis,
unwanted precipitation of TSR was observed regylima substantial decrease in protein

yield.
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Figure 2.7 Positive ion mode electrospray mass spectrunuofipd HTSR.
The expected molecular weight 31064 Da .The magakpndicates a monomeric molecular weight of 30936
Da after denaturation with the N-terminal methi@nabeaved off.
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2.3.2.2. Enhancing TSR Solubility During Dialysis

Prevention of precipitation and aggregation igrdese during the overexpression and
isolation of a target protein. Protein can oftenusgulate into insoluble inactive aggregates
known as inclusion bodies and can often be refoldax soluble active proteins [136,137].
Oftentimes however, the protein may be successixyressed as soluble protein, but still
have difficulty remaining soluble as in the casel&R. Protein solubility is influenced by
many different factors such as temperature, pH, tgpke or concentrations [138]. Protein
stability and solubility can be increased by usebaffer additives that can destabilize
protein-protein interactions or stabilize intranoliar protein interactions.

It was observed that dialysis of HTSR after thetfgtep of purification resulted in
undesirable precipitation. Protein was dialysedreggawo 1 L changes of 50 mM Tris buffer
pH 7.5 at 4C, and precipitation only occurred after the seccimahge of dialysis buffer. The
following discusses the approaches that were uakiemtto reduce or circumvent protein

precipitation during the purification process.

Effect of Kosmotropes

Kosmotropes (“order makers”) is a term used tocdles solutes that stabilize the
native state of proteins. Kosmotropes increase rimgleof water thereby enhancing the
hydrophobic effect, which plays a significant raleprotein solubility [139]. Both non-ionic
and ionic kosmotropes were added to the buffencoease HTSR stability.

Glycerol is a non-ionic kosmotrope whose protdiabsizing influence is widely
recognized. Glycerol and other non-ionic kosmotsopee highly soluble molecules, and

hydrogen bond with water, thereby enhancing therdgeh bonding network that exist
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between the ordered water molecules [139,140]. éfbe, three different concentrations of
glycerol were used in buffers involving the purdion and dialysis (10%, 15%, 20% v/v).
The amount of enzyme recovered was compared tafhait having glycerol present using
the Bradford assay. Increasing amounts of glycdidInot appear to affect the amount of

enzyme recovered significantly (Table 2.4).

Table 2.4:Effect of Different Types and Amounts of Kosmotrepe Dialysis Buffer on HTSR Solubility.

Kosmotrope Amount of %
Kosmotrope Recovery
glycerol 0% (v/v) 30+ 10
10% (v/iv) 40+ 5
15% (v/v) 40+ 5
20% (v/Iv) 405
KCI 0 mM 30+ 10
75 mM 305
150 mM 60+ 5
500 mM 60+ 5
NaCl 0 mMm 30+ 10
75 mM 30+5
150 mM 60+ 5
500 mM 60+ 5

lonic strength and ionic composition have been dbtm be factors that influence
protein solubility. Here the influence of two diféat types of weak ionic kosmotropes (KCI
and NaCl) was investigated. Salts can bind to tlmeep, providing a shielding effect for
unpaired side chains that otherwise may facilifatgein-protein interactions that may lead
to aggregation [138]. Furthermore, since TSR isi@eic acid binding protein, it may require
a higher concentration of salts for stabilizati@d1].

At concentrations above 150 mM KCI or NacCl, theraswan increased vyield in
soluble TSR. It was therefore concluded that bsffesed during dialysis should have a
minimum concentration of 150 mM KCI. While the atilolh of kosmotropes did improve

protein solubility, other additives were tried tother reduce protein aggregation.
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Effect of Thiol-Reducing Agents

In the TSR sequence, there is one cysteine residinged solubility of the enzyme
may be due to unwanted intermolecular disulfidedbformation which may interfere with
the proper folding or produce aggregates. Puriboabuffers were treated with reducing
agentg3-mercaptoethanol and dithiothreitol at 10 mM andNl concentrations, respectively
to break any putative disulfide bonds and prombte dissociation of aggregates. It was

found that the presence of either agent did notawgits solubility (Table 2.5).

Table 2.5: Effect of Different Types of Thiol-reducing agemsPurification Buffers on HTSR Solubility.

Thiol-reducing agent ~ Concentration %
(mM) Recovery
[Bmercaptoethanol 0 30+ 10
10 30+ 10
dithiothreitol 0 30+ 10
1 30+ 10

Effect of pH and Time

The pH optimum of TSR was published to be betweearsow range of 6.5 to 8.0
with the optimum being at 7.5 [114] with a calcelapl of 6.14. We sought to adjust the pH
to see if there was a correlation to the amourgndyme that precipitated. Dialyses at pH

7.0, 7.5 and 8.0 were carried out and the yieldfaasd to be unaffected by pH (Table 2.6).

Table 2.6: Effect of pH and Time on TSR Solubility.
Condition pHor Time % Recovery

pH 7.0 30+ 10
7.5 30+ 10
8.0 30+10
Time 3h 30+ 10
5h 30+10
8h 30+ 10

Precipitation of HTSR occurred only after the lagart of dialysis, that is, after the

first dialysis buffer change. A relationship betwede length of the first dialysis time and
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precipitation was considered. Dialysis times of53and 8 h were tried and found that
precipitation occurred to the same extent regasdtdsthe length of time of the previous
dialysis step (Table 2.6). Therefore, it appeast tinly when the imidazole concentration
within the TSR sample (carried over from the puaafion) is significantly lowered, that the

protein preicipation occurs.

Effect of Nf*Leakage Reduction

The role of possible Ki leakage playing a part in protein aggregation taien into
consideration. Nfi from the binding matrix of the affinity column dodupotentially be found
in the eluted protein sample.Nieakage was suspected because precipitation onlyred
after the first dialysis buffer change. There awe tistidines in one monomer of TSR, in
addition to the six histidines that the N-termiregion, and Ni-induced oligomerization by
forming histidine- Ni*-histidine interactions is a possibility. We turntedthe Histrap Ni'-
sepharose column developed by GE Healthcare (ftymdmersham Biosciences) that
claims to have negligible Kii leakage. Use of the Histrap column provided a niacde
method of purifying HTSR on a HPLC or FPLC machw#h monitoring at 280 nm
compared to the gravity KiNTA column. The protein was eluted in one stephvelution
buffer containing 500 mM imidazole and the samplbjacted dialysis with the buffer
additives that were determined previously to aidSHTsolubility (i.e. at least 10% glycerol

and 150 mM KCI) (Figure 2.8).
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Figure 2. 8:IMAC purification of HTSR with Histrap Ni-sepharose column.
The absorbance was monitored at 280 nm and thenooluas washed until the baseline absorbance was
attained. At 83 min, the protein was eluted witltieih buffer containing 500 mM imidazole. The atraler
the first major broad peak corresponds to the tlowugh containing proteins that did not bind te gdolumn.
The area under the second major peak, shadedagnegsponds to the column fractions that were gbfie
subsequent steps of purification. After HTSR wasesl, column was washed with wash buffer back dmwvn
baseline absorbance value.

This use of the Histrap column gave a more strewdlipurification and for the
majority of the time, the protein was recoveredlyfuhfter dialysis. However, protein
precipitation still occurred on occasion. From this tentatively concluded that Nileakage
was minimized significantly by the new column, boaot fully. Treatment of protein
precipitation when it did occur with 25 mM EDTA waound to be successful in
resolubilizing the protein. Similar results weretabed by Sprules and coworkers who
observed Ni*-induced oligomerization of their protein taggedhwiO histidines [142]. We
also believe that precipitation only occurred aftex second dialysis buffer change since the
free imidazole was no longer present to chela@niofree Ni* ions. Therefore, fractions of
HTSR that are collected from the optimized IMAC ipoation were immediately treated
with 2.5 mM EDTA and then dialyzed. This methodoaléd for reliable and successful

recovery of HTSR after dialysis.
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2.3.3. Removal of the Hexahistidine tag from HTSR

The (His}-tag was fused at the N-terminal region of TSR wéih engineered
thrombin protease cleavage site (Figure 2.9). Altfioa hexahistidine tag is small and in
most cases does not interfere with enzyme activéyoval of the tag is often desired for
structural analysis such as X-ray crystallografptgmoval of the tag from HTSR leaves only

two residues (glycine and serine) at the N-terminus

Histidine tag Thrombgtg\eavage Native TSR

f 1 T il T 1

P
N—MGSSHHHHHHSSGLVPRGSH—, —cC

Figure 2. 9: The (His)-tagged TSR methyltransferase.

The affinity-labelled protein will have an additalr20 amino acid residues (redbox), which inclutthessix
histidines that make up the tag on its N-termimal.eln addition, a thrombin cleavage site was eegied into
the tag to allow for future removal of the histigitag. Cleavage will result between an arginirg glgicine as

indicated by the orange arrow.

From a small scale cleavage time course, optitealvage was determined by have
occurred after 12 h. Initial attempts at large saamoval of the tag resulted in significant
loss of protein through precipitation (over 50%@-&ldition of EDTA did not resolubilize
the protein and therefore, aggregation due to asidual Nf* ions left over from dialysis
was no longer the cause of aggregation. Howevevag found that that increasing the salt
concentration from 150 mM KCI to 500 mM KCI decredghe precipitation significantly,
although it did not eliminate it entirely.

Following the fusion tag cleavage, the mixture wiasded onto a HiTrap
Benzamidine Affinity column and HisTrap HP in tandeThe first column is designed to
bind to serine proteases such as thrombin andeitend column was present to remove any
residual HTSR that remained. The cleaved proteBR)I was present in the flow through

and was collected for the next stage of purifigat{@igure 2.10). The electrospray mass
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spectrum was in agreement with the expected maeaoukight of this cleaved protein

(Figure 2.11).

0.804

0.60+

AZ80

0.40+

0.204

¥

20.‘00 2500 3000 3500 4000 4500 50.00 55‘00 60?00 65.IOO
Time {min}

000 500 1000 15.00
Figure 2. 10:Chromatogram showing the separation of TB&m thrombin protease and uncleaved HTSR.
TSR did not bind to either column (HiTrap Benzamidikiinity column and HisTrap HP which were attached
in series). The area under the first major peakesponds to the flow through containing TS® 35 min,
buffer containing 500 mM imidazole and 1 M KCI wased to elute any remaining protein on the two rools.

At 50 min, columns were washed with wash bufferkod@wn to baseline absorbance.
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Figure 2. 11:Positive ion mode electrospray mass spectrum ofigadiiTSR.
The expected molecular weight 29182 Da .The magakpndicates a monomeric molecular weight of 2018

Da after denaturation showing successful removétetag.
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2.3.4. Final stepin TSR Purification

A final polishing step consisting of anion exchangeromatography was then
performed after the thrombin cleavage clean-upirguthis purification step, TSRractions
were identified over the range of KCI concentratdr260 mM — 320 mM (26-32%) (Figure
2.12). The eluted protein was then collected arwtedt for future biochemical and

biophysical studies (Figure 2.13).
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Figure 2. 12:Section of elution profile of anion exchange Mona@i@omatography of TSR
Protein was loaded onto the column and eluted aitBo per minute gradient from 0 to 1 M KCI.
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Figure 2. 13:Summary of stages of purification for TSR.
Samples were subjected to SDS-PAGE on a 20% horeogsrgel with silver staining. LMWM = Low
Molecular Weight Marker. CL = cell lysate, H = Hip, B = Benzamidine column, H2 = Second Histrap
column, M = MonoQ anion exchange column.
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2.3.5. G4l Filtration of TSR”

The oligomeric state of the protein was examinetth \gel filtration studies. Samples
were loaded onto a gel filtration column with andhwut thiol-reducing agents. In both
cases, the molecular weight calculated was founbet@pproximately ~52 kDa, which is
close to twice the monomeric molecular weight ofkZ% (Figure 2.14). This indicates that
the native structure of TSR is dimeric and that thmer structure is not formed with

disulfide linkages between the two protomers.
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Figure 2. 14:Elution profile of TSRin the absence of thiol.
A similar elution profile was observed. Solid arattdd lines are peaks from BioRad and Sigma geafibn
standards, respectively. Dashed lines is the @ytiofile for TSR. 1: thyrogobulin, 670Kda and bovine
gamma globulin, 158 kDa; 2: chicken ovalbuminkdg; 3: equine myoglobin, 17 kDa; 4: Vitamin B1233
kDa; 5: bovine serum albumin, 66 kDa; 6: carbomibyalrase, 29 kDa.

2.4. Conclusions and Future Work

The tsr gene product has been overexproduced at highslemdt. coli as an N-
terminal hexahistidine fusion protein and purifled IMAC. The majority of the protein was
purified in a one-step procedure using &Niffinity column. After elution with a high
concentration of imidazole and dialysed, it wasnibthat the protein, although expressed as
a soluble protein, was prone to aggregation. Qifficin handling the enzyme remained a

challenge throughout the initial stages of purifma. It appears that TSR is not the only
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member of the SpoUT MTase superfamily to be unstalihe avilamycin-resistance MTase
(AviRb) has been reported to be unstable at iotvengths below 0.3 M at concentrations
above 0.5 mg/mL [143]. As a consequence, all mation buffers and crystallization buffers
for AViRB had a minimum concentration of 500 mM NaC

An extensive screening of different conditionsréaluce or eliminate precipitation
was undertaken. A combination of buffer additivestsas glycerol and salt (at least 150 mM
KCI or NaCl) was found to reduce the amount of ymiéation significantly. In conjunction
with these buffer co-solutes, reducing the amoudr¥ié* leakage from IMAC purification
with a different column and the addition of the atethelator, EDTA, eliminated
precipitation entirely. Therefore, one must rementhat although IMAC provides a facile
and quick method of purification, auto-aggregatiadilitated by Nf* ion leakage from the
column should be taken into consideration.

Enzymatic removal of the fusion tag was successfith the use of thrombin
protease. However, solubility of the enzyme oncairagvas an issue. Increasing the salt
concentration from 150 mM KCI to 500 mM helped toprove solubility, but did not
eliminate all precipitation issues. A final enrickm step with anion exchange
chromatography gave enzyme of substantial puritgl @tration chromatography was
performed on the cleaved enzyme in the presenceabsence of thiol-reducing agents. It
was found that the native structure of TSR is dimand that the dimer is not formed with
disulfide bonds between the two monomers. The bksiwladl and optimized purification
detailed herein should enable the availability lvé purified and cleaved TSR for further
study on the structural and biochemical level. Tihal purification yield was 8 — 12 mg/L

culture.
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CHAPTERS3: BIOCHEMICAL CHARACTERIZATION OF
THIOSTREPTONRESISTANCErRNA METHYLTRANSFERASE

S-adenosyl-methionine (AdoMet) plays a central role in bialed transmethylation
reactions. The class of enzymes that catalyze thmeetbyl transfer reactions are called the
AdoMet-dependent MTases. These enzymes transfenéiieyl group of AdoMet to a target
molecule (Figure 3.1). A wide selection of molesulean serve as substrates for these
enzymes and they can vary in size from small ogyamblecules such as catechol to large

macromolecules such as lipids, protein and nudeids [3,6,8,9].

NH, NH,
N X
T : D
CH, Jow Nu-CH ¢ J
|Jr N N N —
'OZCW § o / -0,C S
H H Methyltransferase } o o
OH OH OH O
AdoMet SAH/AdoHey

Figure 3.1. Transmethlyation reaction catalyzed by AdoMet-dejgen MTases.

The methylation by-product, SAH/AdoHcy is a potée¢dback inhibitor [11], but
cannot be differentiated from AdoMet by ultraviolgbectroscopy. As a result, standard
MTase assays that are used to detect methyl trarafavity typically involve the
measurement of the incorporation of a radiolabeftedhyl group into the substrate. MTase
enzymes generally have low turnover numbers antmeetric methods are sufficiently

sensitive for detection [144,145].
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3.1. Methods to Detect Methyl Transfer Reactions

3.1.1. Principles of Radiometric Filter Binding Assays

Radiometric techniques have been utilized with mawttess since their introduction
in the 1950s for a wide number of applications émzyme kinetics. The filter binding (FB)
assay has been used effectively and extensivelgetermine methyl transfer activity.
Radiometric FB assays are based on the conversiamaalioactive substrate to a radioactive
product that can be rendered insoluble and thustijiea by filtration [145]. In standard
radioactive MTase assays, the AdoMet substratabislled on the methyl group withi or
%C and is transferred to the substrate molecul¢héaMTase enzyme. The transmethylation
reaction is stopped after a certain time periodhgyaddition of an organic solvent such as
ethanol or trichloroacetic acid, which also resuflisthe precipitation of the substrate.
Radioactive macromolecules are isolated by filrtfor quantitation of methyl transfer
[145,146]. Residual water is removed by drying ilnca with heat and the samples can be

analyzed by liquid scintillation counting methoésgure 3.2).
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SA? MTase A\ —€\7 and washing |
\ % @ >
AR R A

. . Filter paper
AdoMet Substrate AdoHcy/SAH Substrate* ¥ pap

'> : oy
% v
vy O
Vo
MR
Liquid Scintillaton =~ g

Counter Dried

¢

Figure 3.2.Filter Binding Assay.
The two substrates are incubated together in thegpice of a methyltransferase to facilitate methyisfer.
The reaction is stopped by the addition of orgaonigent and the radiolabelled product is isolatedfiltration.
The filter paper is dried and sample is processethkasurement with a scintillation device.
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Although radioenzymatic assays are sensitive amgls, most assays of this type
require the separation of labelled substrate (mt)dtom the other assay components. This
separation step in the FB assay can be laboriedgmus and time consuming when there are
large numbers of samples to process. Additionakyassay can be difficult to adapt to high
throughput processing. Accumulation of AdoHcy/SAkncresult in product inhibition,
contributing to errors in kinetic parameter deteration [11]. Recently, efforts have been

directed towards developing alternative assayinthaus to circumvent these limitations.

3.1.2. Scintillation Proximity Assay (SPA) Technology

Scintillation proximity technology was pioneered 1879 by Hart and Greenwald
[147], and has recently become a very attractiverrsdtive method for studies involving
radioactivity. Its advantage is that it eliminatee need to filter or centrifuge a large number
of samples.

With conventional FB assays, after separation haf product from the starting
materials, the filter paper is placed in scintibatcocktail in a vial. The energy released by
the radioisotope (i.g-particle from tritium) stimulates the scintillaimt the cocktail and then
converts the energy to light such that the sigaamplified and made readily detectable by
the liquid scintillation counter. In scintillatioproximity assays (SPA), the scintillant
molecule is embedded in a microsphere (bead).

The basis of the SPA technology is that not ohl microspheric beads contains a
scintillant, but also the surface of the beads desvatized with molecules that bind to

specific radiolabelled molecules. For wedemitters such as tritiuntH), the isotope has to

be close to the scintillant to produce light (witht1.5um). This makes tritium an ideal
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isotope to use for SPA, since only radiolabelledlengles bound to the SPA bead are
sufficiently close to the scintillant to induce esion of light. Radioligand molecules that are
not bound to the bead will have their radioisotopnergy dissipated in the medium so that
they do not contribute to the measurable quanfitgignal (Figure 3.3). As such, the SPA
technology does not require any transfer, washimdyseparation steps that are involved in
radiometric assays, thereby minimizing any errtya tmay occur from inconsistencies in

these other procedures.

Bound
radiolabel

Free radiolabel

v Energy absorbed by medium -

\ 4 no light is emitted
\ 4
v

Figure 3. 3.0verview of scintillation proximity assay.
Radiolabelled molecules that are bound (close prity) to the bead stimulate the embedded scintilaremit
light. Free, unbound radioligands are not closaughdo stimulate light emission.

3.1.3. Alternative Non-Radiometric Assay Methods for M Tases

A number of alternative MTase assay techniques baea developed that do not use
radioactive material. These methodologies includpecsophotometric [148,149],
fluorescence [150,151] and immunoassay techniqdé2,153]. Most commonly, these
assays measure the quantity of transmethylatioduyato AdoHcy/SAH. In the colorimetric
assay developed by Hendricks. al [149], the AdoHcy/SAH product is converted by
hydrolysis by SAH nucleosidase to give adenine asdibosylhomocysteine.S

Ribosylhomocysteinase (LuxS) is then used to clegheeSribosylhnomocysteine to yield
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homocysteine. The thiol-containing homocysteine lbarmeasured using Ellman’s reagent
(5,5'-dithio-bis(2-nitrobenzoic acid, DTNB) by quaating the absorbance of 2-nitro-5-
mercaptobenzoic acid at 412 nm (Figure 3.4A). inailar approach, an enzyme-coupled
fluorescent technique used by Collazo and co-werkes0] uses SAH hydrolase to generate
adenosine and homocysteine in the presence of sienaleaminase which converts
adenosine to inosine. The homocysteine is thenugatgd to a thiol-sensitive fluorophore,
ThioGIo® 1 (Ex = 384hax NM; Emax = 513 nm) (Figure 3.4B). Alternatively, AdoHcy/SAH
product can be quantified by immunological methatiere an anti-SAH antibody solution is
used and subsequently a horseradish peroxidase ){¢tRRigated rabbit anti-mouse
antibody is applied; the addition of the HRP sudistr(3,3,5,5-tetramethylbenzidine; TMB)
produces a yellow colour upon acidification and banquantified at 450 nm (Figure 3.4C)
[152]. This assasy format is a competitive immusagsin which the the SAH from the
sample and the SAH that is immobilized on a solidlaxe competes for the anti-SAH
antibody. Therefore, the signal that is detecteidvsrsely proportional to the concentration

of SAH in the sample.
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Figure 3. 4.Non-radiometric assays developed for MTases.
(A) Spectrophotometri(B) FluorescencéC) Competitive immunoassay (HRP = horse radish pdese). See
text for details.

3.1.4. Plan of Action

In the previous chapterChapter 3, the overexpression and purification of a
hexahistidine-tagged TSR were described and diedus3his chapter describes the
biochemical characterization of this purified cledvTSR by means of the traditional FB
assay. Although the FB assay has been the assejoafe over the years for measuring
methyltransferase kinetics, it is time consumimdporious and not suited for high throughput
applications. This chapter also documents the mneéiry development of a sensitive and

efficient radiometric SPA method to more converlieassay TSR
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3.2. Materials and Methods

3.2.1. Reagents and Materials

The following reagents and materials were obtain@u the following companies:
Amersham Biosciences (formerly Pharmacia Biotech) ppsala Sweden)S-adenosylk-
[methyl-H] methionine {H-AdoMet*; 60-80 Ci/mmol), RNA YSi Binding SPA bead

(uncoated), Polylysine YSi Binding SPA beads

Bioshop (Burlington, ON): ammonium chloridelN-2-hydroxyethylpiperazin®'— 2-

ethanesulphonic acid (HEPES), magnesium chloridathalrate

EMD Pharmaceuticals (Durham, NC): glycerol, potassium hydroxide, trichloroaceticcaci

RNase inhibitor

MP Biochemicals ( Solon, OH)Cytoscint ES liquid scintillation fluid

Roche Diagnostics (Laval, QC)16S/23S ribosomal RNAE( coli MREG600)

Sigma Chemical Company (St. Louis, MO)f3-mercaptoethanof-adenosyl-methionine

p-toluenesulfonate salt (from yeaf0%), diethylpyrocarbonate (DEPC)

UltiDent Scientific (St. Laurent, QC): low binding pipette tips
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VWR (Mississauga, ON):Whatman GF/B and GF/C glass filters, siliconizpdendorf

tubes
3.2.2. General Equipment

3.2.2.1. Liquid Scintillation Counter

All radiometric readings were carried out on a Beak LS 5000TD (Fullerton, CA)

or a Beckman LS 6500 TD (Fullterton, CA) liquidrgdiation counter.

3.2.2.2. Centrifuges

Small volume centrifugation was carried out usihg Biofuge A microcentrifuge

(Heraeus Sepatech GmbH, Germany).

3.2.2.3. Cell Disruption Equipment

Lysis of cells for purification were obtained fragonication of resuspended cells with
a Sonicato™ cell disruptor model W225 from Heat Systems-Uliréss, Inc (Plainview,

NY), converter model #2 with a standard taperectroiip at an output control setting at 5.

3.2.2.4. Chromatographic Equipment

The Unosphere-Q anion exchange column was acqtroed BioRad (Mississauga,
ON) and the MonoQ column was obtained from AmershBrosciences (formerly
Pharmacia, Uppsala, Sweden). Purification of UT-T8Rs performed on a high
performance liquid chromatography apparatus (HPLEPLC was performed on a
Pharmacia Biotech (now Amersham Biosciences, Upp$veden) system comprising of:

LCC-500 chromatography controller, two P-500 pum{d¥,-7 motor valve and Empower
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Pro (Build 1154) software. HPLC was carried outaowaters HPLC system (Milford, MA,
USA) consisting of the following components: Waté0S controller, Waters 626 pump,
Waters 2996 Photodiode Array Detector, in additorWaters Empower 2 software (Build
2154). All agueous buffers were filtered through0.2 um membrane filter (Pall Life
Sciences, East Hills, NY). Before injection all sdes were filtered through a syringe filter:
0.2 um polyethersulfone membrane (VWR International, ¥4isauga, ON). All buffers were

degassed prior to use.

3.2.3 General Experimental Protocols

3.2.3.1. Minimization of RNAse Contamination

A number of precautions were taken to minimize RBAontamination, as TSR
requires an RNA substrate. Fresh gloves were woall ames. All preparation areas were
wiped with RNase AWAYM. Spatulas, glassware etc. were wrapped in alumifuiinand
placed in a 160C oven for a minimum of four hours prior to usedaall plastic-ware
utilized was certified RNase free by their respertnanufacturers. All buffers were made
from RNase-free Milli-Q water (MQW). RNase-free MQWas prepared in the following
manner: 0.1% v/v diethylpyrocarbonate (DEPC) wadded to MQW and allowed to stir for
one hour in 37C or overnight at ambient temperature. The DEP@&tée MQW was then
autoclaved to remove residual DEPC from the salufib4,155]. In assay mixtures, 1 U of

RNase inhibitor was added.
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3.2.3.2. Reducing The Specific Activity c8-adenosylt -[methyl-*H]-methionine

The specific activity of the commercially availabteibstrate i.e.Sadenosylk-
[methyl-°H]-methionine {H-AdoMet*) is often reduced for storage and assagditions.
The specific activity of a radiochemical is definagl the amount of radioactivity per unit
amount of substance i.e. Ci/mmol. Reduction of gjeactivity can be accomplished with
the addition of non-radiolabelled (“cold”) compourttiat is, while the absolute amount of
radioactivity remains the same, the total amourgutifstance increases giving a smaller value
for specific activity. The amount of unlabelledhgmound to add can be calculated with the

following formula [156]:

W= Max| -
A A

Where W = weight (in mg) of unlabelled “cold” compul to be added (mg)
M = molecular weight of radiolabelled compound (g/m
a = total activity (GBQ, mCi) in sample
A = molar specific activity (GBg/mmol, mCi/mmol cbmpound as supplied)
A’ = molar specific activity (GBg/mmol, mCi/mmol) tife desired diluted compound

Typically the mass (in mg) of the cold AdoMet te Added to the “hot” sample is
~0.477 mg (achieved through addition of a stockitsmh at a concentration of &g/uL or 10
Hg/L in 50 mM HEPES pH 7.5, 7.5 mM Mg&l 73.5 mM NHCI, 3 mM B-
mercaptoethanol, 10% glycerol) to give a specifiivity of 500 mCi/mmol and the solution

is aliquotted and stored at -20. Please refer to appendices for detailed sangidailations.

3.2.4. Filter Binding Assay for TSR”

The MTase activity of the purified enzyme was gmatlin vitro by measuring the

amount of°’H-methyl (from PH]-AdoMet*) incorporated into the substrate rRNAinktic
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data for TSR have been previously published in litezature [113,114,157]. However,
reproducibility with initial kinetic assays perfoed was not acheived with our experimental
set-up when the literature protocol was followedultiple aspects of the assay preparation
were refined to allow for reliable and accurateed®ination of TSRKkinetic parameters. In
addition, low-binding pipette tips and siliconizé&gpendorf tubes were introduced in the
assay to permit maximum retention of sample thay otherwise be lost through handling

and manipulation.

3.2.4.1. TSRFilter Binding Assay Refinement and Optimization

A series of time courses and kinetic assays werpned under varying conditions.

Table 3.1 shows different aspects of the assayepge that were altered.

Table 3.1:Different Variables of the Filter Binding Assay @pized.

Assay Variable Manipulation
RNA Refolding vs. no refolding (used as is from mi@cturer)
Enzyme TSR vs. untagged TSR enzyme (UT-TSR)
Enzyme concentrations (20 nM, 40 nM, 80 nM, 100ard 160 nM)
AdoMet Different specific activities (500 mCi/mm@50 mCi/mmol, 125 mCi/mmol)
Sample Handing Filter binding paper (GF/B vs. GF/C)

TCA precipitation time (0, 15 min, 30 min , 45l h, 2 h)
Volume of TCA used to washed sample (10 mL, 20 8fL.mL)
Volume of TCA used to quench methylation reacti@® mL, 1.5 mL)
Concentration of TCA (5% w/v, 10% w/v)

Liquid scintillation cocktail addition

All time-dependent measurements of enzymatic dgtiwere performed in the
following manner using the previously published neelologies [113,114,157] as a template:
the 16S/23S rRNA was thawed over a period of oner lem ice prior to assay use.
Incubation of 1uM of 16S/23S rRNA, 8 pmol TSRn Assay buffer (50 mM HEPES pH 7.5,
7.5 mM MgCh, 73.5 mM NHCI, 3 mM (3-mercaptoethanol, 10% glycerol) was performed

for 15 min at 25°C. The methylation reaction (total volume 100) was initiated by the
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addition of 2.5uCi of [*H]-AdoMet* (with a specific activity of 500 mCi/mniofinal
concentration: 1.7 mM). The methylation reactiorswarried out at 25C for the allocated
time period and quenched with 50Q of ice-cold 5% TCA (w/v) solution. The quenched
reaction mixture was kept at’C on ice for one hour and the precipitated rRNAdpici was
filtered through glass filters and washed with 10 af ice-cold TCA solution. The filter
paper was allowed to dry overnight before additimn10 mL of Cytoscint” liquid
scintillation cocktail. For all trial kinetic asssythe rRNA substrate concentration was varied
from 0 nM to ~340 nM and théHi]-AdoMet* was kept at 2.RCi.

Modifications of this standard procedure were maoemanipulate the variable

required for assay optimization as outlined in €ahll:

Refolding the Ribosomal RNA Substrate

The 16S/23S rRNA was thawed on ice for one hobe IRNA was unfolded at 65
°C for 15 min and allowed to cool to room temperatior a minimum of one hour prior to
addition to the reaction mixture. AlternativelyetrRNA was unfolded at 68C for 30 min
and allowed to refold over 1.5 h. Also, the rRNAsmanfolded at 85C for 30 min and

allowed to cool to ambient temperature over 1.5 h.

Enzyme Manipulation

Different concentrations of TSRvere used in the development of the assay (20 nM,
40 nM, 80 nM, 100 nM and 160 nM). In addition, thetagged version of the enzyme (UT-
TSR) was over-expressed and purified for semi-gtaive methylation analysis. The gene
encodingtsr (pUC-TSR) inE. coli DH5a was obtained from Dr. Gerry Wright of McMaster

University (Hamilton, ON). A starter culture inoetéd from frozen stock was grown at 37
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°C in TB broth (per litre: 12 g tryptone, 24 g yeastract, 4 mL glycerol in 900 mL ddB
plus 100 mL of 0.17 M KpPO, and 0.72 M KHPO,, pH 7.0) supplemented with
chloramphenicol (341g/mL). Large scale growth was then initiated withQ®-fold dilution

in media and grown at 3T with constant agitation (~200 rpm). The expressibthe UT-
TSR was induced at mid-log phase gdA = 0.5-0.8) with 1 mM isopropyp-
thiogalactopyranoside (IPTG). The cells were grofen four hours and harvested by
centrifugation (5 min at 13 00€g) and frozen at -80C.

The cell pellets were resuspended in lysis/loadinffer (50 mM Tris pH 7.5, 10%
glycerol) with 1 mM phenylmethylsulfonyl fluoridelPMSF) and thawed on ice. The cell
suspension was then sonicated on ice for 10-1Z2sywith 10 s pulses separated with one
minute pauses. The soluble cell fraction was ctdlkdy centrifugation at 48 30 (20000
rpm) with a JA-25.50 rotor for 20 min at°€. Further removal of any remaining particular
cell debris was achieved through filtering throagh.2um filter.

The cell lysate was loaded onto the anion exchacgamn (UnoSphere). The
column was washed to baseline absorbance at 28@\ rimear gradient of KCI at 1%/min
from Buffer A (50 mM Tris pH 7.5, 10% glycerol) Buffer B (50 mM Tris buffer pH 7.5, 1
M KCI, 10% glycerol) was used and UT-TSR elutedwsstn 7% - 23% KCI, but only
fractions containing 15-18% were collected for thbowing step in the purification. KCI
salt was dialysed away from the protein before dbeond stage of purification. A second
anion exchange column (MonoQ) was used with theesgradient and the enzyme eluted
gradually over 20% - 40% KCI. The fractions contain28-31% salt were collected and
dialyzed against 50 mM Tris buffer pH 7.0, 75 mM IK&hd the purified protein was then

stored at -80C for future use.
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3.2.4.2. Optimized TSRFilter Binding Assay

The methylation assays were performed with the mmaodifications that were used in the
previous experiments. Methylation reaction mixtucestainedX puM of 16S/23S rRNA
(whereX = 0 nM to ~340 nM), 4 pmol TSR40 nM) in Assay buffer (50 mM HEPES pH
7.5, 7.5mM MgC4, 73.5 mM NHCI, 3 mM B-mercaptoethanol, 10% glycerol) and were
incubated for ~15 min in a 2% water bath. Methylation was initiated by the &ddi of of
2.5 uCi of [*H]-AdoMet* (500 mCi/mmol); the pipette tip was washwith the methylation
reaction by 10 cycles of aspiration and expellatdrthe tube contents. The reaction tube
was also flicked gently 30 times before placingkiato the water bath.

The reaction was performed at 26 and quenched at the desired time point by
adding 1.5 mL of ice-cold 10% TCA (w/v) solutionh& quenched reaction mixture was kept
at 0°C on ice for one hour and the precipitated rRNAdpict was filtered through a GF/C
glass fibre filter paper (2.5 mL) and washed withnL of ice-cold 10% w/v TCA solution.
The filter paper was allowed to dry overnight befaddition of 10 mL of Cytoscift liquid
scintillation cocktail. After addition of the codlit, the vial was vortexed vigorously for one
minute and allowed to stand for a minimum of 10 imiior to placing in a liquid scintillation
counter.

To obtain kinetic constants for rRNA, th#H]-AdoMet* concentration was kept at
1.7 mM (2.5 uCi; 500 mCi/mmol) and initial velocities were messil at varying
concentrations of 16S/23S rRNA from 0 nM to ~340.nM obtain kinetic values for

AdoMet, the RNA concentration was kept at 0. 244

82



3.2.5. Towards the Development of a Scintillation Proximity Assay for TSR’
3.2.5.1. Selection of SPA Bead Type

Two different types of beads were evaluated: psiyle coated yttrium silicate (YSi)
SPA beads and RNA binding YSi SPA beads. Polylydseads were supplied as a
lyophilized powder and were reconstituted in thesays Quench buffer (167 mM sodium
citrate pH 2) at a concentration of 20 mg/mL. ThéARbinding beads were provided in a
suspension of water (100 mg/mL) from the manufartjrand were transferred into assay
guench buffer. This was achieved by allowing theadseto settle to the bottom of an
eppendorf tube and pipetting off the water and thating the same volume of assay quench
buffer. This was done for a minimum of four timegpthe time period (minimum of four to
five hours) as the beads were quite easily suspkeride working concentration of the RNA
binding beads was also at 20 mg/mL. Different catregions of bead-quench suspension
were made from the 20 mg/mL stock (0, 0.25, 0.3,.3,, 2, 2.5, 3 mg/assay).

The methylation reaction was set up in a similannea to that of the FB assays
described earlier. After the thawing of the 16S/2BSIA on ice over one hour, the RNA
substrate was incubated with 4 pmol of T8RAssay Buffer buffer (50 mM HEPES pH 7.5,
7.5 mM MgC}, 73.5 mM NHCI, 3 mM B-mercaptoethanol, 10% glycerol) for 15 min at 25
°C. Upon addition of 2.5Ci of [°H]-AdoMet* (specific activity of 500 mCi/mmol), the
methylation reaction was initiated (total volumeéd1Q.) at 25°C and allowed to proceed for
15 minutes before quenching with the bead-assagdueuffer to make a final total volume
of 350uL (250 uL quench solution + 10QL assay volume). The bead-assay quench mixture
was constantly agitated to prevent beads fromirsgtitb the bottom. This was achieved with

constant light vortexing. The beads were alloweddttle for two hours or longer, and then
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samples were counted with a liquid scintillationuster. A control experiment was
performed in an identical fashion with rRNA subttraresent, but no enzyme as a negative
control.

It was found that polylysine YSi beads gave mog@aducible data than the RNA
binding beads. Therefore, for the rest of the askaselopment, polylysine YSi beads were

used at 2 mg/assay.

3.2.5.2. TSR SPA Refinement and Optimization

A series of time course experiments were perforaoreter varying conditions with
the same procedure as described in the previotisséSection 3.2.4)1 Table 3.2 shows

different aspects of the assay procedure that imgestigated:

Table 3.2:Different Variables of the Scintillation Proximifyssay Optimized.

Assay Variable Manipulation
RNA Lower [rRNA] (50 nM)
Refolded rRNA
Enzyme Enzyme concentrations (20 nM, 40 nMg!, 16 uM )
Temperature 37 °C incubation with beads
Non-specific Different blocking agents were evaluated:
binding KCI, Tween-20, Triton-X100 and BSA

3.3. Results and Discussion

3.3.1. Filter Binding Assay for TSR”

Kinetic parameters of TSRwere available in previously published literature
[113,114,157] and were used as the starting estsnédr concentration ranges for the
enzyme and substrates in our assays. Optimizatidregaluation of the assay procedure was
required as reproducibility was not possible in bands and large errors were incurred with

the initial biochemical characterization of TSEfforts were made to minimize error with

84



the introduction of low-binding pipette tips andic@nized Eppendorf tubes to the assay set-
up. Other assay variables were manipulated andeefihrough many replicates of data sets

to give a reliable and accurate determination dRTirameters.

3.3.1.1. Refolding the Ribosomal RNA Substrate

Proper secondary and tertiary structure is importa the biological role of RNA
[158]. The 16S/23S rRNA substrate acquired frommntanufacturer was used without any
manipulation for assays. On occasion, it was faimadl quality of the RNA from the supplier
was found to be quite heterogeneous (which ledaneous results for some replicates of
kinetic data), the possibility of having to refotde rRNA substrate to a biologically
functional conformation was explored. In assaydqoered by Bechthold and Floss [113],
the RNA substrate was heated to°&5for 15 min and then cooled to room temperatureafo
period of 30-60 min. The rRNA substrate that wadizetl for our assay purposes was
unfolded at 65°C for two different time periods: 15 min and 30 naind then permitted to
cool to ambient temperature between one to oneaahdlf hours. In addition, a higher
temperature was utilized to perform the unfoldiB8§ {C) and refolded over 1.5 h (Figure

3.5).
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Figure 3. 5:Short 15 min time course where the rRNA substrate denatured at elevated temperatures and
refolded over time.

It was observed that in all three cases that nteiby activity was completely
eliminated (reduced counts) compared to the RNAstsate that was not denatured and
refolded. The rRNA substrate utilized by Bechthaltl Floss was a significantly smaller
fragment (nucleotides 1029-1122) compared to ouf/ABS rRNA substrate. As a
consequence, the heating and refolding with theesaonditions and conditions of a longer
time frame and/or elevated temperatures most lidalynot permit the RNA to fold back to
its correct secondary structure resulting in a fumttional RNA substrate. Therefore, for all
remaining modifications of the enzyme assay, th&/28S rRNA was used without

unfolding and refolding.

3.3.1.2. Enzyme Manipulations

The effects of enzyme concentration on the metioylareaction were probed. One
would expect a direct proportionality of the concation of the MTase to the initial rate of

methylation reaction. The error observed and tipication of three sets of data did not
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make this relationship obvious indicating that &eot yet to be identified variable was
responsible for most of the observed experimengaiations (Figure 3.6). Further assay
optimization was pursued with the wild type, unteggggnzyme (UT-TSR) as the histagged-
TSR, which was subsequently cleaved in the lategges of the purification (sé€ghapter 3,
had proven difficult to handle. The presence otisidn tag could potentially alter protein
conformation [117,124], and this effect could pdiaty be irreversible even though the tag
was proteolytically removed. Therefore, the untalggezyme was isolated and purified and

methylation activity of this enzyme was compareth cleaved histagged TSR
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Figure 3. 6: Time course of methylation reactions with differ@i®R concentrations.
Data obtained from this experiment indicated thhéoaspects of the assay remained to be optimized.
The growth and induction conditions for pUC-TSRZLcells were identical to that
for recombinant protein production from pTSR10/BLAfter cell breakage, the crude lysate
was subjected to anion exchange chromatographyguasim UnoSphere-Q column and
fractions were identified between 7% - 20% KCI bpSSPAGE (Figure 3.7). Fractions

containing 15-18% KCI were pooled and further pesesl using a MonoQ anion exchange

column. During this final step of purification, UTSR fractions were identified over the
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range of KCI concentration of 20% - 40% (Figure)3The fractions that contained the 28-
31% salt were selected based on the protein’syptortfuture biochemical analysis. These
fractions were dialyzed against 50 mM Tris buffétr p.0 containing 75 mM KCI and 10%

glycerol and stored at -8.

AU,
2
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" ao0) a0 400 5000 6000 7000
Time {min)

Figure 3.7: Chromatogram showing the separation of UT-TSR ftieencrude cell lysate mixture.
Fractions eluted from the anion exchanger (UnosglBrbetween 7-23% KCI (1%/min; shaded in lightyre
Fractions containing 15-18% KCI (shaded in darkypmere pooled together and carried to the next sfehe

purification.
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Figure 3.8: Elution profile of UT-TSR from the anion exchang®ib-Q column.
Protein was loaded onto the column and eluted avitBo per minute KCI gradient. UT-TSR was detected i
fractions between 20% to 40% KCI (light grey). Ofrigctions containing 28-31% salt (dark grey) were
collected and stored for experimental purposes.

Time courses performed on the freshly purified THR also had no consistent
pattern (Figure 3.9), suggesting that His-tag chgavof the NTA-purified enzyme did not

affect activity as previously thought. It is app#rérom all the data collected thus far that
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methylation activity of both the TSRand UT-TSR was not likely compromised by the
purification process, and indicated that other mémdl aspects of the assay required
refinement and optimization. The following sectidiscusses the assay variables that were

altered to eventually obtain reliable and consistietia.
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Figure 3.9: Representative time course of UT-TSR.

Results show the same inconsistency as previomstydourses obtained with TSiRdicating that the cause of
the erratic data is not likely due to any detrinadeffects of the presence of a hexahistidine tag.

3.3.1.3. Refinment of Other Technical Assay Variakels
Specific Activities ofH]-AdoMet*

The specific activity of radiolabelled compoundders to the total amount of
radioactivity per unit mass [156]. A compound walspecific activity of 1 Ci/mmol yields
3.7 x 10" disintegrations per second per millimole of commehuAll commercial tritiated
AdoMet acquired in our study has a high specifitvag (~60-90 Ci/mmol) and is diluted
with excess unlabelled AdoMet to reduce the speaifitivity to 500 mCi/mmol for storage

and assay use.
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It is recommended that radiolabelled compoundsttred at lower specific activities
to slow down the rate of decomposition of the coumh which can otherwise affect the
results of studies. Therefore, storage tfi]{AdoMet* at lower specific activities was
compared to the original 500 mCi/mmol (Figure 3.10Verall results show that samples
with lower specific activity still yielded inconsent data. Therefore, the specific activity of

500 mCi/mmol for storage and assay purposes rehainaltered.
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Figure 3.10: Short time courses with lower specific activitidg #{]AdoMet*.
Lower specific activities were used for both steragd assay purposes and were found to have no
improvement on the acquired data.

Filter Paper and TCA Conditions
The type of filter paper and different trichloroiceacid (TCA) precipitation
conditions were varied in combination with eacheothiTable 3.3 shows the combinations

that were studied:
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Table 3.3:Different Combinations of Filters and TCA Precipita Conditions Used for Optimization of the
Filter Binding Assay.

Combination  Glass Filter TCA condition

1 GF/B Precipitation time (0, 15 min, 30 min , @, 1 h, 2 h)
Higher TCA concentration (10% wi/v)

2 GF/C Precipitation time (0, 15 min, 30 min ,mh, 1 h, 2 h)
Higher TCA concentration (10% wi/v)

3 GF/C TCA Quench solution volume (0.5 mL, 1.5 mL)
Higher TCA concentration (10% wi/v)

4 GF/C Washing volume (10 mL, 20 mL, 30 mL)

Higher TCA concentration (10% wi/v)

The filter paper that was chosen for the assaysWitaagtman GF/B glass microfiber
filter paper. Whatman GF/B filter papers were allyi chosen over the standard Whatman
GFI/C filters for their ability to collect precipted macromolecules such as protein and
nucleic acids. The length of time required for grecipitation of the tritiated rRNA was
investigated to ascertain if the length of the timdowed for substrate precipitation
influenced the measurements. Since small volumesiata were utilized in the assay, errors
during handling of assay components during the ra¢ipa and counting, such as a small
amount of rRNA not being precipitated, could haramslated into a significant variation of
radioactive counts.

A comparison of both filter papers was performedambination with variation in
the length of time used for precipitation. This ynatic reaction was performed over a fixed
duration (15 min) and it was observed that afteniid with 10% TCA on ice, there did not
appear to be a significant difference in countsveen that and longer precipitation times

(Figure 3.11).
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Figure 3. 11:Comparison of different TCA precipitation times\ween GF/C and GF/B glass filters.

The GF/C filter paper is significantly thinner thée GF/B counterpart permitting
faster processing time during the washing procHss.vacuum used for filtration assays had
to be adjusted to allow rapid filtering but notte@ar the membranes. It appeared that better
overall washing occurred with the thinner filtermmarane, and it was observed that the error
was reduced for the GF/C filtered samples when @wetp to the use of GF/B filters.
Therefore, the filter paper used for our vacuumtesysin all subsequent studies was the
standard and thinner GF/C glass fibre filter paper conjunction with the higher
concentration of 10% w/v TCA.

A time course study was then performed using timndr GF/C filters, in conjunction
with a larger TCA quench buffer volume. In lieu sibpping the enzyme reaction with 0.5
mL of 10% w/v TCA, 1.5 mL was used instead. The GFlter paper was better suited for
our vacuum system significantly less error betweeplicates. Additionally, the larger

guench volume most likely provided a quicker teration of enzyme methylation reaction
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by dilution effects along with the drastic pH chargrovided by the acid. However, it was
evident that further optimization of the assay wexglired.

Since the error in the time courses was manifestgdonly between replicates, but
also between time points, it was assumed that e{te¢AdoMet* was not being thoroughly
removed from the filter paper during the washingcesss in spite of changing to a thinner
glass filter paper. It is imperative that filtere wvashed sufficiently to remove as much
unbound radiolabelled AdoMet to maximize the spediinding signal detection. Larger
volumes (two and three times) of TCA used for waghthe filter paper were used. It was
found that 10 mL of 10% w/v TCA used for washingsvafficient and larger volumes did
not aid reduce error, but only contributed to itheetrequired to perform the assay.

Liquid Scintillation Cocktail Addition

The last step prior to the counting of replicagethe addition of the LSC cocktail to
the filter paper (dried overnight). Surprisinglywias found that after the addition of the LSC
cocktail, vigorous mixing of the LSC vial with theortex apparatus for one minute and
letting the vial sit for 10 min allowed for morerstent and reliable data. Prior to this, the
LSC cocktail was simply added and the vial invettege times before putting in the liquid
scintillation counter to obtain counts. Therefosafficient incubation time was required to
allow the embedded radiocompound within the fifi@aper to become accessible to the liquid

scintillation counter for maximum signal and reddie@riability (Figure 3.12).
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Figure 3.12: Time course of methylation that showed drastic mupment after several adjustments were made
described in the text.
The last adjustment made was the LSC incubatioe tivat eliminated error between time samples.

3.3.1.3. Evaluation of Kinetic Parameters of TSRwith Optimized Filter Binding Assay

With the optimized FB assay, these slight adjustsieand improvements have
yielded an assay procedure that generates reptidueplicates of kinetic data. The kinetic
parameters for TSRbtained in this study are shown in the Table 3.4:

Table 3. 4:Kinetic parameters for the TSRatalyzed methylation of 16S/23S rRNA.

Km (uM) Vmax (umol/min/mg) kcat (s%) kcat/Km (M s?)
(x 10?) (x 10?) (x 10%
AdoMet* 40 +5 1.0+ 0.1 N/A N/A
16S/23 S rRNA 0.7+0.3 2.3+ 0.4 2.3+0.2 3.8+0.2
AdoMet? 100 N/A N/A N/A
58-mer hairpin rRNAY 20+£0.5 5.4+ 0.5 2.6+0.2 1.6
AdoMet? 100 N/A N/A N/A
23 S rRNAY 2.0+ 0.5 4.3+ 0.9 2.0+0.5 1.2

YAs reported by Bechthold and Floss [113]

* To obtain kinetic parameters for rRNA, the AdoMemcentration was kept at 1.7 mM and rRNA coneiatns were varied from 0 nM
to 340 nM. To obtain kinetic parameters for AdoMée RNA concentration was kept at 0.3 and the AdoMet concentration was
varied from 0 mM to 0.255 mM.

Kinetic data obtained for TSRonverges with the values reported by Bechthotli an
Floss [113]. The magnitude of the Km and Vmax valae comparable to previous studies

for the AdoMet and rRNA substrate, although theghdli differences did result in a
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corresponding two to three time difference in tragalytic efficiency (kcat/Km) of the

enzymes. Figures 3.13 show the Michaelis-Mentenhqila representative set of kinetic data:
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Figure 3. 13 Michaelis-Menten plot of a representative set otkic data for both substrates, Ador(&) and
16S/23s rRNAB).

3.3.2. Sintillation Proximity Assay Development for TSR’

Throughout the entire assay refinement processhioffilter binding method, it was
noted that the conventional filter binding (FB) asswas time and labour intensive.
Alternative methods were sought and the ScintilatProximity Assay appeared to be well
suited for our assay purposes. SPA is an approaah does not involve post-reaction
handling steps that could contribute to experimeateor in our current system. Efforts
towards the development of a SPA method for T8&e pursued concomitantly during the
FB assay optimization.

We selected a solution phase signal increase desagt. In solid phase SPA, the
substrates are immobilized on the SPA bead andarewhat compartmentalized from the
enzyme, which could affect the parameters of thehlslelis-Menten kinetics. Signal increase
assays are also recommended for monitoring enzytnaty, where the labelled product, in
this case the 16S/23S rRNA, is coupled or bountti¢dcSPA bead. Therefore, the increase in

the signal detected is proportional to the actieityhe methyltransferase.
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3.3.2.1. Selection of SPA Bead Type and Amount

Various types of SPA beads are available comnigrcighich differ in their matrix
composition (polyvinyltoluene or yttrium silicatapd in the “capture molecule” coupled to
the surface of the bead. Two types of beads weoserhfor evaluation: polylysine and
uncoated yttrium silicate (YSi) beads. The posltiveharged polylysine (polylys) residues
derivatized on the surface of the bead can fornicigrteractions with negatively charged
molecular species such as nucleic acids [159],envhiicoated YSi beads (also known as
RNA-binding beads) have been demonstrated to icitexéth phosphate groups in small
molecules such as ATP, oligonucleotides and labjemolecules such as RNA and DNA
[159].

Initial development of the SPA method involvediopting bead concentration; other
reaction conditions were adapted from the FB adsaybation times for methylation were
15 min and the reaction was terminated with quendffier in the presence of SPA beads.
The bead content utilized ranged from 0 to 3 m@BA YSi bead per assay reaction. We
sought to obtain a signal and minimize backgrouadised by non-specific binding (NSB)
and/or close proximity effects (CPE) (Figure 3.14ISB can be be overcome by use of
blocking agents so that free radiolabel is preweifitem adhering to the bead surface. CPE
can be a result of a high concentration of radielland or a high concentration of SPA

beads. Although the radiolabel is not bound tooad, it is in close enough to elicit a signal.

96



A B

Freiﬁ ;2?&%?: ° 7@ »y » Non-specific ¥ 4
> > bo‘und radiolabel > >
¥
> 4 Specific bound
P 4 @\~~~  Bound " « ¢ radiolabel
v radiolabel v
v v
v v
v v

Figure 3.14:False signal dectection is possible with SPA beads.
Close proximity (A) and Non-specific binding (Bffects can contribute to higher signal readingsitha
expected.

For both polylys and RNA binding beads, both tigmal and the NSB/false positive
effects increased with increasing amount of be&dgu(e 3.15). For polylys Ysi beads
saturation of binding was reached between 2 tonyfassay as the signal to noise ratio
decreased at higher amounts of beads. Thereforeméximal sensitivity and minimal
background noise, assays should be executed afgssag using polylys YSi beads (Figure
3.15A). With the naked RNA binding beads, 2 mg/asaas also required for optimal
assaying conditions; however, the error over theeerange of SPA bead amounts was large
(Figure 3.15B). Errors are most likely incurred idgrthe buffer change process; the RNA
binding beads are supplied in water and must baggdhover to the assay buffer. However,
beads are likely to be lost during the bead wastlpngcess and changeover process.
Furthermore, preparation of the RNA binding beadthe assay buffer required a minimum
of four to five hours with the washing and beadlipgt process. With the polylys beads
being supplied as a lyopholized powder, stock pepmms were facile and less time
consuming. Therefore, all SPA assays were performigd polylys beads at 2mg/assay

amounts.
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Figure 3.15:Optimal SPA bead amounts were determined for tifereint types of beads.
(A) Polylysine YSi beads an@®) RNA binding Ysi beads. Both types of beads at Zsgdy reaction were
found to give the largest signal with least amafritackground. It was observed that polylysine keadre
easier to handle and gave less error than the rzdeus.
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3.3.2.2. TSRRefinement and Optimization

Following the optimization of the bead amount fioe SPA platform, a time course
analysis of the TSRmethyltransferase SPA enzyme assay was perforAldtbugh CPE
and NSB effects were taken into consideration ftbenprevious bead amount study, it was
observed over a collection of time course data thethylation did not increase over time
(Figure 3.16). In a similar approach in the refieenof the FB assay, a number of assay
variables were addressed such as different enzyideR&IA concentrations, incubation of
the beads at an elevated temperature, refoldindRti& substrate and further minimizing

any possible CPE and NSB effects.
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Figure 3.16:Example of time course data obtained with Polylgsttsi beads.
Methylation did not increase over time indicatihgttfurther adjustments are needed to be made.

Enzyme and rRNA Concentrations Varied
Enzyme concentrations half of and 200- and 4004gintee original enzyme

concentration were used. The data did not shownarease in methylation over time and
remained the same with very little error betwegalicates (Figure 3.17). However, what was
observed was that the signal produced correlatdtetamount of enzyme present, indicating
that enzyme methylation activity was not compromhideurthermore, a quick comparison to
the FB method lent further support that the enzyemeained active and functional and not
an artefact of inactive dead enzyme. Likewise,daucgon in the rRNA substrate fromuiv

to 50 nM concentration yielded similar results (Figy3.17).
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Figure 3. 17:SPA time courses with differing concentrations mfyane and RNA substrate.
Varied concentrations of TSRA) and RNA(B) were attempted. Methylation remains unchanged tvey.

[enz] = 40 nM.

Elevated Temperature Effects

The methylation reaction was also carried out atlewated temperature of 3T.

The ice cold bead-quench solution was added amdfaither incubated at 37C in which

the SPA beads were allowed to settle at that temyper. Incubation of beads at a higher

temperature did not increase the effectivenessaloélled product binding to the bead, but

appeared to reduce it (Figure 3.18).
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Figure 3.18:SPAtime course at elevated temperatures.

At higher temperatures, methylation across timenditichange and appeared to be compromised.
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Refolding the rRNA Substrate

In a similar fashion to the FB assay, the 16S/28ARvas thawed over a time period
of one hour and followed by unfolding at a temp@mt65°C for 15 min. The RNA was
permitted to cool to ambient temperature for a miumn of one hour. Under the same
conditions for the FB assay, the methylation astiwvas completely eliminated. It was
assumed that the RNA was either not unfolded efiity or refolded corrected to its native
structure. However, the data acquired for the SRthod were rather ambiguous, and it was
not clear that methylation activity was compromig¢egjure 3.19). One would expect similar
results to the FB assay and therefore, it is moaa tikely that NSB and/or false positive

effects were giving a false signal.
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Figure 3.19:SPAtime course with refolded RNA substrate.
Non-Specific Binding Effects
Results from the RNA refolding experiments sugdgiest either NSB or false positive

signal effects are playing a role in the linearrdsuseen across time. Non-specific capture of

the radiolabelled co-substrate on exposed are#sec5PA bead may result in the apparent
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signal detected at a time point of zero minutesBN&fects can be overcome with the
addition of “blocking agents” in the bead-quenchiférusolution. Different blocking agents
were used in the formulation of the new quench éufiVaried concentration of KCI,
detergents such as TWEEN-20 and Triton X-100 and ®8re employed (Figure 3.20). The
addition of salt and detergents did not alter tssw linear trend of counts was observed.
With increasing amounts of BSA, we observe a sigait decrease in counts; at extremely
high concentration of BSA (1 mg/mL), the proteinl diot only reduce non-specific binding,
but circumvented specific binding as well. Most fiedtions show an addition of 0.1% BSA

to reduce NSB, however at that concentration, wendi observe a significant difference.
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Figure 3.20Q Different blocking agents used for SPA time course
Various blocking agents were attempted to redugenan-specific binding that may be occurring.
(A) lonic strength variation with KGB) Tween-20(C) Triton X-100 andD) varying BSA concentrations.

Further Optimization Required

Further investigation of the interaction and pmps of the SPA media is required.
NSB effects do not appear to play a significané iol measurements in all the time courses
studied. Other false positive effects needs toduessed, where freéHJAdoMet* may not
have physically adhered to the bead, but is ineckErsough distance to elicit a signal (close
proximity effects). This can be overcome by addmngre quench buffer and substantially

diluting the assay volume prior to counting in tlgpiid scintillation counter. For the time
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being, the FB method provides some detectable irafegnzyme activity until the SPA

method is fully optimized.

3.4. Conclusions and Future Work

In the early stages of research, the traditiod@rfbinding assay was problematic to
implement. Although shown to be previously executedarlier published works, conditions
were not optimal for our enzyme and experimentaluge Errors typically incurred with a
radiometric FB assays involve loss of product assed with handling of small masses and
dilute solutions, unwanted nuclease activity (ifriing with DNA or RNA) and quenching
effects (in particular with low energy of tritiuByparticles) [145]. It was observed quality of
our data was found to be more sensitive to techfacsors of the assay such as the type of
filter paper used, volume of TCA quench solutiom @uequate mixing of filtered material
with scintillation fluid. When these refinements tbe protocol were carried out, the result
was that appropriate data sets were attainabléehtordetermination of kinetic parameters.
While carrying out the FB assay, alternative andenstreamlined methods of assay for TSR
were investigated. The scintillation proximity ag$&PA) method is a procedure that has
become increasingly popular for its facile handlionder the FB method. Efforts towards
establishing an SPA protocol for TSRere undertaken. An optimal bead amount was
established for assay use and adjustments involemzyme and RNA concentrations,
temperature and blocking agents were carried auth&r work is needed to investigate the
proper signal detection such as deciphering tretr@dt NPEs may play. In summary, the FB

assay has been successfully optimized for our eazgystem while SPA experiments are
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still undergoing optimization. The comparison ohddic data to the FB assay will be

performed at a later date to validate the SPA nulogy.
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CHAPTER4: STRUCTURAL STUDIES OFTHIOSTREPTON
RESISTANCErRNA METHYLTRANSFERASE

Knots in proteins are a relatively rare occurreimcaature; less than one per cent of
protein structures deposited in the Protein DatakBhave knots identified within their
structure [116]. There are different types of knotvarying complexities found in proteins
such as the simple trefoil knoti(Bnot) and the figure-of-eight knot 4(4not), which have
three crossings and four crossings respectivelgufei 4.1) [160,161]. More recently, the
enzyme ubiquitin hydrolase has been shown to hhgentost complex knot structure yet
[162], a knot that possesses five crossings. Kwits five crossings can adopt two different
topologies: the doughnut form i(&%not) and the less symmetrical pretzel form kBot)
(Figure 4.1) [160,161]. The majority of knots tlmave been observed have the simple trefoil

knot (also known as the three-foil) [163].

A Va9, B (‘) N /:Q
Figure 4.1: Different types of knots that can be found witbtpin structure.
(A) trefoil knot with three crossings (mathematicalgnoted as.3; (B) figure-of-eight knot with four crossings
(mathematically denoted ag)4(C) a five crossing knot with symmetry, known as toeighnut knot

(mathematically denoted ag) D) a non symmetric five crossing knot, the pretzaltimathematically
denoted as$. Adapted from [161].

Most prevalent in the/3 knot superfamily [164] are son&adenosylk-methionine
(AdoMet) —dependent RNA methyltransferases (MTé#sal) were found to have a carboxy-
terminal domain that houses a deep trefoil knatcstire responsible for catalysis [27]. These

MTases are denoted as the SpogpoU-TrmD) class of MTases (Class V), whose double
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name comes from the amalgamation of two MTase fasthat were previously thought to
be unrelated (the SpoU and TrmD families) [29]. gkseviously discussed i@hapter 1 all
MTases in this class function as homodimers, aadXtterminal knot binds to AdoMet. The
active site is formed by residues from both mon@neuggesting that dimerization is
essential for catalytic activity [27].

The overall sequence similarity is weak among SpdWTases relative to their
structural conservation [27]. Nonetheless, theypdssess sequence motifs that are conserved
between membersChapter 3} (Figure 4.2) [27,115,165]. Based on amino aciqgusace
alignment analysis of several RNA ribose@®MTases [29], it was observed that TSRa

member of the SpoUT MTases (Figure 4.3).

Motif |: X-N/D/E-X-G/S-X  3-R-X 5-G
Motif I1I: h-V/L/I/M-h-G-X-E/Y-X 2-G-VILIIM/P-X
Motif 111:  V/NI-X-I-P-M-X 5-S-L/IM-N-X 3

Figure 4.2: Conserved sequence motifs observed in SpoUT MTases.
Hydrophobic residues are represented as h andakyismino acid residue.
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SpoU family

Motif | Motif 11 Motif 11l
35 37 41 412 143 150 152
tRNA (Gm18) MTase | ] | | | ||
T.thermophilu$dB8 TrmH - H  NLSAIL RT----- VLFGAEKWBVSE-----K | PMLGMVELNV---
E.coliTrmH H NVSAIl RT----- VLMGQEKTGTQ-----V | PMIGMVGLNV---
A. aeolicusTrmH - H NFSAIV RT----- LWGNELQGVSP--—--V | PMYGMASLNV---
23S rRNA (Gm2251) MTase
E.coliRmB H NLGACLRS----- LVXGAEGEGXRR----S | PXAGSVSLNV---
23S rRNA (Am1068) MTase
S.azureu’§SR - G N GAIVRT----- LLFGSEKGGPSD----S | PMMGQTE.NV---
Function unknown protein
T.thermophilu$diB8 RrmA - G NLGAVLRS---- | AVGPEHEGLRA-----R | PMQGQAS).NV---
H.influenzaeribk - Q NTGNII RL----- LMFGPETRGPM-----R | PMTANSBM\V---
TrmD family
tRNA (m1G37) MTase
E.coliTrmD - T DYGVTRA---- LVCGRY-E GDE----S | GDYVL-SGGEL---
S. typhimuriun¥rmd - T DYGVTGHA--—- LVCGRY-E GVDE-----S | GDYVL-SGGEL---
H.influenzaelrmd - T EFGVTRA----- LVCGRY-E GDE-----S | GDYVL-TGGEL---
A. aeolicusTrmD - S EYGVKQA---- | | CGRY-E GVDE-----S LGDFIL-S GGEl ---

Figure 4.3: Partial sequence alignment of representative mesrdfahe SpoUT MTase class of enzymes.
The three conserved sequence motifs are shownaddaimino acid residues show conserved residues.
Adapted from [115].

4.1. Homology Modelling as a Strategy to Study TSR5tructure

Information obtained from a three-dimensional suite of a protein or enzyme, in
conjunction with biochemical experiments, offerssesttial insight into its molecular
function. Traditionally, a detailed atomic stru@uis obtained by means of X-ray
crystallography or nuclear magnetic resonance (Nkhi@dhods [166]. X-ray crystallography
requires that the protein be of high purity at ghhtoncentration in order to form well
ordered crystals for diffraction. Unfortunatelychese of these requirements, not all proteins
are amenable to this method. NMR is only applicdbteproteins of a soluble nature and
small molecular weight, although this limit has beaised to 35 kDa [167]. While both
techniques have proven to be effective, they betjuire a substantial amount of time and

labour [168] and remain unavailable for use withtaie proteins [169]. The rate at which
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protein structures are elucidated by these two oaksthstill remains a limitation as the
number of protein sequences available is highivelab the number of protein structures
available [170]. Fortunately, the development ofmiatogy modelling has permitted
computational protein prediction methods to helpvaéite some of the demand for solving

structures teo gain structural insights on protgles,171].

4.1.1. Homology Modelling: Basic Background and Methodology

Homology modelling, also referred to as comparathadelling, is a computational
method that predicts the three-dimensional streabfia protein using only its sequence, and
the known structures of proteins, whose amino aeduences display a high degree of
similarity [172]. The basic assumption of this nmeathis that evolutionarily related proteins
should have similar structure and sequence [168].

There are four general steps in comparative maodgllil) identification of
homologous proteins that can be used as templaedban sequence of interest (target) 2)
alignment of target sequence with selected temdtatectures 3) building a model for the
target based on the information obtained from tatg@mplate alignment 4) evaluations of the

model. This process is repeated until a satisfactardel is obtained (Figure 4.4) [171-173].

|dentify related Select Align target sequence| | Build model [  /Model Yes
structures 1 template with template for target ok?

(template)
No

Figure 4.4: Flow chart of steps involved in homology modelling.
Adapted from [172].
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4.1.1.1. Selection of the Template Protein

The initial step is to identify at least one teaipl protein structure related to the
target sequence. This can be accomplished byrp@rfig a sequence similarity search in a
database using the target sequence as the seanch Flany of these databases are publicly
available through websites [172]. There are threeegal approaches in searching for
homologues.

The first is the most simple and most popular methib74]. Pairwise sequence
comparisons with every known protein structure idadéabase (i.e. The Protein Data Bank
[175]) are made and sequence identity, similaritg &-values are calculated [168,172].
Programs such as BLAST [176,177] and FASTA [17¢€]tgpically used [168,172].

The second method is based on a series of mustggjaence alignments performed to
expand the number of potential templates that carused [172] and works well with
homologues with less than 30% identity [171]. Tleblogues that are found are then used
to construct a profile sequence to be used asralsgaery again to obtain new homologues.
Subsequently, a new profile is then generated hadptocess is carried out in an iterative
fashion until no more new homologues are found [172,174]. From the final profile, a
sequence can then be used to search against tictustr database. PSI-BLAST [178] is a
program that is used often and is capable of sgakim distant evolutionarily related proteins
compared to BLAST [171,172,174].

The third technique is called protein threadingewmehthe target sequence is threaded
through a library of 3D folds. This is a pairwisengparison of the target sequence to a
protein structure and alignment of each sequencetste pair is optimized and scored to

see if the sequence can adopt that particular[fold,174]. This method is applicable when
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the above two methods (sequence and profile basedjioned are unable to identify any

homologues for the target sequence [172].

4.1.1.2. Target-Template Alignment

The accuracy of homology models is directly infloed by how similar the target is
to the template sequence. Generally speaking, lagggquence identity (50% or higher) can
generate a fairly accurate model with a 1 A rooamequare deviation (RMSD) between
their backbones, whereas proteins with sequencitigs of 30%-50% have a RMSD of 2-3
A with 80% of the structure being conserved [17Bfotein sequences with sequence
identities between 20-30% fall in the “twilight zshregion [180] where structural
conservation of proteins can be as low as 55% [1&X8ything determined to be lower than
20% in sequence identity is likely to give inacdarand unreliable results. Therefore, not
only in homology modelling where selection of ageptemplate is essential, the alignment
of the template to the target is just as important.

For sequences with high identity, errors with atigamt between the target and the
template are rare. However, error greatly increasesne moves towards the twilight zone,
as the number of gaps and local regions of rediissmilarity increase in size and number.

It is imperative at this stage of modelling thataacurate alignment be obtained.

4.1.1.3. Homology Model Building

Following the template-target alignment step ie #ctual construction of the 3D
model. There are a number of ways to constructrtbdel and will be briefly introduced in
this section. However for further details, an ebarglreview written by Marti-Renomt al is

recommended [172]. The first method is the rigidhp@ssembly method, in which the
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homology model is constructed from the average op@sitions of structurally conserved
regions (SCR) from a collection of template struesu(the framework). Loops and side
chains can be obtained from the aligned structaorescanning databases for segments of
variable amino acids that can “connect” the SCRR[181]. Alternatively, a model can be
generated by using segments of amino acid resifugslly seven) and using the atomic
positions of conserved atoms (usually @toms) from template structures as guiding
positions. Therefore, the model is made in segmestag structures or segments of template
proteins that can obtained by a protein structumealthse of all known proteins or by
conformational searching [172,181]. Lastly, a hoomgglmodel can be generated by using the
restraints from the starting templates. The basishis method is the concept that any
restraints or constraints of the template in teofnsond lengths, bond angles, dihedral angles
etc. will be similar in the target protein. Thenefpthese spatial restraints are used as a

guideline for geometry and optimization minimizati@chniques [172,181].

4.1.1.3. Evaluation of Model

The accuracy of the 3D homology model obtained nhgstassessed. The errors
accumulated in the model are directly related todbquence similarity shared by the target
and template. Therefore, verification of model gyahould be undertaken. The first thing
to be verified is whether the model has the corf@dt It will only have the right fold if the
correct template was used and the alignment wasptadaly correct. Once this is confirmed,
other details of the structure can be looked ah stscthe stereochemistry, spatial distribution
of small charged groups, main chain hydrogen banéic using free online programs such

as PROCHECK [182] and VERIFY3D [183].
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4.1.2. Plan of Action

Comparative analysis of TSRuggested it to be a SpoUT enzyme with a deegiltref
knot in the C-terminal region [27,29,115,165]. Hewe the actual structure of this enzyme
remained elusive and had yet to be elucidated.hén dbsence of any reported crystal
structure, prediction of the structure of the eneywas pursued by computational means.
Homology models of TSRhave been developed by our lab both for the monané the
dimer. At the same time, efforts along with ourlabrators resulted in an X-ray crystal

structure of TSR in the absence and presence dflato

4.2. Materials and Methods

4.2.1 Reagents and Materials

The following reagents and materials were obtain@a the following companies:

Amersham Biosciences (formerly Pharmacia Biotech){ppsala Sweden)thrombin

protease, Phastgels, Phastgel buffer strips

Bioshop (Burlington, ON): agarose, bacto-tryptone, chloramphenicol, imidazsbpropyl-
B-thiogalactopyranoside (IPTG), kanamycin, tricht@tic acid, Tris (hydroxymethyl)
aminomethane hydrochloride (Tris-HCI), and Thgdroxymethyl) aminomethane

hydroxide (Tris-OH ), phenylmethylsulfonyl fluoridfMSF), yeast extract

EMD Pharmaceuticals (Durham, NC): acetone, ethylenediamine tetraacetic acid (EDTA),
glacial acetic acid, glycerol, methanol, sodiumeltnd sulphate (SDS), sodium chloride,

sodium hydroxide
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New England Biolabs:100 bp DNA laddenNdd, BanHl

Sigma Chemical Company (St. Louis, MO):
B-Mercaptoethanol, bovine serum albumin, Bromoph&haé, Coomassie Brilliant Blue G-

250, ethidium bromide, nickel (Il) sulphate,

4.2.2 General Equipment

4.2.2.1. Computational Hardware and Software

Calculations of the homology model of the monoméfER was executed on a
Silicon Graphics Inc. (SGI, Mountain View, CA),Qvorkstation or the University of
Waterloo’s multi-CPU SGI Origin 3800 system calleléxor. Hardware specifications for
Violin (Honek lab SGI @): IRIX 3.5X operating system, MIPS R10000 procesship,
MIPS R10010 floating point chip, 195 MHz IP32 Presar, 750 MB RAM. Hardware
specifications for Flexor: 64-bit IRIX 6.5.27f opéing system and is a collection of forty
400 MHz MIPS R12000 CPUS and twelve 500 MHz MIPSI®RID CPUs with 52 GB of
RAM.

Homology modelling of the monomer and the dimes\arsued with Swiss-Model
(http://swissmodel.expasy.org), an automated prdtemology server [170,184,185] using
the visual client and tool DeepView — Swiss-Pdbwée (http://spdbv.vital-it.ch/) [184]. In
addition, comparative modelling software used wasn® Suite 1.2 (Schrédinger Inc,
Portland, OR) using the graphical interface Maegbthrédinger Inc, Portland, OR) for the

TSR monomer.
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4.2.2.2. Centrifuges

Microvolume centrifugation (< 1.5 mL) was carrieditousing the Biofuge A
microcentrifuge (Heraeus Sepatech GmbH, Germary)ldfge volume samples (>20 mL),
centrifugation was done on a Beckman Avaiti25I centrifuge (Mississauga, ON) or on the

Beckman Coulter AvantiJE centrifuge (Fullerton, CA, USA).

4.2.2.3. Chromatographic Equipment

The following columns utilized in the purificatioprocess were acquired from
Amersham Biosciences (formerly Pharmacia, Upps&igeden): HisTrap' HP, HiTrap
Benzamidine FF and MonoQ. Protein purification eVt incorporated TSR and TSRas
performed on a high performance liquid chromatogyappparatus (HPLC) on a Waters
HPLC system (Milford, MA, USA). The HPLC was conged of: Waters 600S controller,
Waters 626 pump, Waters 2996 Photodiode Array Dateinn addition to Waters Empower
2 software, Build 2154. All aqueous buffers wetefed through a 0.@m membrane filter
(Pall Life Sciences, East Hills, NY). Before inject all samples were filtered through a
syringe filter: 0.2um polyethersulfone membrane (VWR International, iisauga, ON).

All buffers were degassed prior to use.

4.2.2.4. Incubators

For standing or plated bacterial cultures, growtisvdone in a Precisiongravity
convection incubator from Precision Scientific, I{€hicago, IL). Liquid bacterial culture
growth used a a Series 25 controlled environmeotubator shaker (New Brunswick
Scientific Co., Inc., Edison, NJ) or InnoVh 4330 refrigerated incubator shaker (New

Brunswick Scientific) both shaking ~ 200 rpm.
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4.2.2.5. Protein Concentration Devices

Concentration of purified protein was accomplishesing VivaScience Vivaspins
(Stonehouse, UK) with a molecular weight cut offléf 000 Da, or NanosefCentrifugal

devices with 10 kDa molecular weight cutoff (PALEast Hills, NY)

4.2.2.6. Spectrophotometry

The following instruments were used to quantitptetein concentration by the
Bradford Assay method [134]: Varian Cary 3 UV-VisilSpectrophotomter (Mississauga,
ON) spectrophotometer with the CaryWinUV AdvanceelaBs Application Software 3.00
(182); Ultrospec 2100 pro UV/Visible spectrophoteeng Amersham Biosciences, Uppsala,
Swedan); Molecular Devices SpectramaXus 384 (Union City, CA, USA), SoftmaxPro v.

501 Software.

4.2.2.7. Thermal Cyclers

All PCR was performed on a Techhérinceton, NJ, USA) Techgene cycler or

Applied Biosystems GeneAmMPCR System 2700 v. 2.04 machine (Foster City, G3A).

4.2.2.8. Mass Spectrometer

Mass spectrometric analyses were performed at tateNdo Chemical Analysis Facility

(University of Waterloo) with a Micromass Q-TOF ldiia™ Global mass spectrometer.

117



4.2.3 General Experimental Protocols
4.2.3.1. Gel Electrophoresis
DNA Electrophoresis

Separation of plasmid DNA and DNA fragments wereoatplished using agarose
gel electrophoresis. Agarose gels consisted ofl(®8 (w/v) molecular biology grade
agarose andXLTAE (Tris-acetate-EDTA buffer; 40 mM Tris base, M glacial acetic
acid, 1 mM EDTA). Gels were prepared by adding@® & agarose to 100 mL of A TAE
and dissolved with heat (microwaving for approxiemattwo minutes). The visualization
agent, ethidium bromide (4L, 0.5 pug/mL) was added to the molten agarose (€jefore
pouring into plastic chamber and allowed to codNAsamples to be run on the gel were
mixed 1:5 volume of % loading buffer (10 mM Tris-HCI, pH 7.5, 50 mM EDTAQ0%
glycerol, 0.25% Bromophenol Blue). All samples wena in parallel with a 100 bp DNA
ladder in TAE buffer at approximately 80 V. Bandsre visualized under short UV-light for

photographs and long UV-light for band excision.

Protein Electrophoresis

Standard sodium dodecyl sulphate polyacrylamidestgetrophoresis (SDS-PAGE)
was utilized to separate and visualize proteingdbas their molecular weights. Separation
of proteins employed the semi-automated PharmduistBysterl! electrophoresis system
with precast gels and buffer strips. Gradient ¢&315%) were used for separation unless
stated otherwise. All protein samples were dendiuieearized and were made negatively

charged by boiling for 5-10 min after mixing witbading buffer (150 mM Tris-OH, 2%
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SDS, 1%3-mercaptoethanol, 10% glycerol, 0.1 bromophenact lpH 8.0) at a 1:1 ratio prior

to separation.

Coomassie Staining

Development of gels involved three steps: 1) Stginvith 0.1% Coomassie brilliant
blue R, 30% methanol and 10% acetic acid 2) Dasigiwith 30% methanol, 10% acetic

acid and 3) Preserving with 5% glycerol and 10%iaeceid.

4.2.3.2. DNA Manipulation and Cloning Methods

Standard bacterial and DNA cloning was perfornaibwing the standard molecular

protocols outlined by Sambroek al. [133].

4.2.3.3. Determination of Protein Concentration

Protein concentrations of sample were measuredllmaséhe Bradford method [134].
The Bradford assay dye reagent was prepared bypldisg 100 mg Coomassie Brilliant
Blue G-250 in 50 mL 95% ethanol. Then 100 mL of 8&%9#/) phosphoric acid was added to
the solution, which was then diluted to 0.5 L wdltH,O. Bovine serum albumin (BSA) was
used as standard protein and prepared in the saffex bolution as the protein of interest.
These solutions were used to determine a standaxe celating protein concentration to

absorbance at 595 nm.

4.2.3.4. Mass Spectrometric Analysis

Preparation of Protein Samples for Mass Spectroynetr
Verification of protein molecular weight was perfeed by analysis of data from

mass spectrometry. Buffer salts were removed frootepy samples by exchanging protein

119



into MQW using Nanosépcentrifugal devices with 10 kDa molecular weightoffi If
protein precipition occurs during this exchangept@n was exchanging using a 1 mL
Sephadex G25 gel filtration column with MQW as thebile phase. An additional step was
occasionally required where the eluted protein $ampas put through the NanoSep

centrifugal device to remove any remaining salts.

Electrospray Mass Spectrometry of Protein Samples

All samples (in MQW) were diluted with a solutiorf d:1 acetonitrile:water
containing 0.2% formic acid in a ratio of 1:1. Masgectrometry was carried out with
electrospray ionization (ESI) in positive ion modiéolecular mass was obtained using the

MaxEnt algorithm using the MassLynx program.

4.2.4. Homology Model Development

All four steps involved in homology model constioot template identification,
alignment, model building and evaluation [171-1¥&jre be carried out from end to end
using the homology server SwissModel (http://swisdel.expasy.org) [170,184,185], or
software suite Prime 1.2 (Schrddinger Inc, PortJa@®). Steps that involved third-party

programs will be indicated.

4.2.4.1. Template Selection and Alignment

Swiss-Model Homology Server:

For the Swiss-Model homology server, third partggsams were accessed for the
template selection and alignment process andgshdstailed in the text below.

The Streptomyces azureusSR protein sequence (accession number: P1846€§) wa

used initially as a search query for the non-redmhdnr) database using the BLASTp
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algorithm (http://blast.ncbi.nim.nih.gov/Blast.cd}76] with default parameters. After the
identification of conserved domains, the same queas performed against the PDB
database to obtain a set of homologues whose teuetas available as a modelling
template. The same search process was repeateg BSRBLAST [178]. The crystal
structures of RrmA (I11PA) [26], RImB (1GZ0) [165h@ AviRb (1X7P) [143] were selected
to be used for multi-template modelling processasreas, only RrmA (I11PA) was selected
for single sequence template comparative modelkiog.dimeric comparative modelling, the
AvViRb (1X7P) was used as the template based oittsdsom monomeric modelling.

The multiple sequence alignment (MSA) was gendratng online programs such
as CLUSTALW (http://www.ebi.ac.uk/Tools/clustalrdex.html) [186] and MultiAlin
(http://bioinfo.genotoul.fr/multalin/multalin.htmlI)187] with default parameters. The MSA
was analyzed manually and is determined that maeuadjustment was not necessary based

on conserved sequence motifs observed to be presBpbUT MTases [29,115].

Prime Protein Structure Prediction 1.2

The TSR sequence FASTA file was imported intowloekspace and submitted as a
qguery for the homologue search. The BLAST algoriim6,177] was used to search the
non-redundant PDB database and a list of homologwes generated, in addition to the
sequence alignment. Homologues with available siratcoordinates were indicated and a
search of the protein family based on the primagyuence of TSR was also carried out and
the protein was identified as a SpoU methyltrarsfer The top two homologues (1IPA and
1GZ0) were in agreement with the template selecficocess done for the Swiss-Model

projects. However 1X7P did not appear on the lstits sequence and PDB file were
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imported into the workspace as a modelling templdtee three structures were then
structurally aligned by Prime before continuingtorthe alignment process.

A secondary structure prediction was performed tfeg TSR query prior to the
alignment procedure. Prime performs sequence abgtenbased on both sequence and
secondary structural information. The alignment wamspared with the multiple sequence

alignment (MSA) obtained previously with Multalitg7] and adjustments were made.

4.2.4.2. Homology Model Building

SwissModel — TSR Monomer and Dimer Building

TSR Monomer Construction

Initially a DeepView project was made and loadedhwihe raw TSR sequence
(target). Prior to loading the three PDB structuwsethe templates (1IPA, 1GZ0 and 1X7P),
all structures were edited to ensure that they wetke monomeric form using Accelyrs DS
Visualizer. The template structures were initiadiyucturally aligned based on theioC
backbone using the “Magic Fit” function which prdes a preliminary structural alignment,
following by a crude “threading” of the raw TSR seqce onto the aligned structures.
During this process a MSA was also generated irthvhiwas manually edited so that it was
in agreement with the Multalin [187] alignment db&d in the previous template
identification step. Afterwards, a second superismpan was performed using the “Fit
Molecules” function using absolutely conservedaess as part of this structural alignment.
Care was taken to avoid placing gaps in secondawygtaral elements. Side chains that
formed clashes in the alignment were reduced anéced by substitution with a different
amino acid rotamer when possible. The projectviits then submitted to the Swiss-Model

server for model construction.
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TSR Dimer Construction

A single structure, PDB: 1X7P, was selected ag¢h#plate sequence for which the
dimer model was to be based on. Manipulation of Bi@B structure was required in
DeepView before modelling submission for the dimigre two chains, 1X7PA and 1X7PB,
comprised the homodimer, however it was observed within the B-chain (1X7PB) a
number of segments were missing from the structuaking it unacceptable for homology
modelling by Swiss Model. Therefore, a new dimengkate had to be generated using two
A Chains.

The crystal structure of 1X7P was loaded into DaephMand the protomer that had
the complete structure (Chain A) was saved as e tayer and designated IX7PA.
Afterwards, it was saved a second time as a diitdeger with the label IX7PB, for use as
the second protomer. The two chains on separagedayere structurally aligned with each
of the monomers of the original template dimer (BXi order to maintain proper protomer
orientation. This was merged as a new dimer stracith two complete intact protomers,
and was called 1X7Pspecial and was used for dingengparative modelling.

In order to construct the dimer, two separate maromodels must be generated
first. The protomer model for the dimer was gerextain the same fashion as the TSR
monomer discussed above. The two monomer models merged together by aligning to
the 1X7Pspecial template, making it the merged diarget query structure.

A different DeepView project was started with th&R dimer target and the
1X7Pspecial dimer crystal structure was now loaddte sequence of steps that followed
were similar to that of monomer homology performaeviously with DeepView and

SwissModel, with the exception that the sequence tmeéce as long since there were two
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protomers. A crude “Magic Fit” alignment was folled by a reiterative “Magic fit” and

subsequently an alignment done by Deepview and Wmearally inspected. All gaps were
carefully looked over and amino acid residue claskere minimized with a rotamer library.
The project file was then submitted to the SwissdBloserver for model construction.
During this time, side chains, loop building ance®y minimization was performed along

with building of the backbone structure.

Prime Protein Structure Prediction 1.2 — TSR MonoBglding

The build process of Prime follows the sequendégnalent step. Regions of the
template sequences were selected that were todoefaisthe model development. Regions
that were chosen were the conserved amino acidghemdsubmitted to Prime for model

construction.

4.2.4.3. Refinement and Evaluation of Homology Modie

SwissModel — TSR Monomer and Dimer Evaluation

Monomer Evaluation

Model quality evaluation was performed automaticélly the server during model
construction by programs such as ANOLEA [188]. Nbetess, the pdb structure that was
given from the Swiss-Model server was submittedthie ProFunc Server [189,190] to
confirm that the overall structural fold of the n@bavas correct. Following this, the the PDB
structure of the monomeric TSR was visually inspéaising DeepView. Using the B-factor
colouring option, segments of the model that wetendl to deviate greatly from the template
structures were highlighted. Most noticeably, ahhig-factor loop (highlighted by red)

encompassing residues Phe61-Asn73 was found tatddvom then-helices observed in the
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template crystal structures. Therefore, a new laag built using Pro60 and lle74 as the
anchoring residues and a scan of structures loaptste library was performed and the helix
chosen that most fitted the template structuress Jtnucture was energy minimized after the
loop was built. This momomeric structure was gitteennameT SRMonomer.l

Further inspection of the amino acid sequence add that the loop comprising
residues Glu49-Ser56 more than likely should festrand based on the original templates.
Using Val48 and Asp57 as anchors, a rgwstrand was built that most fit the template
structures and afterwards energy minimized. Aftedsaany side chain clashes formed by
the introduction of theg3-strand were selected and substituted with a diffeamino acid
rotamer when possible. After this change, it wasidbdd that the model quality was
acceptable and required no readjustment to theesegqualignment to obtain another model.
This monomeric structure was given the nam@&RMonomer.2

Third party programs were used to further assessibnomeric model. However, the
structure was first energy minimized using GROMO$B#L ] available through DeepView.
Structures were minimized by method of steep ddéseath the number of cycles that
permitted convergence to 0.05 KJ/mol. The structooerdinates of the model were
submitted to the Structure Analysis and Verificatio Server (SAVES,
http://nihserver.mbi.ucla.edu/SAVES/). Verificatiar the structure was performed by the

programs within the server: VERIFY 3D [183], PROCEHK:[182] and ERRAT [192].

Dimer Evaluation

A similar approached was used for the dimer. Th& found of modelling was the
formation of a model of each of the protomers. Bgrievaluation of the two separate

protomers, all secondary structures were presemtnane needed to be modelled in. Side
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chain clashes were minimized with the substitutémhe rotamers available in a library on
DeepView. The dimer was then modelled using the t@mparative protomer models
combined. No major adjustments were made to theedand this structure was given the
name:TSRDimer The model was energy minimized by GROMOS96 [181] then further
evaluated by the Structure Analysis and Verifiaatio Server (SAVES,
http://nihserver.mbi.ucla.edu/SAVES/). Verificatioof the structure was performed by

VERIFY 3D [183], PROCHECK [182] and ERRAT [192].

Prime Protein Structure Prediction 1.2 — TSR MonoEealuation

The structure that was generated in the previoukl Biructure step of Prime can be
optionally further refined by the user with the datle Refine feature of the program. Loops
can be refined, side chain conformation can besagjuand the structure can be energy
minimized. The loop refinement task was chosenahist of loops present for TSR were all
selected to be refined. When multiple loops welecsed to be refined in series, it resulted in
an error. Therefore, individual loops were selectedalleviate computational demands;
however, the task still could not be completed.réfaee, the structure was imported into the
DeepView Interface for analysis, after doing theera fold analysis with ProFunc
[189,190]. Thea-helix andp-strand that had to be modified in the Swiss-Mastalctures
was did not require adjustment in the Prime mode&ual inspection of the loop and gap
regions of the model revealed that no additionalnges needed to be made. This structure
was given the namé&rimeTSRMonomerThe Prime structure was also energy minimized
with GROMOS96 [191] available in Deepview. Thirdrjyaprograms were used to further
assess the monomeric model. An overall quality kleddhe enzyme models were verified

using ProSa (Protein structure analysis, https#gservices.came.sbg.ac.at) [193], to
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highlight any potential errors in the structure.tekf this, an in depth evaluation was
performed with the Structure Analysis and Verifioat Server (SAVES,
http://nihserver.mbi.ucla.edu/SAVES/). Verificatioof the structure was performed by

PROCHECK [182], VERIFY 3D [183] and ERRAT [192].

4.2.5. X-ray Crystallography of TSR’

The X-ray crystallographic work on TSRas performed in collaboration with Drs.
Mark Dunstan and Graeme Conn (University of Mantdrgs General details are found
within this chapter while detailed experimental ggdures and data tables are included

within the appendices.

4.2.5.1. Selenomethionine Incorporation into TSR

The plasmid containing the DNA encoding tBeazureusexahistidine-tagged TSR
(pTSR10), was transformed into &n coli B834pLysS (DE3) auxotrophic cell line. During
the development of an efficient means of incorppgaselenomethionine (SeMet) into the
protein structure, different incorporation times 204, 6, 8, 12, 16, 24 h) and concentrations
(0.3 mM and 2 mM) were investigated.

A small starter culture of Luria-Bertaini (LB; pdéiter: 10 g tryptone, 5 g yeast
extract, 10 g NaCl pH 7.0) supplemented with kanamy15ug/mL) and chloramphenicol
(17 pg/mL) was inoculated from frozen stock and groweroight at 37C. The culture was
then diluted 100-fold with M9 (M9; per liter: 12.8 g N&HPO,[7H,0, 3 g KHPQy, 0.5 g
NaCl, 1 g NHCI, pH 7.2; M9+; M9 media and 2 mL 1 M Mg$01 mL 100 mM CaG| 10
mL 40% glucose, 1mL 100mM-Met). The cells were grown with constant agitat{e200

rpm) at 37°C until mid-log phase (&o = 0.5-0.8) optical density of 0.6 was reached.
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The cells were centrifuged at°€ for 15 min (6000xg) and the supernatant was
decanted. The minimal medium M9 was used to resukpgbe cells and the sample
centrifuged a second time for 15 min at 60@Pto eliminate residual methionine present.
The supernatant was removed once again and halbriganal cell culture volume was
resuspended in M9media. Cells were permitted to grow for an addiiohalf hour prior to
the addition of 1 mM isopropy}-thiogalactopyranoside (IPTG) and SeMet (final
concentration of 0.3 mM and 2 mM respectively). Thlds were grown for 24 h with 1 mL
samples removed at various time point for analykesn harvested by centrifugation (5 min

at 13 000xg) and frozen at -8@ for SDS-PAGE analysis.

4.2.5.2. Purification of SeMet TSR
The purification of SeMet-incorporated TSR is a&satibed for the hexahistidine-

tagged TSR Qhapter 2 Sections 2.2.6-2.2)8 The complete replacement of all six

methionine residues was confirmed by mass spectrgméeld: 5-10 mg/L of culture.

4.2.5.3. Sample Preparation for X-ray Crystallograjny

Both the TSR and SeMet-TSR were purified and purity checkedahglysis with
SDS-PAGE and silver-stainingChapter 2 Section 2.2.3)1 The purified protein was
dialyzed against 50 mM Tris buffer pH 7.0 contagni’5 mM KCI, 10 mM [3-
mercaptoethanol and 10% glycerol. The protein wasacentrated using Vivascience
Vivaspins (MWCO 10 kDa). During the protein concatibn process, protein was found to
precipitate as the concentration increased. Allcipiated protein was filtered and the

concentration was determined by Bradford analysisguBSA as a standard.
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4.2.5.4. Data Collection, Structure Determination ad Refinement

Diffraction data was collected on beamline ID23tltl@e European Synchrotron
Radiation Facility (ESRF) and the data processeith Wiray Detector Software (XDS)
[194]. Using the CCP4 program MOLREP [195,196], phetein structure was solved with
molecular replacement (MR) using the SpoUT MTasenRr(1IPA; 27% identity) C-
terminal domain to improve the starting model. Forther details please refer to the

appendices.

4.2.5.5. Modelling TSR-RNA Interactions
Modelling of TSR and RNA interactions was perfornigdour collaborators. Details
of their experiments can be found in the appenditée figures in the appendices were

prepared by Drs. Graeme Couture and Mark Dunstan.

4.2.6. Site Directed Mutagenesis

Point mutations of TSR were performed. If the Qbiege method did not yield the
desired mutant after multiple attempts and pringedesign, the splicing overlap extension
method was employed. Please refer to the appenfiticesdetailed description of these two
methods. The primers designed for the mutagenesis synthesized at Invitrogen Canada
(Burlington, ON). Sequencing confirmation was paried by the DNA Sequence Facility at

the Department of Biology at the University of Wéde.

4.2.6.1. QuikChange

The following primers were made for the followingitants, and were homologous to

the DNA encoding TSR containing the site of taxdetnge underlined:
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N248A (AAC — GCC)

5"'G ATG AGC CAGACCGAGTCTCTC CGCCGTTTCC GTTTCCCTC GGAATCG3 '
5" CTAC TCG GTC TGG CTC AGA GAG CGGCAA AGG CAAAGG GAGCCTTAGC3 '’

N248D (AAC — GAC)

5" G ATG AGC CAG ACCGAGTCTCTC GACGTTTCCGTTTCCCTCGGAATCG3 '
5" CTAC TCG GTC TGG CTC AGA GAG CIGCAA AGG CAAAGGGAGCCTTAGC3 '’

For all Quikchange mutants, the following PCR cdinds (50uL) were performed:

e 250 ng ofS. azureupTSR10 DNA added as template

* Forward and reverse primers (above) added to adorecentration of

» dNTPs added at a final concentration of 0.2 mM each

e 5L of 10x Pwo buffer

* Four different MgS@ concentrations were attempted (0.5 mM, 1 mM, 1\6 amd 2
mM)

The thermal cycle profile is as follows:
» Initial denaturation at 95C for 5 min
“Hot start” holding temperature of 8% during the addition of polymerase (ub
Pwo)
16 cycles of:
o Denaturation at 95C for 30 s
o0 Annealing 60°C for 6 min
0 Extension 72C for 45s
Final extension time of 72ZC for 10 min
Hold at 4°C until reaction was retrieved for the followingpst

The PCR reaction mixture was then incubated withIl 37°C for one hour to degrade
the methylated wild-type DNA. The plasmid contagmtihe mutatedsr ORF, pTSR10, was
introduced intoE. coli DH5a competent cells by CagLtransfomation. This cell line is
deficient in restriction enzymes to degrade nonhiylated DNA. Colonies that grew were
selected for kanamycin resistance and grown inalsrualture (3mL) and DNA isolated for

sequencing for confirmation of successful mutagen&3nce confirmed, the isolated DNA
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was transformed int&. coli BL21pLysS (CaGl heat shock) for future protein production

and isolation.

4.2.6.2. Splicing Overlap Extension (SOE) Method

The following sets of primers were used for thédiwing mutants, and were

homologous to the DNA encoding TSR containing thed target change underlined:

S246A (TCT— GCG)

T7 forward: 5' TAA TAC GAC TCA CTA TAG GG 3' (a)
T7 reverse: 3' ATT ATG CTG AGT GAT ATC CC &' (d)
5 ' CG CAG ACC GAG GCCGCTC AACGTTTCCGTTTCCCTC3 ' (c)

3' GGG TAC TAC TGC GTC TGG CTC CCCGAG TTGC3 ' (b)

R135A (CGC— GCG)

T7 forward: 5' TAA TAC GAC TCA CTA TAG GG 3' (a)
T7 reverse: 3' ATT ATG CTG AGT GAT ATC CC &' (d)
5 "CG ATAGTA GCGACG TCG CTC GCG CTC GGA GCG 3' (c¢)

3'CCC TTG TAG CCG CGC TAT CAT CCCTGC AGC GAGC3 ' (h)

R135K (CGC— AAA)

T7 forward: 5' TAA TAC GAC TCACTA TAG GG 3 (a)
T7 reverse: 3' ATT ATG CTG AGT GAT ATC CC &' (d)
5 "CG ATAGTA AAAACG TCG CTC GCG CTC GGA GCG 3' («¢)

3"CCC TTG TAG CCG CGC TAT CAT TTITTGCAGC GAGC3 ' (d)

To generate the mutant, a total of three PCR steps performed with the following set of
primer combinations:

* PCRI: Primers (A) and (B)

 PCRII: Primer (C) and (D)
 PCRIII: Primers (A) and (D)
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PCR I and PCR Il conditions (30.) were performed:
* 5ng-20ngo8. azureupTSR10 DNA added as template
* Primers A and B (or Primers C and D for PCR II) vaasled to a final concentration
of 0.03uM - 0.06
» dNTPs added at a final concentration of 0.2 mM each
* 5L of 10x Pwo buffer (with 20 mM MgS@present)
 5-10% DMSO

The thermal cycle profile is as follows:

* Initial denaturation at 9%C for 5 min
* “Hot start” holding temperature of 8& during the addition of polymerase (Qub
Pwo)
* 10 cycles of:
o Denaturation at 95C for 30 s
0 Annealing 60°C for 60 s
o0 Extension 72C for 45s
» 15 cycles of:
o Denaturation at 95C for 30s
0 Annealing 60°C for 60s
0 Extension 72C for 45 s (extension time increased by 5 s foheacle)
Final extension time of 7ZC for 10 min
Hold at 4°C until reaction was retrieved for the followingpst

The PCR reaction mixture was digested vBidurH|l and Ndd and the fragments were
isolated and separated with a 1.5-1.8% agarosevigielethidium bromide. The fragments
were visualized under UV light. The fragment of tta&rect size was identified and gel
purified using a Qiagen miniprep column. The anngdifion product was stored at -20 for
future use.

PCR Il conditions (5QuL) were performed:

* PCR product from PCRI and PCR |l added as template

* Primers A and D was added to a final concentratiohO3uM - 0.06

» dNTPs added at a final concentration of 0.2 mM each

e 5L of 10x Pwo buffer (with 20 mM MgS@present)
* 5-10% DMSO
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The thermal cycle profile is as follows:

Initial denaturation at 95C for 5 min
“Hot start” holding temperature of 8% during the addition of polymerase (Qub
Pwo)
10 cycles of:
o Denaturation at 95C for 30 s
o Annealing 60°C for 60 s
o0 Extension 72C for 45s
15 cycles of:
o Denaturation at 95C for 30s
0 Annealing 60°C for 60s
o0 Extension 72C for 45 s (extension time increased by 5 s foheacle)
Final extension time of 7ZC for 10 min
Hold at 4°C until reaction was retrieved for the followingpst

The PCR reaction mixture was digested with restmcenzymesBantH| and Ndd and
the fragments were isolated and separated with5al.8% agarose gel with ethidium
bromide. The fragments were visualized under UVitligrhe fragment of the correct size
was identified and gel purified using a Qiagen ri@p column. The amplification product
was stored at -28C for future use.

The pET28b vector was also digested viddnHI andNdd and a ligation of the full
length product with mutation (from PCR IIl) was ented with the use of T4 ligase at A®
overnight. The subcloned fragment was then transfdrintoE. coli BL21pLysS for protein

production and isolation.

4.2.6.3. Expression and Purification of Mutants

The expression and purification of the mutantsengarformed in the same manner as

the wildtype TSR described @hapter 2
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4.3. Results and Discussion

4.3.1. Homology Model Development

It is known, based on sequence analysis, that iR RNA MTase that belongs to
the novel SpoUT MTase class [27,29,115,165]. Howeve detailed structural information
about the enzyme by means of an X-ray crystal olRN&fucture was available. We have
used a computational approach to determine thetsteiof TSR to circumvent the lack of a
high resolution structure. Comparative modellingrapches permitted the prediction of the

3-dimensional structure of a protein based onritagry sequence.

4.3.1.1. Template Selection and Alignment

Templates for a homology model f8r azureug SR were identified based on results
from BLASTp [176] and PSI-BLAST analysis [178]. \tas revealed that TSR contains a
SpoU MT fold and while nine structures were repiiig the algorithm, the list was reduced
to the top three scoring structures for monomer etliog) and to one for dimer modelling
(Table 4.1). All other structures were deemed uabie for either of the following reasons:
1) the structure was not an MTase 2) the MTasensaa SpoUT member 3) the E-value, an
indicator of whether the alignment occurred by dgamwas too high. For dimer modelling,
only RImB (1GZ0) and AviRb (1X7P) had dimer struets available. Since both RImB
(1GZz0) and AviRb (1X7P) had comparable E-value arydtal structure resolution, AviRb
(1X7P) was chosen since AviRb has a higher sequielecgity (31%) and is an MTase that

confers resistance to an antibiotic.
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Table 4.1: Template structures utilized during comparative ety of TSR.

Name PDB Source % % E-value Resolution Reference
identity  similarity (A)

RrmA? 11PA  Thermus theromophilus 24 46 6 x 10%° 2.4 [26]

RImB° 1GZ0 Escherichia coli 26 50 5x 107 2.5 [165]

AviRbY 1X7P Streptomyces 31 50 7x 107 2.55 [143]

viridochromogenes

®All three PDB structures were used for monomer riode For dimer modelling only AviRb (1X7P) waslseted.

RrmA is a hypothetical SpoU MTase
"RIMA is a SpoU MTase that methylates G2251 of 8@ ERNA that is essential for maturation of theéaribosomal unit

YAViRb is a SpoU MTase that methylates U2479 andides resistance to the oligosaccharide antibatiamycin

The multiple sequence alignment was performed by thfferent programs
(CLUSTALW [186] and MULTALIN [187]), both of whichgave an identical alignment

(Figure 4.5).
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Figure 4.5: Multiple sequence alignment of TSR and SpoU MTasesl as templates for the homology
modelling.
Residue numbering is based on the TSR sequenceariRiolue residues indicate identical and sim#aidues,
respectively. The symbol “I” indicate residues ¢tl@ residue | or V and the symbol “#” indicateande N, D,
QorE.

4.3.1.2. Homology Model Construction

All SpoUT monomers (with the exception of TrmH F1Phave two distinct domains,

the N-terminal recognition domain and the catalRRiessman-like C-terminal domain that
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has an unique deep trefoil knot [10]. Both domaires tethered together by a flexible liner
giving the monomeric form an overall dumbbell shéfigure 4.6 shows the structures of the
three template MTases that were used in this hogyodtudy. In addition, SpoUT MTases
are only functional as homodimers, in which dimatian occurs between the C-terminal

domains (Figure 4.7). The active site is formeddsidues of both protomers [27,28].

éé; ) @c

?XxP @y

Figure 4. 6: Representative monomer structures of SpoUT MTase.
These three structures were used as a homologyatnip the generation of the monomeric TE#R. RrmA
(I11PA) (B) RImB (1GZ0)(C) AviRb (1X7P). Red representshelices, cyan represerfisstrands and green
represents loops.

Figure 4.7: Dimer structure of AviRb (1X7P) in stereoview. Tdliener is formed through interaction between
the two C-terminal domains of each protomer. Oraamgblue show the different monomers.
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The three dimensional structure of the target ma@r@Mlr SR protein was modelled
using the Swiss-Model Homology server program [188,185]. An alternative model was
generated using Prime Protein Prediction Suite rg&thger Inc, Portland, OR). These
monomeric structures were generated based on thpl@sequence alignment (with RrmA,
RImB and AviRb sequences) generated in the prewstes A structural alignment of all the
crystal structure templates and a rough threadinipe TSR sequence onto the structures
were carried out prior to submission to the homglowgdelling server.

The TSR dimer comparative model was constructe¢ asing the Swiss-Model
Server, as the Prime Prediction Suite is unablentalel oligomeric proteins. A single
template approach was implemented and the crystaitsre of AviRb (1X7P) was chosen.
While RrmA (1IPA) (Table 4.1) gave the best scaraise as the model scaffold, there was
no available crystal structure available for theneli. The avilamycin-resistance rRNA
MTase (AVviRB) was chosen over RImB (1GZ0), sincepdassessed a higher sequence
identity (31% vs. 26%).

In order to generate the dimer, the model for eddhe protomers must be generated
first. The protomer model was based on the Chaaf AviRb was performed. The protomer
model generated was evaluated and no major mamhaalges were made to the structure.
The two models were then combined and a roughtstalcalignment was performed with
the AviRb dimer before modelling the dimer.

The initial three preliminary homology models of Htwo monomers and one
dimer) based on the aforementioned templates gagda structures that closely resembled
typical Class IV (SpoUT) fold according to visuakpection. The overall structural fold was

evaluated and confirmed by ProFunc [189,190], an linen server
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(http://www.ebi.ac.uk/thornton-srv/databases/Praffutihat predicts the possible function of
a protein based only on its 3-dimenstional strietitroFunc identified protein structures
with matching folds belonging to SpoUT MTases, égrindicating that the TSR homology
models have the overall correct fold (Figure 4.8phe following section details the

modification, refinement and evaluation of the dyadf these models.

Figure 4.8: The three initial TSR homology models generatedgiSiwissModel and Prime.
(A) Swiss-Model monomgB) Prime monome(C) Swiss-Model dimer. Red represeathelices, cyan
representf-strands and green represents loops. Orange aadihdw the different protomers within the dimer.

4.3.1.3. Homology Model Refinement and Evaluation

Homology Model Refinement

Swiss-Model Monomer

Visual inspection of the TSR monomer made with Sweiss-Model homology
software revealed that there were two segmentseofitodel that were found to deviate from
the templates. Section Phe61-Asn73 of TSR was reatleb be a loop, whereas the
correseponding areas on the templates were foubd dehelical (Figure 4.9a). A new loop
was built using the Scan Loop feature availabl®@gpview, where a library of loops from
solved crystal structures of other proteins is psmgul based on the loop identities and

similarities. After the nevai-helix was added (Figure 4.9b), it was energy minéd and the
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structure was checked for any additional residasleds and fixed if possible. There were no

additional residue classes and this structure atsdcTSRMonomerl

i a i | b — A i
Figure 4.9: Superimposition of TSR model over crystal structemplates used for homology modelling.
The residues between Phe61-Asn73 were changedafloop @, red) to ara-helix (B, red) to match the
template secondary structure (Blue: 1IPA; Pink: OGZX7P: Yellow).

Further adjustments were made to the structuradBRes Glu49-Ser56 were changed
into ap-strand using the scan library approach. Bfstrand was energy-minimized and this

model was designated @&SRMonomer2Figure 4.10).

. & - - )) o/ . % x AT\ - }:' o e
Figure 4.10: Superimposition of TSR model over crystal structeraplates.
The residues between Glu49-Ser56 were changeddriomp (A, red) to ag-strand (B, red) to match the
template secondary structure (Blue: 11PA; Pink: OGEX7P: Yellow).

Prime Monomer

The protein prediction suite, Prime 1.2, was alseduto create the TSR model using
the three same templates as a starting scaffoldin@uhe building of the structure, the

program not only takes into consideration the atomsitions of template(s), but also
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solvent, ligands (if any), force fields (i.e. OPLO®D-AA), etc. Areas that are dissimilar to
the template(s), such as loops and certain sidmsltan be refined by either building the
loops byab initio methods or re-calculating side chain conformatifit®9]. The Prime
model that was constructed did not undergo any lopgside chain refinement due to
computation limitations of our system. Thereforbe tdefault loops generated for the
structure were kept and the structure was impaxdedeepView to correct side chains that
were forming clashes with other atoms within thet@n. No further adjustments to the
structure were made afterwards. This structurecalisdPrimeTSR
TSR Dimer

The protomers of the dimer model were evaluatedvigyal inspection and no
changes were made before proceeding with the §tsgjes of dimer generation. With the
dimer generated, side chain clashes were reliesad) uhe rotamer library containing more
favourable side chain conformations and was ewvatuas is. This model was called

TSRDimer

Homology Model Evaluation

Prior to further model evaluation, all models werefined with an energy
minimization computation with GROMOS96 force fielsh vacuo [191] that was
implemented by the DeepView software program. Tuallenergy minima of all the models

were compared and shown in Table 4.2.

Table 4. 2:Local energy minima reached by comparative modalsguGROMOS96.
Local Minimum (kJ/mol)  No. of cycles of steepest deent*

TSRMonomer2 -12295.252 1374
PrimeTSR -13675.838 773
TSRDimer -25695.434 567

*Number of cycles /steps until energy reached azemyence of 0.05 kJ/mol
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ProSa (Protein Structure Analysis) was used iniiteal assessment of the overall
model quality. A database with a compilation of gmiials of mean force from known
structures is used as a statistical analysis t®8][ A Z-score is a measure of the total
energy of the structure with respect to energyrifistions from random conformations. If
the Z-score is not within the range of scores gibgnnative proteins, then the model is
considered to be of poor quality and possessessed®lot of residue energies is also given.
Positive values indicate areas of the structuré ey contain errors [193]. The Z-scores
obtained by the homology models were as follows8 -or TSRMonomer2-6.98 for
PrimeTSR and -6.75 for TSRdimer All these values were in the range of native
conformations and the residue energies are mostgtive (Figure 4.11), demonstrating that
overall, the models are of good quality. Furthetadled evaluation of the structures is

discussed below.
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Figure 4. 11:ProSa energy plots
(A) TSRMonomerB) PrimeTSRC) TSRDimer

VERIFY 3D is a program that analyzes the compatybdf the protein model with its
amino acid sequence. Each position within the at@tructure of the protein is characterized
by the statistical preference of an amino aciddwsifor a certain environment (termed the

3D-1D score). The environment comprises three perars: area of residue that is buried,
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area that is covered by polar atoms (O and N) acdl Isecondary structure. For each
residue, the scores of a sliding 21-residue win@d@ to +10) are added and plotted, and for
the most part should stay above 0.2 [183].

All models were assessed by VERIFY3D on the 3Dptdéfile, and it was found that
all of them had good compatibility between theirimmnacid residues and the local 3D
structure (Table 4.3). Changes made to the inii@R Swiss Model structure showed a
marked improvement (57% to 64%), while the Primedaetdad a higher score of 72%, and

the TSR dimer had the best score out of all thecgires with 86%.

Table 4. 3:Comparison of 3D-1D VERIFY 3D score between the blogy models of the TSR monomer.
Model % 3D-1D score > 0.2 Low Scoring Amino Acid Rgions
Initial TSR Monomer 57.36 Phe50-Lys95 (loop anai4)
Arg101-Gly109 (part of2)
lle145-Arg159 p4-part ofa6)

TSRMonomer2 64.15 Leu65-Lys95 (part ofi4 anda5)
Gly144-Arg158 32 anda4)

PrimeTSR 72.5 Val53-GIn72 32 - a4)

TSRDimer 86.31 Phe61-Ser820(4-05)

PROCHECK is a suite of programs that is used telclige stereochemical quality of
protein structures [182]. Ramachandran plots wergerated and the distribution of amino
acid residues based on their torsion anglgsafd @) [199] provided an insight into the
torsional quality of the structure (Figure 4.12)ll Aesidues are limited to certain
conformations within the protein structure, and rélfiere certain regions of the
Ramachandran plot. There are core favoured regiadditionally favoured regions and

generously allowed regions.
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Figure 4. 12:Ramachandran plots for the comparatives modelsrgtatk
(A) TSRMonomer?B) PrimeTSRC) TSRDimer The red regions are core favoured regions; yetioav
additionally favoured regions and light beige aeeerously allowed regions. Each residue is reptedery a
square and glycine and prolines are representédamgles.

For a structure to be considered favourable, 80-80#6 residues should be found in

the favoured regions, with the majority remainimgthe additionally allowed region, and
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very little in the generously allowed region [20@ll of the models generated were all

comparable and considered to be of reasonably goality.

Table 4.4:Distribution of Residues in Homology Models in Rarmandran plots.

% in Region
TSRMonomer?2 PrimeT SR TSRDimer
Core favourable 83.8 87.2 82.3
Additionally allowed 11.9 111 13.4
Generously allowed 3.8 0.4 3.1
Disallowed 0.5 1.3 1.2

A further investigation into the stereochemicalunatof the models was undertaken
where all bond angles and lengths and planar ggmametric distortions were taken into
consideration. Distortions with respect to maiainlbond lengths and angles were minimal,
however there were more planar group distortiomgsacall three models (Table 4.5). Please
refer to the appendices for specific distortions.

Table 4.5:Comparison of the Number of Geometric Distortianghie Monomeric Homology Model as
Determined by Using ProCheck.

Geometric Distortion
Bond lengths ~ Bond angles  Planar groups

TSRMonomer2 0 0 14

PrimeTSR 1 0 12

TSRDimer 7 0 34
*main chain

Pairwise interactions between non-bonding atomthénprotein structure (CC, CN,
CO, NN, NO and OO) were statistically evaluatedthy program ERRAT [192] (Figure
4.13). In general, carbon, nitrogen and oxygen atame distributed throughout a protein
structure non-randomly due to different energeatid geometric constraints. Errors in models
often will give a more randomized distribution. ERR analyzes the non-covalent
interactions and compares them with statisticatribistions from a database of known
proteins. Results from the ERRAT analysis show that monomeric models had a high

overall quality factor. Both modelsT§RMonder2and PrimeTSR differed in low quality
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areas and namely localized in the N-terminal regiamch is to be expected since the NTD
is more variable across SpoUT MTases. However,diheer structure had almost a 10%
lower quality factor with low quality areas not gnh the NTD, but in the CTD as well. We
believe that a multiple template for that domainynmaprove the quality of non-bonded
interactions.

Chain#:1
Overall quality factor**: 86.290

‘CD
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= 95%
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Residue # (window center)
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Figure 4.13:ERRAT results for the three homology models of TSR.
(A) TSRMonomer?B) PrimeTSRmonomé&€) TSRdimer Lines drawn at 95% and 99% error value show
regions in which structure of the model show pagalify. ” Overall quality factor is based on the percentdge o
the protein which has error values below the 95¥ctm®n limit.
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4.3.1.4. A Closer Examination of the Homology Modsl

The quality of a homology model depends on theekegf sequence identity. Models
that have a sequence identity to their startingptate above 40% have 90% of theig C
atoms within 1 A of their correct positions [17For models that have a sequence identity
between 30%-40%, only 80% of thg &toms are placed within 3.5 A of their real posit
[171]. Anything lower than 30% sequence identitylydb0% the backbone atoms are within
an RMSD of 3.5 A[172].

For TSR, we could not obtain a highly accurate parative model due to the low
sequence identity (24%-31%, Table 4.1). Nonethekedeswer resolution TSR structure for
both the monomer and the dimer was computatiorgglyerated and appeared to be quite
reasonable. The monomer was constructed using ftWeresht programs, and the two
models were found to be in good agreement withALBMSD between the £backbone.

Based on the three models, TSR has the typicabtldgg of SpoUT MTases,
possessing two distinct domains, each having aaddsheet surrounded ly-helices. The
N-terminal domain (residues 1-106) is connectedthe catalytic C-terminal domain
containing the deep trefoil knot that has been icapdd in the binding of AdoMet. The knot
is formed by a stretch of approximately 45 residbeginning with Glu220 to lle238

threading through an opening formed by residued 82uo Ser219 (Figure 4.14).
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Figure 4.14:The deep trefoil knot in the TSR dimer homology mlod
The trefoil knots are highlight in red.

The CTD of the homology TSR forms the dimer inteefawith the inner face of
helicesa6 andall of both protomers, and contains or is in closeximity to highly
conserved SpoUT residues. These highly conservedoaacid residues from the three
motifs (Figure 4.2 and Figure 4.15) were highligh{€igure 4.16) and an hypothetical role
was assigned to each residue as to its involvemgtrespect to AdoMet binding, catalysis

or rRNA recognition.

TSR Motif |I: 128 G-N-I-G-A-I-V- RT-S-L-A-L- G*
TSR Motif I1: 2®L-L-F- GS- E-K-G- GP-§ ?®
TSR Motif 111: #5V-S-|-P-MM-S-Q-T-E- S-L- NV-S-v 22

Figure 4.15:The three SpoUT sequence motifs in TSR.
Absolutely conserved residues are indicated in.bold
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Figure 4.16:Conserved residues highlighted in TSR monomer mitahe TSR

These role assignments were based on other biochkstudies performed on other
SpoUT MTases. Various roles for residues in Moftifave been suggested. For example, it
has been suggested that Argl35 could either &xattacking ribose sugar of A1067 at the
2'0OH group [143] or the Argl35 from the other protonaezts as a general base and
depronates the'@H of the ribose of A1067, resulting in a subsedumercleophilic attack of
the methyl group of AdoMet [115]. It should be robtthat although Arg residues are
typically protonated at physiological pHs, and tlawes unlikely to act as a general base, they
have been suggested to take on the role of a tatddgse in certain cases [201,202].
Asn129 in the motif, could be involved in cofachinding [26,143,197], while no role as yet
been assignmed to Gly141.

Residues of Motif Il are situated along the protkiot. Glu220 could potentially
serve as a catalytic base [143]; alternativelyoiild maintain the structural integrity of the

knot and the AdoMet binding site [143,197]. Theidass in Motif 3 have also been
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implicated in playing a role in the recognition dloMet. The hydrophobic residues in this
motif (1le238, Pro239 and Met240) form a hydroplwopocket in which the adenine moiety
can bind [26,165,197]. Ser246 and Asn248 could alsg a role in the stabilization the
adenine ring or the positioning of methionine myiket prime the substrate for methyl group
transfer [165].

A limited amount of information about the RNA sulas¢ binding to the enzyme is
gained from these homology models. The electrastaitential surface of the dimer model
was examined using the Accelyrs DS Visualizer, gndbas shown that the TSR dimer
possesses a large positive area in the cleft fologdabth NTDs (Figure 4.17). This suggests
that the negatively charged RNA can position itsglbng this surface such that the
methylation can occur. No other areas on the dimdribited a large positive charge
indicating that area is most likely the sole birgdarea of the RNA substrate. Therefore, one

would only expect to see one RNA substrate per daieSR [143].

Figure 4.17:Electrostatic surface potential B5RDimer
Blue shows areas of positive charge and red shoves @f negative charge. A large area of positivage is
found between the two N-terminal domains of TSR igrttie potential binding site of the RNA substrate
Electrostatic potential surface was generated uadguglyrs DS Visualizer v2.01.7347.
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4.3.2. X-ray Crystallography of TSR’
4.3.2.1. Overall Structure ofS. azureus TSR

The X-ray crystal structure of TSR was obtaindtgraour work on the homology
model was completed, in a collaborative investmatvith Drs. Graeme Couture and Mark
Dunstan of the University of Manchester. At thedimf writing this thesis, a manuscript
detailing the work described in this section wasnsiited for review.

The TSR structure elucidated was found to conteatufres conserved by Class IV
MTases such as the Rossman-like fold in the C-temmicatalytic domain and the
proteinaceous knot. While sequence analyses [28)gzed that TSR is a SPoUT MTase
member, the solved crystal structure has now defaty confirmed its membership. The
TSR crystal structure with AdoMet bound was deteedi at 2.45 A resolution, and was
achieved by incorporating selenomethionine and #teicture solved by molecular
replacement.

TSR is a homodimer with 2 269 amino acid residues and a molecular mass>of 2
28901 Da, and was expressedEn coli with a hexahistine tag that was cleaved with
thrombin after the first stage of purification. Tperified TSR was confirmed to be a dimer
with gel filtration chromatographyChapter 3. In the crystal structure, it is revealed that
extensive interaction between twehelices (6 andall) on the inner face of the protein
and the loop formed by residues 238 to 245 of tiogep knot form the dimer. Dimerization
buries approximately 30% of the total surface (€8%(Q and involves many hydrophobic
and ionic interactions between the two protomeesi247 and Val251 engages in reciprocal

hydrophobic interactions with Thrl3@&nd Leul40 of the other subunit, while His258

interacts with G259reciprocally forms salt bridges. Both His258 and238 are close to
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the dimeric interface and flank Glu259 and GIlu258his ionic interaction is further
enhanced by salt bridges formed by Lys204 and L4/s20

Similar to the proposed homology model for the moag TSR has two distinct
structural domains: the N-terminal domain (NTD)nfi@d by amino acids 1 to 102 and the
C-terminal domain (CTD) is formed by residues 192&9. The two domains both consist of
a centralf3-sheet that is surrounded loyhelices, and are connected by a flexible linker
(residues 101-118) that starts at the fofstrand 4) and ends with a shomthelix (a5),
giving the enzyme monomer and elongated dumbbapesh
The C-terminal Catalytic Domain

The carboxy domain is the catalytic SpoUT domaithwine deep trefoil knot. The
seven strandefl-sheet is flanked between threehelices on the outer surface and four
helices in the inner dimer surface, forming theropé3/a sandwich common in Class IV

MTases (Figure 4.18).
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Figure 4.18:Topology and X-ray crystal structure of TSR-AdoMemplex.
(A) Protein secondary structure topology diagram.r@@drs arex-helices and arrows afestrands. One
monomer is coloured blue and the other is colouveeld The red box highlights residues that consgtithe

protein knot. Figure courtesy or Drs. Mark Dunsdawl Graeme Con{B) Stereoview of TSR dimer with
bound AdoMet (green).
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The X-ray crystal structure of TSR was acquirechviwto AdoMet molecules bound
to the dimer at the carboxy domain at the deepitrihot that is characteristic of the Class
IV MTases. The knot is formed by threading resid2@8-269 through amino acids 195-203,

which contains Motif 3 of SpoUT MTases [28,29] (kg 4.19).
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Figure 4. 19: TSR has a deep trefoil knot.
The enzyme is shown in mesh with the knot highéghtvhile the Adomet bound is shown as stick.

This motif (IPM-X,-SLN) on the knot plays a pivotal role in the bimgliof AdoMet,
forming a deep hydrophobic pocket in which the ademe moiety of AdoMet can be
positioned. AdoMet forms contacts with residues icgmfrom both protomers, with the
majority of interactions coming from one of the mamers suggesting that only one of the
two monomers is catalytic. The N1 and N6 of thenadee moiety ring hydrogen bonds
with the main chain amino and carbonyl, respecjivet 1le238 (Figure 4.19) while Leul95
and Gly218 participates in hydrogen bonding inteoas with the 20H and 3-OH of the

ribose sugar, respectively.

Figure 4.20: The AdoMet binding pocket and extended conformatibAdoMet
(A) Binding pocket with key TSR amino acid residuesiadicated. Figure courtesy of Drs. Mark Dunstad a
Graeme Conn(B) AdoMet is bound in an extended conformation. $s&for more description.
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The TSR crystal structure also reveals an intargstispect of the TSR-AdoMet
complex. While most SpoUT MTases bind AdoMet inghtly folded conformation [10,35],
the AdoMet bound to TSR was in an extended confoomahat is typically observed in
Class | and Class Il MTases [10] with dihedral asgbf 151 and 152 for O4-C4'-C5-S5
and C4-C5-S3-Cy, respectively. This conformation is stabilized twitelectrostatic
interactions between the methionine group of AdoMat is positioned against Glu220 and
Ser246 with Val249 situated below, and the hightynserved Argl35and non-conserved
Argl65 of the adjacent monomer (Figure 4.20). Residueshefequivalent position to
Argl65 in other SpoUT MTases are observed to be non-bsisggesting that the presence
of this basic residue may play a role in the unidw®Met binding conformation of TSR

(Figure 4.20).

The N-terminal Recognition Domain

Class IV MTases can be subdivided into the SpoU BmdD families. The SpoU
family can be further subdivided based on the pres@®f domains in addition to the catalytic
domain: 1) single domain (i.e. not additional domdust the catalytic domain is present), or
additional N-terminal domains that resemble ribogbproteins 2) L30 and 3) L5 [143]

(Figure 4.21).
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AdoMet-Dependent MTases

Class | Class Il Class llI Class IV Class V
(Classical) (SpoUT) (SET)
SpoU TrmD
| | o
single domain plus L30 plusL5 single plus TRP
domain domain  domain domain

Figure 4.21:Classification of AdoMet-dependent MTases.
TSR belongs to the SpoU family that contains a LiB®-domain. Figure adapted from [143].

The NTD of TSR consists of a central four stranflesheet core that is flanked by
two pairsa-helices on each side. The pairsoehelices are positioned perpendicular relative
to each other and in tifesheet there is a topological switch with the fbtstrand to give
the arrangement @31 321341311 (Figure 4.18). While the sequence of NTDs of SpoUT
MTases are not conserved, a structure-based sesirgnpthe DALI algorithm [203] revealed
that the TSR NTD resembles yeast ribosomal proted®® and L7e, the eukaryotic release
factor (eRF) 1, and two related SpoU MTases, AJiIRI8] and RImB [165] that also contain
the “L30-like” NTDs.

Its structural relationship with ribosomal pro®isuggests that the NTD of TSR
guides the enzyme to the appropriate region oRINA. This domain is tethered to the CTD
with a flexible linker (residues 101-118). Basedtbe limited crystal packing contacts made
by the NTD (Figure 4.22) and the poorly definecctlen density map of the NTD for one of
the monomers, there is reason to believe that thesebe domain movement or rotation that
play a significant role in rRNA target recognitiand binding. The inherent flexibility of this

domain is corroborated by the higher crystallograB-factors observed for the NTDs
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relative to the CTDs. It is very likely that oneNR region binds in between the cleft formed

by the two NTDs and domain re-orientation occuradcommodate the target.
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Figure 4. 22: TSR crystal packing and N-terminal domain flexiyili
(A) Crystal packing of TSR dimers with CTD showngrey and the NTDs in red and blue. (B) TSR dimer
coloured by main chain B-factors. The TSR NTDshkaeed with colours corresponding to those in (Ajulre
courtesy of Drs. Mark Dunstan and Graeme Conn.

4.3.2.2. Structural Insights: RNA-TSR Interactions
The crystal structure was solved in the absentbeoRNA substrate. Therefore, ian

silico approach to studying the RNA-protein interactiaras pursued. Prior to modelling in
the rRNA, the electrostatic potential of the dirsarface was examined. Similar to what was
observed in the homology model (Figure 4.17), gdastrip of positive residues were found
between the cleft formed by the NTDs of the two oraers (Figure 4.23). On the reverse
side, there is a large preponderance of negativarges across the centre, therefore
precluding any binding of RNA. Thus, a rigid bodgc#ling was performed with the 58
nucleotide (nt) L11 binding domain (L11BD) (Figu#e24) that contains the A1067
methylation target, and was oriented to face tha&tpe electrostatic potential surface of the

dimer.
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Figure 4.23:The electrostatic surface potential of the TSR dime
The TSR dimer structure is shown in four orthogomeivs rotated around the z-axis with the electtist
surface potential indicated in red (negative) aloe lfpositive). The asterisk (*) represents wheksARtan be
bound to the large positive area of the dimer. Fguourtesy of Drs. Mark Dunstan and Graeme Conn.
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Figure 4. 24:The secondary structure of the 58 nucleotide LINARInding domain (L11BD).
The TSR target methylation site (A1067) is locatedhe apex of the hairpin in Helix A. The mutatfoom
U1061 to A is shown to significantly decrease miztign activity.

The backbone of the modelled RNA L11BD Helix A lipgedominantly along the
surface TSR. The A1067 methylation target loopitisased deep within the cleft formed by
the dimeric CTDs (Figure 4.25). Only a single sttrai RNA can be accommodated in this
cleft. Its binding orientation delineates one moeono be catalytic, that is the bound
AdoMet co-factor bound to it will donate the metlgybup, and the other to be non-catalytic.

All residues in the later group is denoted withriane symbol throughout this body of text.
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Figure 4. 25:Modelled RNA-TSR Interactions.
Orthogonal views of the 58 nucleotide L11 bindirmgrthin RNA docked to the TSR dimer. The enzyme is
shown with an electrostatic surface potential whietkis negative and blue is positive. Figure asytof Drs.
Mark Dunstan and Graeme Conn.

The NTDs of each TSR monomer are oriented such ttiest embrace the RNA
strand and recognizes the two distinct structwgatures of the RNA: the target loop and the
internal bulge in Helix A (Figure 4.24). The RNArgat loop is located next to the non-
catalytic NTD of one TSR monomer, opposite to thadeiled active site, while the catalytic
TSR’s NTD contacts the internal bulge loop in tleatce of Helix A. No other contacts with
the other regions of the RNA substrate are predi(ite. Helix B and C), indicating that the
recognition of the 58-nt domain is very likely te based solely on the sequence and unique
structure of Helix A.

A large cluster of basic residues is observedersurface of TSR in both amino and
carboxy domains. These residues include Argl7, RyA82926 and Lys89 from the NTD and
residues Argl58, Argl59 and possibly Argl62 frone @8TD. The non-catalytic TSR
molecule is implicated to play a role in the reatign of the A1067 target loop, with Lys89
and Arg92 of the NTD and the Lys125Arg158, Argl59 and Lys221of the CTD. An
exposed Phe88 is positioned near the open RNA ngramve. As TSR is a SpoU MTase
with L30-like domain, examining the equivalent teg in the yeast L30e-mRNA, may offer
insight to the potential interactions that TSR nmeygage in. In the X-ray and NMR

structures of the yeast translation autoregulatooynplex, stacking interactions were
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observed between the equivalent Phe85 and theufipgsired nucleotide (G56) in the internal
loop [204,205] (see appendices). Mutation of thmsire acid residue caused a 20-fold
reduction in binding. The Phe88 of TSR is not exben the surface of the protein and is
hidden within a hydrophobic pocket. In order to &g in stacking interactions with the
RNA substrate, it must rotate towards the RNA upamding (Figure 4.26). Additional

interactions were predicted between residues 1525 of a loop of the catalytic TSR

monomer and U1061. This base, along with A1070 elfxHA, is turned outwards such that
they engage in stacking interactions. Mutation itliex base dramatically reduces enzyme

activity, suggesting that TSR recognizes thisaeytstructure element of the RNA [113].

TsrCTD | TsrNTD

Figure 4.26: The modelled rRNA structure docked against the tBfer.
(A) Overview structure of RNA bindin@) Internal loops of Helix A of L11BD and target sk&067. Figure
courtesy of Drs. Mark Dunstan and Graeme Conn.

The CTD of the catalytic TSR monomer is showmteract with the loop containing
the A1067 target site; specifically, residues GB/12rg162 and Argl58 are implicated in
interacting with the RNA backbone and possibly ggiring base edges of U1066, G1068
and A1069. The methylation target, A1067, situatethe top of the L11BD Helix A (Figure
4.24), has its base and ribose moiety moiety exposethe surface for possible interactions.

Docking of the RNA reveals that th&@H of A1067 is ~10 A away from the sulphur atom
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of AdoMet, which places the methyl group at tooagraf a distance for any possible methyl
group transfer.

Thus, in order to position thé-@©H of A1067 at an optimal distance for methylation
a base-flipping mechanism is proposed. Base flgppimechanisms are often used by DNA
MTases [206,207]. A base flip occurance would pliee2-OH group at a distance of 5 A
from the sulphur atom which is a closer distancaniethyl group transfer. In addition, if the
sugar ring pucker undergoes an inversion t6-é@2lo, the 20H group would be brought
into even closer proximity to the sulphur atom afoMet. Sugar pucker changes have been
observed within the 58-mer L11BD substrate its&lf,105].

Furthermore, upon flipping, A1067 will be in clopeoximity to many of the amino
acid residues that have been implicated in havimgngortant role in RNA and AdoMet
binding in other SpoUT MTases. For example, theseored residue Asnl129 is within
hydrogen bonding distance of the A1067 base edggesting that perhaps this residue has

a role in base recognition or positioning the tafgemethylation (Figure 4.27).

y \S
Figure 4.27:Propose base flipping mechanim of A1067.
Upon flipping, the 20H is closer to the sulphur atom of AdoMet, petimit the transfer of its methyl group.
Figure courtesy of Drs. Mark Dunstan and GraemenCon
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4.3.3. Comparison of Homology Model with X-ray Model

During the earlier stages of the project, the absai an experimentally determined
protein structure, a homology model was developwtiia described above. It is generally
accepted that the accuracy of a homology modeaiosgstional to the degree of the sequence
identity between the target and the template [1V@ith the X-ray crystal structure now
obtained by our collaborators, it become possibladsess the quality of the comparative
model.

A preliminary assessment of the crystallographiadetcand the homology models
demonstrated very similar tertiary structure. Tams secondary structure elements and fold
were conserved between the structures as wasriheftpositive residues is found between
the two monomers that implicated for RNA bindingy assess model accuracy, the RMSD
values between the superimposed comparative maodethee X-ray crystal structure based

on the @ carbons, the backbone, heavy atoms and all aters ealculated (Table 4.6).

Table 4. 6:Global and Local RMSD between comparative modedktha crystal structure based on their C
atoms, backbone and all atoms.

Comparison Homology Model RMSD (A)
Ca atoms Backbone All atoms
atoms
Global TSRMonomer2 7.75 7.69 8.23
PrimeTSR 7.89 7.84 8.51
TSRdimer 10 9.94 10.5
Local CTD TSRMonomer2 1.20 1.20 2.19
PrimeTSR 1.06 1.06 2.07
TSRdimer 1.18 1.22 2.17
Local NTD TSRMonomer2 6.15 6.02 6.84
PrimeTSR 5.04 4.94 5.71
TSRdimer 6.65 6.64 7.40

*The local comparison of the comparative modeht ¢rystal structure based on the C-terminal domathe N-terminal domain.
Upon comparison of the crystallographic model tohbive SwissModel and Prime

homology models, it was observed that all RMSD gsalwere similar, with values between
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7.5A to 10 A. The large values indicate that thedeis are of lower resolution. Given that
the sequence identity with the templates was betw&k31%, this was to be expected.
RMSD values for the dimeric form were much highed @an be a result from using only a
single template, unlike the for the monomer moW¥&tual inspection of the superimposed
structure reveals that the high RMSD values stamelg from the differences of the N-

terminal domain between the models and the crgstatture (Figure 4.28).

3 = 7/~ ) . : / 7' ) ‘ Y >
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Figure 4. 28:Superimposition of the X-ray crytal structure ofR $lue) and homology models (purple).
(A) TSRMonomer?B) PrimeTSRC) TSRdimer Chain AD) TSRdimer Chain BStructural features
superimposed very well for the CTD, while the NTRsxfound to vary greatly from the crystal structure

While the significant deviation of the NTDs give awerall poor model quality and
high RMSD values ranging between 5 to 7 A, the ement of secondary structural elements
localized on the C-terminal domain was found toeR&emely good (Figure 4.28); RMSD
values were between 1 to 2 A (Table 4.6, Figur®)4.Phis is to be expected as the CTD is
the domain that contains all the conserved strattigatures of the SpoUT MTases, while
the evolutionary divergence is observed for theef¥ainal recognition domain, permitting a
range of different substrates. Therefore, choositeynative SpoUT MTases as templates or

using changing the sequence alignment will moren thkely not give a significant
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improvement in the quality of the amino domain. Takability of the homology model is

only good for the C-terminal region.

Figure 4. 29: Superimposition of the CTD betwe@nimeTSRpurple) and crystal structure (blue).
Residues shown are conserved binding/active sitikeoénzyme.

After the development of the homology model, aesemf conserved amino acid
residues important for catalysis were selected@sde for mutagenesis experiments (Figure
4.16). The homology model did not have AdoMet dack&o its active sight, making it
difficult to speculate on the roles of various desis. However, based on other published

studies, the potential roles of residues were assignd summarized below in Table 4.7.

Table 4. 7:Proposed roles and mutations for conversed residuESR homology models.

Motif Residues Proposed role Mutants

Motif | Asn129 Cofactor binding N129A, N129D
Arg'135 Nucleophilic base or positioning 6fQH of A1067 R135A* R135K*
Gly141 No defined role assigned N/A

Motif Il Glu220 Catalytic base or maintaining knot integrity E220A, E220Q
Gly218, Gly223 No defined role assigned N/A

Motif Il 1le238-Pro239-Met240 Forms hydrophobic pocket fierdne of A1067 Al238-M240
Ser246 Adenine stabilization or positioning of hyéigroup S246A*
Asn248 Adenine stabilization or positioning of mgtgroup N248A* N248D*

*mutants that have been made thus far, currentigh®@mcally characterized and shown to have noipctiv
These residues were discussed earlielSattion 4.3.1.4Prior to obtaining the

crystallographic model, mutagenesis was carried u following mutants have been made
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successfully: S246A, R135A, R135K, N248A, N238D eThutations have been confirmed
by DNA sequencing and by mass spectrometry (Tal@g #reliminary CD and DSC on
some of the mutants have shown that the single ¢fzesage did not produce any determinal
effects to the protein structure (appendices). Beoaical characterization of these mutants is

ongoing in our laboratory.

Table 4. 8:List of mutants made so far and molecular weighificmation by mass spectrometry.

Mutant MW ~ Expected (Da) MW Obtained by MS
(Da)

S246A 29166 29166

R135A 29095 29097

R135K 29152 29154

N248A 29137 29139

N248D 29182 29183

*MW = molecular weight; for mass spectra, pleaserr® appendices
The high resolution TSR structure and the RNA dogkexperiment gave light to
what additional residues may be involved in AdoMitding and catalysis. Table 4.9
summarizes these roles and details can be fourcistied earlier irSection 4.3.2This
crystal-structure based identification of importaesidues in TSR must be confirmed by

biochemical means with quantitative measures irfdima of methylation assays.

Table 4. 9: Additional important residues of TSR identified ity crystal structure.

Residues Proposed Role Mutants
Gly128, Argl58, Arg 162 Interacts with backbone RNA (U1066, U1068 and AG128,AR158,AR162
A1069)
Alal63 Hydrogen bonding with A1067 AAlal163
Phe88 Stacking interactions with A1067 F88A
Leul85, Gly218 Hydrogen bonding with'®H and 30H of A1067 AL185,AGly218
lle238-Pro239-Met240 Forms hydrophobic pocket fierdne of A1067 Alle238-Met240

4.4. Conclusions and Future Work

Comparative analysis of the TSR sequence suggdsatdt can be classified as a
SpoUT MTase. Using the computational techniqueprofein homology modelling, a 3D

structure of TSR for both the monomeric and diméiens was produced. The TSR model
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was generated using two different homology modelsajtware programs and either
employed multiple (monomer structure) or singlestay (dimer) structures of other SpoUT
MTases as a template; validation of the homologydem was performed using various
programs and mutagenesis efforts were begun.

Towards the end of this project, the crystal stiteebf TSR with AdoMet bound was
solved by our collaborators. This solved structuas definitively confirmed that TSR is an
SpoUT MTase with a deep trefoil knot. RNA dockirtgdies by our colleagues helped us
gain insight into the protein-RNA interactions thraty take place during binding of the
rRNA substrate. A base-flipping mechanism, commomNA MTases, was proposed for
the methyl group transfer to A1067.

A comparison of the homology models with that oé tbrystal structure showed
suboptimal modelling for the overall structure. Themology models and the crystal
structure were superimposed and RMSD values wdcalated for the @ atoms, backbone,
heavy atoms and all atoms and all were found tbidpe. These high values can be attributed
to the deviation of the N-terminal domains, whislguite apparent during visual inspection.
The C-terminal domain was agreed nicely and gave kev RMSD values, indicating that
the C-terminal domain of SpoUT MTases are highlpsssved and the more variable N-
terminal is for recognition of different substrates

Biochemical confirmation is needed to substantidie roles that have been
implicated for certain residues. Some mutagenesik was begun and methylation assays
have been initiated for the mutants that have beade. Thus far, no activity has been
detected for the mutants using the same rangelsftrstie concentrations that was used for

the wildtype enzyme. These mutations have elimthal methylation activity. Further
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biochemical experiments such as equilibrium dialysid isothermal titration calorimetry are

ongoing.
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CHAPTERS: STRUCTUREACTIVITY STUDIES OF
THIOSTREPTON

Thiostrepton (TS)H-1) (C72HssN190018Ss, mw = 1665 Da) is a paradigm for the class
of multicyclic thiazole-containing antibiotics. Ehfamily of antibiotics has been reported to
exhibit potent antimicrobial activity against Graositive bacteria through a common
mechanism: inhibition of bacterial protein syntise§87]. The most thoroughly studied
member, TS, interacts with a region of the 23S rRiW ribosomal protein L11 of the large
50S ribosomal unit termed the guanosine triphogisea{ GTPase) centre [94-97]. Tight
binding of this drug within this vicinity impose®mformational constraints on protein L11,
resulting in an abolishment of GTP hydrolysis reac involved in the protein elongation
cycle [106]. TS also exhibits activity agaiRlasmodium falciparumthe major causative
agent of malaria; it preferentially binds to thelan@l plastid GTPase domain at nucleotides

surrounding A1067E. colinumbering) [93]
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Much interest has been focused on the biochemasidychemistry of TS, culminating
in the recent and impressive total synthesis ofathigbiotic, allowing for the preparation of
analogues to probe structure-activity relationshjp88,209]. Multidrug resistance is a
critical problem and the development of either nawgets or increasing the efficiency of

known antibiotics is essential.

5.1. Approaches to the Study of Thiostrepton

5.1.1. Computational Chemistry

The crystal structure of TS was first reported 1870, although the structural
coordinates were never released [210]. Howeverrdbent release into the public domain of
an X-ray structure based on sulphur anomalous digpe techniques has provided the
coordinates for the heavy atoms in TS [211]. Thirmation has since been utilized in
docking experiments against the TS-RNA-L11 targehplex [157]. The crystal structures
of other cyclic thiazole peptides such as nosildepi212,213] and GE2270A [214] have also
been determined. Recently, a high resolution NMidcstire of the TS-RNA-L11 complex
was published [106], and at the time this thesis l&ing written, the X-ray crystallographic
structures of TS, nosiheptide and micrococcin boto the large ribosomal unit of

Deinococcus radioduransere solved at a resolution between 3.3 — 3.70%[{Figure 5.1).
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Figure 5. 1: Ternary complex of thiostrepton bound in the bigdiocket between ribosomal protein L11 (red)
and 23s rRNA (white).
(A) Docking model PDB: 10LN [157B) NMR structure PDB: 2JQ7 [106T) X-ray crystal PDB: 3CF5
[107].

Nevertheless, it is well known that crystal packiogces can play important roles in
the overall structures determined by X-ray diffractmethods. In addition, the ability of a
molecule to sample different conformations makampgerative to study the structure of an
antibiotic by a variety of techniques [215]. Congtignal chemistry is a technique that can
lead to insight into the conformation profile ofrelecule. There are a number of general
approaches to molecular modelling. Three types belbriefly introduced in this chapter:

molecular mechanics [216) initio calculations [154] and semi-empirical methods [217

5.1.1.1. Molecular Mechanics

Molecular mechanics calculations are based onickssechanics [216,218]. The
behaviour of the molecule can be derived throughliegetion of traditional mechanics where
each atom in a molecular structure is considerdzeta sphere of specific mass connected to
other atoms by springs (representing chemical bofid® potential energy (steric energy) of
a molecule is the sum of all energy terms, inclgdaond stretching, bond angle bending,

dihedral angle rotation, and non-bonding interaxgisuch as hydrogen bonding, electrostatic

171



and van der Waals interactions and is the basadate field[218,219]. A force field can be
defined as a collection of these energy terms amdnpeters utilized to calculate the overall
energetics of a particular molecule. Force fielde developed for different molecules
ranging from small organic molecules to large bitenoles such as proteins, and are derived
from ab initio calculations and experimental data [220]. Onehefdreat strengths of using
molecular mechanics techniques is that it is onéheffastest computational methods, and
thus can be applied to quite large molecular systdomfortunately, its greatest limitation
comes from its accuracy as it is based on seleetifaggce field with parameters appropriate
for the system of interest. In addition, since roalar mechanics calculations do not involve
electronic properties, one cannot obtain infornrmatmn the chemical reactivity of the

molecule [216].

5.1.1.2. Ab initio Calculations

Ab initio computations on the other hand are based on guachemistry first
principles and use minimal experimental parametensl approximations [218]. All
calculations are done purely mathematically base8ahrédinger’s equation to calculate the
behaviour and probable positions of electrons sysaem (thevavefunctioh[218,221]. This
approach, by far is the most consistent and acedoata varied range of molecular systems;
starting with only the molecular structure and aakmmumber of constants, chemical
properties and reactivity of the molecule can b&uated. However, this method is
computationally “expensive”, that is, it placesamsiderable amount of demand on computer
resources and time. Therefore, maaty initio calculations have been confined to smaller,
simpler molecules of no more than 50 - 100 atomespédding on computing power

available) [218,220].
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5.1.1.3. Semi-empirical Methods

Semi-empirical methods are often considered asnilddle ground betweeab initio
and molecular mechanics calculations; it is baseduantum chemistry similar to that aib
initio methods, but, like molecular mechanics, is notricged by molecular size [222].
Semi-empirical methods address the issue of sidetiame limitations encountered kab
initio methods by introducing approximations and simptifyithe mathematics based on
experimental parameters [217,222]. Although noa@surate aab initio calculations, semi-
empirical computations permit users to study theab®ur of larger molecules relatively
quickly [222].

Not only are semi-empirical methods consideredrastermediate betwee initio
and molecular mechanics in terms of speed, butdheylso useful for range of applications
[222,223].Ab initio methods can be widely used to calculate a lamggeraf properties of a
molecule, and require little, if any, additionalpeximental data; however, they can only be
used for smaller molecules [218]. On the other havttere molecular mechanics makes up
for the size and speed problem, it is restrictedsrgenerality. These methods are confined
by these parameters of the force fields choserafparticular system [216]. If a parameter
and/or a suitable force field is not well suited dosystem, meaningful calculations cannot be
performed. Semi-empirical calculations are verysaéle in that they have a large range of

applicability for large molecules (Figure 5.2) [222

173



Molecular Mechanics

Large
&
i~
n
T
=
p—
=] Semi-empirical
&
&
p—
=
| ab initio
Small
Specific General )

Applicability

Figure 5. 2: Semi-empirical calculations are a middle groundveenab initio and molecular mechanics.
Ab initio methods are most general, having the largest rahapplicability, however, are restricted to small
molecular size. Molecular mechanics are more sjgetifit can be used to calculate properties oflasized
molecules. The region in black shows calculatiolges covered by semi-empirical methods. Figure tedap

from [222].

5.1.2. Modification of Thiostrepton

Thiostrepton was first isolated in 1955 and wasntbuo exhibit extremely high
antibacterial activity against Gram-positive orgams. It was also found to be effective
against microorganisms resistant to penicillin agthromycin [88]. It showed great
promise; however, its low water solubility and pdmwoavailability has restricted its use to
topical application in veterinary practices (i.eanBlog®) [224]. We embarked on
developing TS analogues with improved aqueous gjuthrough chemical modification of

the antibiotic, without compromising its biologicagtivity.

5.1.2.1. Development of Novel Antibiotics

With the emergence of antibiotic resistance, theedndor developing new
antimicrobials is ever so pressing. In the past tlagades, there has been very limited

success in the development of novel classes omambbials. Current strategies involve
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efforts towards improving existing antimicrobial esxjs [225]. A prime example is the
introduction of the ketolides. Erythromycin is aenaide antibiotic that was introduced into
clinical practice in the early 1950s for use agathe Gram-positivé&staphylococcus aureus
when penicillin resistance was first observed to ggeblematic [75]. Similar to TS,
erythromycin acts by binding to the 23s rRNA of tlhege bacterial ribosomal unit and
prevents the growing polypeptide chain from leauing peptide exit tunnel (s€hapter 1
section 1.3.2or more detail) [70,71].

One of the major limitations of erythromycin isatht is labile to acidic conditions,
making it unstable in the acidic gastrointestinalct [226]. A number of semi-synthetic
derivatives of erythromycin A derivatives that aeid stable were made (azithromycin,
clarithromycin, dirithromycin and roxithromycin).h&€se semi-synthetic derivatives were
effective only for a short period of time beforesigtant strains began to appear [75]. As a
result, the ketolide class of antibiotics was depell. Ketolide antibiotics have the same
structural core as erythromycin A-@), however a keto group replaces the-8adinose
moiety. Although the cladinose group has been icapdid as the part of the pharmacophore
of erythromycin, modifications throughout the stwre readily compensate for the absence
of the group [75]. For example, telithromycin (HNMBB47) 6-3) has an additional carbamate
group between the C11 and C12 of the lactone tingas found that telithromycin has high
in vitro activity against a wide spectrum of Gram-positigpsecies; it was also shown that it
was effective against strains 8freptococcus pneumonidieat were erythromycin-resistant

[227].
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Figure 5. 3: The chemical structure of the antibiotic erythromy®-2) and its ketolide derivative,
telithromycin 6-3).
The ketolides replaces the sugar moiety at thesBipo of the lactone ring with a keto group.

5.1.2.2. Modification of Nocathiacins: A Member othe Thiazole Peptide Antibiotics

The nocathiacins are the latest members of thedkiigeptide family of antibiotics.
They were isolated from the fermentation broth8lotardiasp [228,229]. They are tricyclic
molecules and are the only members of the thiogentibiotics to contain an indole group
within their framework. They display potent actiwégainst Gram-positive bacteria. Like TS,
the nocathiacins bind to the large ribosomal sutatihe 23S rRNA and protein L11 to stall
protein translation [230].

Nocathiacin | -4) has a slightly better solubility profile at lowpHs than other
thiopeptide antibiotics; however, its solubilityillstemains inadequate for intravenous
administration [231]. A research group at Bristoydvis Squibb successfully prepared semi-
synthetic nocathiacin | derivatives with improveguaous solubility relative to the parent
compound while retaining its biological activity JP-237]. One successful strategy
employed in that study was the conjugation of tledéydroalanine side chain to water-

solubilizing or charged groups.
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Nocathiacins are soluble in methanol and initfedrgs toward the optimization of the
Michael addition of methylamine to the dehydroatenitail were carried out at room
temperature for one hour, and resulted in multgdie products. Although Michael additions
are typically performed in organic solvents, recatténtion has been directed to the use of
water as the solvent of choice in organic synthg38]. It was reported that modifications
performed in water gave the desired product in goeldls with minimal side products. Even
more surprising, it was observed by the authorsréection at -28C gave the highest yield
and purity product in the shortest reaction timaklf€ 5.1). It was concluded that the low
temperature (-2C) played a role in limiting the number of side gwots formed [231,233].
Efficient conjugation was observed under the samweditions with various thiols. The
biological activity of these nocathiacin analogwese tested and found to be similar to the

parent antibiotic botin vivo andin vitro assays [236].
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Table 5. 1:Optimization of Michael Addition Reactions of Ammé& Nocathiacin I.

Adapted from [231].

Amine/equiv Solvent T Time % Yield % unreacted
(°C) (h) Nocathiacin |
MeNH,/25 MeOH 22 3 Low N/A
MeNH,/10 MeOH 22 7 Low N/A
MeNH,/10 H0 22 1 70 5
Me,NH,/10 H0 22 1 76 N/A
Morpholine/10 HO 22 24 50 14
Morpholine/10 HO 5 24 70 14
Morpholine/10 HO -20 5.5 90 3
1:4 MeOH/KD  -20 120 70 27

Morpholine/10

*multiple products were observed

5.1.2.3. Semi-Synthesis of Thiostrepton Analogues

The biological activity of TS and other thiopeptiaetibiotics is attractive, since their

mode of action is unique and different from othlemically available antibiotics. Therefore,

an approach similar to the modification of the nb@ins can be undertaken, where the

drug can undergo chemical transformation suchithptoved solubility might be achieved.

There are a number of sites on the TS molecule dhatundergo chemical modification:

three dehydroalanines and one dehydrobutyrine (Eigt4).In vivo andin vitro conjugation

is observed between TS and thiolo groups on tweepr® whose expression is induced by

the presence of the antibiotic, TipAL and TipASStieptomycesp. [239].
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Figure 5. 4:Reactive groups on the antibiotic thiostrepton.
(A) Thiostrepton has four sites of potential cheminatlification by Michael addition. The three
dehydroalanines (Dealal-3) and one dehydrobutyBng are shown in black boxg®) Space filling model
of TS with green atoms indicating the sites of tmsdion.

Blocking experiments of the cysteine residues opAB with N-ethylmaleimide
prevented the formation of covalent bond betweerptiotein and antibiotic. Likewise, when
the dehydroalanine and dehydrobutyrine residue3®fwere blocked with cysteines, no
adduct resulted. This indicates that the formatbdnthis complex requires the cysteine
residues of TipAS and the dehydroalanine/dehydrging residues of TS. The protein-
antibiotic complex formation was analyzed using snapectrometry and SDS-PAGE gel
analysis and was found to have a 1:1 stoichiome#im in spite of the multiple sites
available on TS for modification [240]. Nonethelegssvas reported by the same group that
reaction with free cysteine and other thiosniercaptoethanol and dithiothreitol) gave
additions of three or four molecules to the thiggton. However, these thiol adducts had an

antibiotic activity that was reduced 1000-fold [240
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5.1.3 Plan of Action

TS is an extraordinarily complex macrocyclic peetahtibiotic containing thiazoline
and quinaldic acid moieties along with a didehythome tail. The complexity of its
molecular architecture underlines the need to dbariae its electronic and conformational
properties, which should provide the opportunitgxtend our insight into its possible modes
of binding to the ribosomal RNA.

This chapter presents a detailed study on thetateiof TS. The TS crystal structure
was geometry optimized using molecular mechanicsl @emi-empirical methods.
Information acquired from these computations wérentutilized for detailed calculations
including conformation searches and electron dermsitculations at the AM1 anab initio
levels to obtain partial charges of atoms that béllimportant in future modeling efforts. Our
findings of this study, discussed later in thisptlea, were published in Bioorganic Medicinal
Chemistry Letters [241].

Results of the preliminary studies on the modifaratof the antibiotic utilizing an
approach similar to the semi-synthesis of nocathiaoalogues will also be presented and
discussed. The previous study by Cltual [240] was taken into consideration, and we
limited ourselves to in performingingle sitemodifications of the antibiotic to avoid any
reduction of antibacterial activity. Single modétons also permit us to investigate which
sites of unsaturation play a biologically signifitarole. In addition, modification with

compounds bearing a polar functionality may inceethe water solubility of TS.
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The antibiotic was modified successfully, purifiadd tested against various Gram-
positive bacterial species and provides a goodddafior future modification processes to

increase the solubility of the drug.

5.2. Materials and Methods

5.2.1. Reagents and Materials

The following reagents and materials were obtain@a the following companies:

Caledon Laboratories (Georgetown, ON)dimethylformamide (DMF), HPLC grade

acetonitrile (ACN)

EMD Pharmaceuticals (Durham, NC): chloroform, triethylamine (TEA)

Sigma Chemical Company (St. Louis, MO)2-mercaptoethanesulfonic acid (2-MESNA),

Thiostrepton fronStreptomyces azure(s90%)

5.2.2. General Equipment
5.2.2.1. Computational Hardware and Software

All calculations were performed on a Silicon Gragshinc. (SGI, Mountain View,
CA) O, workstation (named “Violin”) or Flexor, the Uniwaty of Waterloo’'s multi-CPU
SGI Origin 3800 system. Violin hardware specifioas: IRIX 3.5X operating system, MIPS
R10000 processor chip, MIPS R10010 floating polmpc195 MHz IP32 processor, 750 MB
RAM. Flexor hardware specifications: 64-bit IRIX5&7f operating system and is a system
comprised of forty 400 MHz MIPS R12000 CPUs andiweé&00 MHz MIPS R14000 CPUs

with 52 GB of RAM.
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Structures were visualized using Maestro 5.1 (Stihger Inc, Portland, OR) or
WebLab Viewer Pro 3.7 (MSI). Force field assessmeoihformational searching and
stochastic dynamics studies were carried out udftagroModel 8.0 (Schrddinger Inc,
Portland, OR) [242]. Geometry optimizations andadetl electronic calculations were

performed using Gaussian '03, Revision B.05 (Gauskic., Wallingford, CT) [243].

5.2.2.2. Chromatographic Equipment

Modified TS derivatives were purified by using a ¥fa (Mildford, MA, USA)
pBondapak G reverse phase radial compression column ¥2300 mm). All HPLC
purifications were carried out on a Waters HPLCeays(Mildford, MA, USA) consisting of
the following components: Waters 600 controller,téva 600 Gradient Pump, Waters 996

Photodiode Array Dectector with Waters Empower gafe, Build 1152. All aqueous
solvents were filtered through a Quth membrane filter (Pall Life Sciences, East HiNg,)
and all organic solvents were filtered through 456um membrane filter (Millipore Corp.,

Billerica, MA). All solvents were degassed prioruse.

5.2.2.3. Mass Spectrometer

The nano-electrospray mass spectrometer that wes was a Micromass Q-TOF
Ultima™ Global and supplied by the Waterloo Chemical Analy=acility, University of

Waterloo.

5.2.2.4. Nuclear Magnetic Resonance (NMR) Spectrotee

'H Nuclear magnetic resonance spectra were obtaisied a Bruker 500 MHz NMR

spectrometer using deuterated solvents manufactuyeGambridge Isotopes Laboratories
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(Andover, MA). All samples were prepared by disgsaivthe compound in CDgbr CDCE:
CD3OD (4:1). The number of scans ranged from 48 t&620Bh a sweep width of -0.5 ppm

to 11 ppm.

5.2.2.5. Incubators

Growth of liquid bacterial cultures employed eithar Series 25 controlled
environment incubator shaker (New Brunswick Scfen€o., Inc., Edison, NJ) or Inno4
4330 refrigerated incubator shaker (New Brunswicle&ific) both shaking ~ 200 rpm. For
standing or plated bacterial cultures, growth wasedin a Precisioh gravity convection

incubator from Precision Scientific, Inc (Chicadjo).

5.2.2.6. Spectrophotometry

Optical density X = 600 nm) measurements on bacterial cultures per®rmed on
one of the following instruments: Varian Cary 3 WA&ible Spectrophotometer
(Mississauga, ON) spectrophotometer with the CanWi Advanced Reads Application
Software 3.00 (182); Ultrospec 2100 pro UV/Visib&pectrophotometer (Amersham
Biosciences, Uppsala, Swedan); Molecular Devicesc®pmaXx Plus 384 (Union City, CA,

USA), SoftmaxPro  v. 501 Software.

5.2.3. Computational Methods

5.2.3.1. Experimental TS Structure

The recently reported crystal structure of TS (PB9W) [211] was imported into
WebLab ViewerPro 3.7 (MSI) where bond types andrbgdn atoms were added to produce

the complete structure used for analysis. One @ftioton additions was a secondary amine
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(N*) linked to the quinaldic acid moiety of TS. Secandamines are known to pyramidalize
and the heavy atom data for the crystal structurescdot indicate the orientation of the
proton. A number of steric interactions were viguabserved when the proton was pointed
inwards to the centre of the TS antibiotic, hertoe proton was added such that it pointed
outwards with a dihedral angle {BC**~N*>-H?) of 65.2. As well, the water of hydration
bound to TS was removed. This TS structure, withegjuired hydrogens, was utilized as the
starting structure for the series geometry optitiozs outlined below.

It is interesting to note that the structure of TFDB: 1E9W) was not the first
reported crystal structure. It was first report@d1970 by Anderson and co-workers in
Nature, however the coordinates were never repomiad deposited in the Cambridge

Structural Database [210].

5.2.3.2. Geometry Optimizations of Thiostrepton

Molecular Mechanics Geometry Optimization

An assessment of various available force fieldslacroModel 8.0 (Schrédinger Inc,
Portland, OR) [242] was undertaken to determiranifppropriate force field might be found
without the need for the development of new foreddfparameters. The following force
fields were surveyed: AMBER, AMBER94, MM2*, MM3*, MFF, MMFFS, OPLS and
OPLS-AA using the TS crystal structure. Minimizaigoof TS in these force fields gave the
number and quality of high, medium and the low batretch/bend/torsional parameters,
which were then evaluated. The OPLS-AA force fielals determined to be the best of the
available force fields. Final geometry optimizasoof TS were performenh vacuoand in
water using the&seneralized Born/Surface Are&B/SA) implicit solvation model [244] as

implemented by MacroModel [242].
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Semi-empirical Geometry Optimization

Geometry optimization calculations of TS were @riout with semi-empirical
methods at the AM1 level [245] of theory using Gaas '03 (Gaussian Inc., Wallingford,
CT) [243]. Structures obtained were compared with gtarting experimental TS crystal and

OPLS-AA derived structures and visualized in Mae$8chrodinger Inc, Portland, OR).

5.2.3.3. Molecular Orbital andAb I nitio Charge Calculations

Molecular orbital calculations to determine thehsgt occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orb{tdlMO) were implemented at the
semi-empirical AM1 level (Gaussian '03), using tA&1 minimized structure obtained
previously (see abovelb initio Mulliken [246,247] and ChelpG [248] charge cal¢idas
using the AM1 minimized structure were performedtba B3LYP [249,250] functional

using the 631-G(d) basis set. These calculatioms performedn vacuowith Gaussian '03.

5.2.3.4. Investigation into Conformational Flexibiity of Thiostrepton

Low Mode (LMOD) Conformational Searching

The OPLS-AA minimized structures(vacuoand implicit water) were used as the
starting structures for Low Mode (LMOD) [251] confieational searches as implemented by
MacroModel 8.0 [242]. The chirality of the 17 cHicentres present in the TS structure were
held fixed during the conformation search, with éxeeption of the secondary amine'J\
At each step, the new starting structure was saleftbom the previous set of low energy
structures saved. Maximum iterations was set td@Dwith 1000 steps. All other parameters
were used at their default settings. Heavy atonmre weed for comparison of similarity. All

steps were repeated until conformations reachedergance.
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Stochastic Dynamics Studies

OPLS-AA derived structures were utilized as startistructures in stochastic
dynamics studies in their respective phases@cuoand implicit GB/SA water solvation).
One nanosecond dynamics experiments (MacroModgP82)) were carried out at constant
temperature of 300 K, with an equilibration time b0 ps and 1.5 fs time steps. The
following segments of the antibiotic were monitoicgting the 1 ns timespan: the dihedral
angle of the internal lactone Y&-0"~C™%C"%, the dihedral angle of secondary amine

(H">-C*N'-H*) and the atomic distance between the two l00ps\NE).

5.2.4. Modification of Thiostrepton with 2-Mercaptoethanesulfonic Acid
Methods

5.2.4.1. General Procedure for the Michael Additiorof 2-Mercaptoethanesulfonic acid
(2-MESNA) to Thiostrepton

Initial Screening of Reaction Conditions

The addition reaction of the thiol, 2-MESNA, wasrfpemed in different organic
solvents and in water. Reactions were carried eud aimple one pot semi-synthesis: to a
stirring solution of TS and triethylamine (TEA; &t equivalents), one equivalent of thiol
was added, and the reaction was allowed to proaeeither room temperature (2@) or
low temperature (-20C). Reactions conducted at room temperature wexreedlin -20°C
for an additional night. The progress of reactionas monitored with thin layer
chromatography (TLC) with CHglI MeOH (4:1) and visualized with UV light as wek a
phosphomolybdic acid:0.4% in ethanol stain. Rf eal®MESNA:0.2; TS: 0.9 and 0.75;

MTS-2MESNAD.2.
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Optimized Reaction Procedure for Michael Additidr2eMESNA to TS

To a stirred solution of TS (30 mg) in DMF (7Hk) was added 10 equivalents of
TEA at room temperature under argon. One equivatdnP-MESNA (150 mM stock
solution, deoxygenated) was then added to thegralege-yellow solution to a final volume
of 1 mL and stirred overnight at°€. Thin layer chromatography was used to moniter th
progress of the reaction. The solvent and excegs W&re removed by rotary evaporation
and subsequently dried under high vaccum over naghtmove any residual solvent to give

an orange-yellow solid. Yield: 95%-100%

5.2.4.2. Purification of Modified Thiostrepton (MTS2MESNA)

Method 1: Silca Gel Flash Chromatography Column

The orange-yellow product was dissolved in a mimm@amount of solvent
(chloroform with a few drops of methanol) and drie silica gel (mesh size: 40-8n).
The sample was applied onto a silica flash coluiren 5-8% methanol in chloroform was
used to elute TS starting material and impuritidse compound of interest was eluted with
15% methanol in chloroform. All fractions were mimmed by TLC and fractions containing

the TS derivative were then combined and diedacuo Yield: 73%.

Method 2: Gg Reverse Phase Sep-Pak

The crude product was dissolved in 20%/80% aceteni{ACN)/methanol and
loaded onto a Waters C18 Sep Pak cartridge, whachbleen pre-conditioned with methanol
and water. The column was washed with water foltblg elution of mTS-2MESNA with

30%/70% ACN/HO, while the parent compound was obtained with 0% ACN/H0.
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All fractions were analyzed by TLC and fractionsw@ning the TS derivative were then

combined and drieoh vacuo Yield: 51%.

Method 3: Reversed-Phase HPLC
The orange-yellow powder of modified TS (25-30 nagld 2-MESNA conjugate
(mTS-2MESNA) was dissolved in milli-Q water (MQWIhe mTS-2MESNA was sparingly
soluble in water and extensive sonication and xartewas required to prepare the sample
prior to injection. The sample was filtered througl®.2um polyethersulfone filter\WR
International, Mississauga, OK) remove any particulate matter and undissolvedpaund.
The column was equilibrated with 100% MilliQ Wat{dQW), and the sample loaded at 5
mL/min. The column was washed extensively with MQWtil an absorbance reached
baseline at 220 nm (~10min).
Different elution gradients were performed to optze for maximal separation, and
were as follows:
* A gradient of 100% MQW to 100% ACN over 50 min (284r)
* A gradient of 100% MQW to 100% ACN over 100 min (b8n)
« A gradient of 90%:10% MQW/ACN to 50%/50% MQW/ACN a@v 100 min

(0.4%/min)

The large peak obtained from the last gradient salsited and characterized by NMR
and mass spectrometry and found contain a mondawaidiroduct of 2-MESNA to TS.
Yield: 13%."H NMR spectra showed elimination of dehydroalameaks at 6.82 ppm, 6.72
ppm, 5.59 ppm, 5.49 ppm, indicating two modificacoccurring at the tail portion of the

parent antibiotic. Positive electrospray mass spewtry confirmed a single successful
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conjugation was made. Molecular weight determirfdi&06 Da; expected molecular weight:

1807 Da. Thus, a mixture of products was isolated.

5.2.4.3.In vitro Susceptibility Test

Two different Gram-positive species were testedaftibiotic susceptibility to mTS-
2MESNA. Bacillus subtilisATCC E308 (strain 168) was a generous gift from Buy
Guillemette (University of Waterloo) and t¢aphylococcus aureusTC 6538P was a kind
contribution by Karen Pike (University of Waterlod)ll microbiological manipulations
were performed on Luria-bertani broth (LB ; peelit 10 g tryptone, 5 g yeast extract, 10 g
NaCl, pH 7.0) and LB agar (LB broth plus 1.5% adar)B. subtillisand trypticase soy
(TSB; per liter: 30 g trypticase, 3 g yeast extrgti 7.0) broth and agar (TSB plus 1.5%

agar) forS. aureusDetails of bacterial culture growth and testsaescribed below.

Kirby-Bauer Disc Diffusion Method [252,253]

A single colony was picked from an overnight baelere-streak grown on suitable
agar plates and then inoculated into the appraptabth (3 mL) as a small scale starter
culture, and shaken overnight at'@7 The actively growing culture (1 mL) was therutid
(2:100) in its respective media and grown at@with constant agitation (~200 rpm) until
both sets of cells reached a mid-log phasgA 0.5-0.8). The densities of the bacterial
suspensions were adjusted by addition of freshlestemoth to give final optical densities of
Asoo = 0.5. These solutions were used immediately tzutate agar plates. The inoculum
(~200pL) was spread evenly over the entire surface ofaljgr plate (10& 15 mm plate)

and allowed to dry (no more than 15 min) beforeliappon of discs.
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The parent TS and the modified drug (mTS-2MESNAjeadissolved in MQW and
DMF at various concentrations (Table 5.2). Statikes were firmly applied to the surface of
the agar plate. Afterwards, 2 of each antimicrobial solution was added to tieesl and
the plates were inverted and placed in &C37ncubator immediately. After 16 h of
incubation, each plate and disc was examined amdlidmeters of zones of inhibition were

measured with a ruler.

Table 5. 2:Concentrations Utilized for Kirby-Bauer Disc Difflos Test for Thiostrepton and its Analogue.

DMF H,0 (MOW)
TS (ug/mL) mMTS-2MESNA TS (ug/mL) mTS-2MESNA
(Hg/mL) (Mg/mL)
0 0 0 0
0.03 0.03 0.03 0.03
0.3 0.3 0.3 0.3
3 3 3 3
10 10
25 25
50 50

In vitro Susceptibility Curve

A small scale starter culture (3 mL) was inoculateth a single colony picked from
an overnight re-streak grown from a suitable adatepand grown overnight at 32 with
aeration. An aliquot of the starter culture (1 migs removed and its optical density adjusted
to Asoo = 0.5 with addition of fresh sterile broth. A sriof fresh broths were prepared (5
mL) and the antibiotics, previously prepared in DMF MQW, were added at various
concentrations (Table 5.3). The cultures were iatedh at 37C with constant agitation.
Samples of 20QiL were withdrawn at one hour intervals for 5-7 fu @neir optical densities

at 600 nm were determined.
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Table 5. 3:Concentrations Used for Antibacterial Susceptipiliesting for Thiostrepton and its Analogue.

DMF H,0 (MQW)
TS (ug/mL) mMTS-2MESNA TS (ug/mL) mMTS-2MESNA
(pg/mL) (pg/mL)
0 0 0 0
0.1 0.1 1 1
0.3 0.3 5 5
3 3 50 50

5.3. Results and Discussion

5.3.1. Geometry Optimizations of Thiostrepton

Using the crystal structure of TS with all the regd hydrogens added as the starting
structure, a survey of force fields available in dwanodel 8.0 [242] was performed to
determine the best force field suited to modeldhgbiotic. From the information returned
regarding the quality and number of stretch, bemdi tarsional parameters available in each
forced field, it determined that the OPLS-AA was thest force field with which to model

TS in (Table 5.4).

Table 5. 4 The number of bonds of high, medium and low quddiinds calculated for stretch/bend/torsional
parameters in each force field available in Macrdla8.0.

Force Field Stretch Bend Torsional

Ha Mb Lc Ha Mb Lc Ha Mb Lc
MMm2* 138 77 0 215 142 31 181 254 120
MM3* 2 145 35 19 194 93 55 207 100 19
Amber*3 111 30 16 264 71 21 265 219 15
opLs? Error Error Error
Amber94® Error Error Error
MMFF © 195 0 13 301 0 62 318 0 217
MMFFS’ 195 0 13 301 0 62 318 0 217
OPLS-AA® 200 8 0 348 15 0 435 98 2

High quality;"Medium quality;’Low quality; 1. Allinger, N. LJ Am Chem Sat977, 99, 8127-8134. 2. Allinger, N. L.; Yuh, Y. H.; Lii, J
H. J Am Chem Sot989 111, 8551-8566. 3. Ferguson, D. M.; Kollman, P.JAComput Chemi991, 12, 620-626. 4. Jorgensen, W. L;
Tiradorives, JJ Am Chem Sot988 110, 1657-1666. 5. Cornell, W. D.; Cieplak, P.; Bayg, I.; Gould, I. R.; Merz, K. M.; Ferguson, D.
M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; IKoan, P. A.J Am Chem Sot995 117, 5179-5197. 6. Halgren, T. A.Comput Chem
1996 17, 490-519. 7. Halgren, T. Al Comput Cherm999 20, 720-729. 8. Jorgensen, W. L.; Maxwell, D. S.;afioRives, JJ Am Chem
Soc1996 118 11225-11236. *This force field is a greatly expanded versionhe OPLS force field.; MM2*, MM3* and Amber* are
MacroModel’s version of the three force fields amating from the above listed references.
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Two low quality torsional parameters for the faliag angles were noted:*RC®%-
SB.c* and N"-C*"2.c!L 83 (Figure 5.5). These torsion angles are found énriig of the
dihydrothiazole group (R-C%-S%-C%*) and the bond attaching the thiazole of the tathe
piperidine group (N'*-C'"8-C**.S'?) (Figure 5.6, Red). Due to the ring constraintsthef
dihydrothiazole, these low quality torsional anghesuld not be expected to greatly affect the
conformational studies. The tail with the pipereligroup was expected to freely rotate in
solution. This view was taken into account whenl@ng the generated conformers for
relatedness (see below). It is important to not¢ #ithough we utilized OPLS-AA as the
molecular mechanics for this particular problem,rendetailed studies may require the

development of force field parameters for theséi@adar torsional rotations.

A 93 B 0

@si /
-H N
\ 178

98N '?4 N/ 191/ \

H |( 179 S193
o)

Atoms: N98-C96-S93-C94 Atoms: N179-C178-C191-S193

Figure 5. 5 Low quality torsion angles of thiostrepton foundOPLS-AA.
(A) Torsion angle between atom&NC*-S*%-C* on the dihydrothiazole(B) Torsion angle between atoms
N*"°.C178.C19..8"3n the tail region of thiostrepton.
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Tail 02\(

Figure 5. 6 A closer examination of the thiostrepton (TSusture.

(A) The dihydrothiazole moietyB) linkage between tail and body of thiostrept(@) ester linkage{D)
secondary amine (); (E) quinaldic acid moiety. Red: two low qualttyrsion angles found using the OPLS-
AA force field. Blue: dihedral angles used to monithe stochastic dynamics run. Purple: distanceitoed

during the stochastic dynamics run betweérrahd C.

OPLS-AA energy minimizations were performiedvacuoand in water, utilizing the
implicit GB/SA methodology [244]. The GB/SA implicsolvation model is based on two
popular continumm solvation models: the GeneraliBedn (GB) and Solvent Accessible
Surface Area (SA) model; solvation free energ(®g,( are calculated based on the sum of a
solvent-solvent cavity term3(,,), a solute-solvent van der Waals tei@y,4n) and a solute-
solvent electrostatics polarization ter@,¢) [244,254]. The minimized structures obtained
had energies of: -827.83 kcal/mol (vacuum) and 4118 kcal/mol (water). Superimposition
of non-hydrogen atoms of the TS crystal structun¢h whese two energy minimized
structures revealed low RMS values of 0.4380 abd 31, respectively, suggesting that the
two low quality torsional angle parameters discdsearlier do not appear to be major

obstacles in modelling TS (Figure 5.7). The dihkdragles were determined to be -1I1.7
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(N%8-C%%-8.C%) and 0.4 (N'"°-C'"2.C™15"3) in the gas phase. The didehydroalanine tail
showed the largest difference with RMS values 1@ 1.820 for the gas and liquid phase,

respectively.

Figure 5. 7:Relaxed stereoview of thiostrepton starting crystalcture with OPLS-AA energy-minimized
structurein vacuoand water and hydrogens eliminated for clarityl[24

A second approach was undertaken to determinertbgyy-minimized structure of
TS by utilizing semi-empirical AM1 calculations. @MPAM1 structure (vacuum) obtained
from the starting crystal structure was minimizedat low energy structure that had no
negative frequencies based on frequency calcukatidrhen superimposed on the starting
crystal structure, the RMS difference obtained wha8623 (Figure 5.8). Additional
comparisons of the AM1 structure to the OPLS-AAustures determineth vacuoand in
water resulted in RMS differences of 1.0433 an®049 respectively (Figure 5.9 and 5.10).
The two torsion angles, RC*-S*.C* and N"°-C*"2C'.5'*%in the AM1 structure were

determined to be 0°&nd 12.0, respectively.
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Figure 5. 8:Relaxed stereoview of superimposed structureseottitostrepton crystal structure with the AM1-
minimized structure (RMS = 0.9623) and hydrogensiakted for clarity [241].

Figure 5. 9:Overlay of the OPLS-AA minimized thiostrepton sturein vacuowith the AM1-minimized
structure (RMS = 1.0433) in relaxed stereo moda tidrogens eliminated for clarity [241].

Figure 5. 1Q Overlay of the OPLS-AA minimized thiostreptonustiure in water with the AM1-minimized
structure (RMS = 0.9904) in relaxed stereo moda tidrogens eliminated for clarity [241].

5.3.2. Molecular Orbital and Ab initio Charge Calculations

The highest occupied molecular orbital (HOMO) artte tlowest unoccupied

molecular orbital (LUMO) at the AM1 level of calation were determined to be localized
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on the dihydrothiazole and quinaldic acid moietiespectively (Figure 5.11). The HOMO
and LUMO could be important in contributing to tinéeraction of TS with ribosomal RNA.
It was previously suggested that the quanaldic aciatithe thiazole moieties of TS engage in
pi-stacking interactions with adenosine 1067 an@bl@espectively; this was confirmed by a

recent NMR model by Jonker and coworkers [106].

Figure 5. 11: The HOMO and LUMO of thiostrepton.
The highest unoccupied molecular orbital (HOMO) #mllowest unoccupied molecular orbital (LUMO)
diagram at the AM1 level were overlapped, and veateulated to be localized on the dihydrothiazald a
quinaldic acid moieties of thiostrepton, respedsiyg41].

Additionally, the AM1 minimized structure was utéid as the geometry for a single
point energy calculation at the B3LYP/631-G(d)//AMAvel. The calculation led to a
detailed analysis of the electronic structure of Te Mulliken charges were determined by
AM1 and B3LYP/6-31(d) calculations and the CHelp@3I(YP/6-31(d)) electrostically fit

charges on the AM1 geometry-optimized structuresamvn in Figure 5.12.
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Figure 5. 12:Electrostatic potentials (-2.000ged]-1.00¢ [blue]) mapped onto electron density (Density =
SCF) for AM1 energy-minimized structure. Isovaloe isosurface: 0.0004 electronsfau

5.3.3. Conformational Flexibility of Thiostrepton
5.3.3.1. LMOD Conformational Search

Although the semi-empirical arab initio calculations provide partial charges for the
atoms on this large drug molecule, it is also ingoarto realize that the crystal structure and
the minimized structures directly obtained fromaite each but one structure on the energy
potential surface. Such a large molecule such assA&ild exhibit a multiplicity of
conformations in spite of the fact that is resatitby two internal loops. In order to explore
this in a computationally efficient manner, we ig8d the energy-minimized OPLS-AA
(vacuum and water) structures for a series of comtional searches.

There are 39 rotatable bonds in the TS structocg, including methyl group
rotations. This number precludes approaches tlilgeot dihedral angle drive-based search
protocols. We therefore applied the highly effitilow mode (LMOD) [251] conformational
search protocol implemented in MacroModel 8.0 [24Phis method explores the low
frequency eigenvectors of the molecular systemisrgkpected to follow “soft” degrees of
freedom, such as those found in torsional rotatiinge to the aggressive search protocol

utilized in this approach, the chirality of the tfiral centres were held fixed during the
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conformational search. Only the secondary aming) (Mas not fixed, as it was believed that
pyramidalization of this nitrogen, in addition tanherent flexibility might be a contributing
factor to the conformational flexibility of TS. Botvacuum and water phase OPLS-AA
minimized structures were used in separate calongtusing LMOD.

LMOD calculations performeth vacuofound a total of 158 conformations within
~10.0 kcal/mol of the global minimum (-908.1 kcadly 31 of which are within 3 kcal/mol
of the global minimum. In the case of water (GB/S293 unique conformations were found,
76 of which were within 3 kcal/mol of the global mmum (-1133.8 kcal/mol). Overlaying
the two global minimum structures (vacuum and wateth the starting TS crystal structure
(Figure 5.13), reveal that Loop 2 and the tail oagare more opened and exposedacuq
whereas the structure obtained in implicit watem® a more tightly packed architecture.
The secondary amine tR was observed to have pyramidalized and facesrasv@wards
the TS core in the LMOD structure vacuo This suggests that the binding interactions of
TS could potentially involve significant conformatial changes of Loop 2 that may be

facilitated by the pyramidalization and torsionakfbility of N*°.

Figure 5. 13:Superimposed global minimized energy structuresutated from LMOD in vacuum (green) and
water (CPK) and the starting thiostrepton strucf{anagenta) [241].
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Although by no means exhaustive, the above appesachd find a number of
conformations lower in energy than the OPLS-AA mmized crystal structure. A number of
the conformations found in the LMOD searches showgd pyramidalization, where
approximately 16% and 13% of the LMOD-generateduuat and water conformation
(1000) had the amine proton pointed inward. Heheegrocess may play an important role
in defining the conformation ensemble of TS. In erdo gain some insight into the
frequency of this possible pyramidalization progceas well as to explore further the
conformational mobility of the loop regions of TStochastic dynamics studies were

undertaken.

5.3.3.2. Stochastic Dynamics Studies

One nanosecond dynamics experiments were under&kaa0 Kin vacuoand in
implicit water (GB/SA). The dihedral angles aroutie internal lactone (¢*0*4-C™>*
C'™, the secondary amine {R-C*“N*-H*), and the atomic distance between the two
internal loops (&N (Figure 5.6) were also monitored to gain addaidnformation as to
the conformational changes over the one nanosdaoedrame.

Results from the stochastic dynamics studies peddin vacuoindicate that early in
the run, the N15 proton orientates itself inwaitsgs 17-74, 130-167) periodically, while no
such behaviour was observed in the water run (Eiguii4). The region of the internal
lactone ring does not appear to change signifigantboth cases, although conformation of
the opposite orientation was sampled frequentlpubhout the duration of the analysis
(Figure 5.15). The distance between the two looas fwund to increase over the duration of

the dynamics run (both vacuum and water), theredmarding the core of TS (Figure 5.16).
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Data from these stochastic dynamics runs suggest TS exhibits a conformational

flexibility, a ‘breathing’ dynamic for binding intactions.

Stochastic Dynamics Plot
L] H175-C164-N15-H33 Dihedral Angle vs. Time (ps), vacuum 15000 H175.C164N1 mgﬁ;ﬂrﬂ;‘l’: ‘f;'“nm (©5). water
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Figure 5. 14:Stochastic dynamics plain(vacuoand water) of the dihedral angle’(FIC***-N*>-H*) of the N*®
secondary amine (D, Figure 5.5) over time (1 n4}]2
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Figure 5. 15:Stochastic dynamics ploin(vacuoand water) of the dihedral angle*{€0™**-C*>% C'*% of the
internal lactone ring (C, Figure 5.5) over timen§) [241].
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Figure 5. 16:Stochastic dynamics plotsn(vacuoand water) of the distance between the two maciiacy
rings (Loop 1 and 2, Figure 5.5) betweeta@hd N*° over time (1 ns) [241].

5.3.4. Modification of Thiostrepton

5.3.4.1. Reaction of Thiostrepton with 2-Mercaptodtanesulfonic Acid

With the recent success of the development of th@@n analogues from Michael
addition reactions [231,233,236], we commencednoadification of TS in a similar fashion
(Table 5.5 and 5.6). Nocathiacins only have a simgluble bond for modification, and is a
good scaffold for which to base our reactions dmer&fore, a single site modification with
TS should not be a problem. With the goal of @leirsite modification, only one equivalent
of thiol (2-mercaptoethanesulfonic acid; 2MESNA)saadded under aqueous conditions.
Although nocathiacins have poor solubility in waiemwas found that successful conjugation
with thiols was made possible with the additiorthed weak base, triethylamine (TEA). It is
believed that the TEA aided in improving the sdlitypiof the nocathiacins in addition to
acting as a general base catalyst for the Michdditian [233], however we did not observe

this for TS.
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The TS starting material remained insoluble thraughhe entire length of reaction.
Increasing the amount of organic solvent in thectiea mixture and trying two different
temperatures with varying equivalents of base alb¥or evaluation of the effects of solvent
temperature and base on the thiol addition. Foditioms that were largely aqueous (80%
H,0/20% DMF), no improvement in solubility of staginmaterial was observed. On the
other hand, when solvent was composed of 20%/80% DMF, the cloudy reaction mixture
was stirred for two hours before turning into aaclaomogeneous solution, and product was
observed by TLC. With fully organic conditions, Mael addition occurred much more
rapidly and product was observed as early as ooe &ide reactions were minimal and did
not discriminate between either set of conditiah30 DMF vs. 20% KD/80% DMF). In
addition, it did not appear that temperature {€0eliminated side reactions as it did for the
nocathiacins [231,233,236]. Nonetheless, it waar labticed that performing the reaction in
100% DMF at 4°C gave a crude product that was slightly less aracmmpared to when
performed at 23 (room temperature). Therefore, all subsequerttitees were executed at

4°C in 100% DMF.
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Table 5. 5:Summary of Reactions Conditions Attempted for thehdel Addition of 2-MESNA to TS at
Room Temperature (2X0).

Solvent Equiv. Time (h)
TEA 0 1 2 OIN O/N* (-20C)

DMF O D a |:| a |:| a |:| a D a

1 02 Product/thio?  Product/thidl Product No change

10 02  Product/thiol Product Product No charfge
80% DMF/20% H,O O o@ 0®@ 0? 0? o?

1 g?@ g?@ o? Product/thio? ~ No changé

10 O®@ O®@ Product/thiol Product No chande
20% DMF/80% H,O 0 0@ 0@ 0@ 0@ Oo@

1 0 a 0 a 0 a 0 a 0 a

10 o o na 0@ na
H.0 0 o@ 0@ o2 0@ ma

1 0@ 0@ 0@ 0@ 0@

10 o o na 0@ na

*Reaction vessel was placed in -2D for an additional overnight
®0Only starting material was observed on the TLCeptatnothing was observed as TS starting matedalnot soluble in solvent condition

bThe emergence of the product was observed, alatigthé thiol and TS starting material
“No observable difference from placing reaction ge8sm RT to -20C

Table 5. 8 Summary of Reactions Conditions Attempted forNtiehael Addition of
2-MESNA to TS at -20C

Solvent Equiv. Time (h)
TEA 0 1 2 OIN
DMF O |:| a |:| a |:| a |:| a
1 02  Product/thiol  Product/thidl Product
10 02  Product/thiol Product Product
80% DMF/20% H,0O 0 o2 Oo@ Oo@ g2
1 ga ga ga Product/thiol
10 ga ga Product/thiol Product
20% DMF/80% H,O 0 o2 Oo@ Oo@ g2
1 O@ Oo@ Oo@ Oo@
10 |:| a |:| a |:| a |:| a
H,O 0 ne ne ne e
1 go@ go@ go@ go@
10 |:| a |:| a |:| a |:| a

#Only starting material was observed on the TLCetatnothing was observed as TS starting mateaal not soluble in
solvent condition

bThe emergence of the product was observed, alotigtié thiol and TS starting material

5.3.4.2. Purification of Thiostrepton Derivative (nTS-2MESNA)

Initial efforts at purifying the crude modified Té&htibiotic were carried out using
flash chromatography and purification by using acptumn of C18 (Sep Pak). In both

purification processes, although the majority & #tarting material was removed, there was
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still a residual amount that remained. Mass spewtac analysis indicated a single addition
had successfully occurred (please see below). Bar MR spectra were obtained due to
the presence of contaminants such as silica fraemfldsh chromatography purification or
side products.

Isolation of mTS-2MESNA was then pursued by anedytHPLC methods. Sample
preparation encountered difficulties as the modifieS analogue still remained sparingly
soluble in water. The sample was sonicated ancexed: to facilitate dissolution, however
insoluble compound remained and was centrifugedféteded away prior to purification.
Different elution gradients from water to acetatetf{ACN) were applied: 2%/min (100%
H,O to 100% ACN;Figure 5.17), 1%/min (100% J@ to 100% ACN; Figure 5.18) and
0.4%/min (90% HO:10% ACN to 50% KO:50% ACNFigure 5.19) and it was found to
remove the majority of side products and startimgstrepton. Fractions collected from the
0.4%/min run were assessed for biological activaiative to the parent compound (see

Section 5.3.43

% ACN

T T T T
0.00 500 1000 1500 2000 2500 30.00 35.00 40.00 4500 50.00 5500 60.00 B5.00 70.00
Time (min)

Figure 5. 17:Chromatogram showing the separation of mTS-2MESNA.
A gradient of 100% water to 100% acetonitrile wagpkyed over 50 min (2%/min). First major peak (bd)
corresponds to the modified antibiotic.
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Figure 5. 18:Section of elution profile of the purification offB8-2MESNA with 1%/min gradient.
The gradient went from 100% water to 100% acetitaiver 100 min. The area shaded indicates thuidnas
that contained the modified mTS-MESNA as shown WitlC.
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Figure 5. 19:Further separation was achieved with a slower gradif 0.4%/min.
The gradient went from 10% acetonitrile:90%wateb®86 acetonitrile:50% water over 100 min. Area unde
shaded peak was collected and used for antibioticeptibility testing.

Mass spectrometric analysis of all purified sampdé®wed a single successful
modification (Figure 5.20). However, it remainedclear whether the modification had
occurred at a single location or whether it wasigume of singly modified products. NMR
spectroscopy was used to further provide insigtd the location of the conjugation. The
NMR data was obtained and compared to the TS mgantiaterial (Figure 5.21) and peak
assignments were based on previltdsSNMR assignments published by in the literature by
the groups of Anderson [255] and Floss [256].

Peaks corresponding to the dehydrobutyrine (Fidgud; But) and the internal
dehydroalanine (Figure 5.4A and Figure 5.21; DdjJavere still present. However, the
peak intensity of signals corresponding to the debglanine residues in the tail region

(Figure 5.4A and Figure 5.21; Deala(2), Deala(3gravreduced significantly. The lack of

205



presence of proton shifts for both Deala(2) andl&8 shows that successful single site
modification has been achieved, although the prociatated is composed of both products
modified at the different sites of the tail (Figuse20). This mixture of products was then

tested for its biological activity.

100-

1806.531

1808.529
[/

%_

1806.391(| 1809.497
~

) I Lrit i iy ||m|‘i‘uld||‘w|mI‘ L I"Il“wl “ m/z
1775 1800 182 1850
Figure 5. 20:Positive ion mode electrospray mass spectrum of-@NMESNA.
The expected molecular weight is calculated to&®71Da .The major peak indicates molecular weight
corresponding to a mono-adduct.
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Figure 5. 21:Comparison of partidH NMR spectrum of the modified TS (top) and thegval TS (bottom) in
CDCl,.
Arrows show peaks corresponding to different prsetionthe four potential sites of modification. Ass&s (*)
indicate the singles arising from protons of thhydioalanine tails. Peaks corresponding to Deala(#)
Deala(3) were no longer present in the modifiedbéotic.

5.3.4.3. Susceptibility Testing of mTS-2MESNA

Two Gram-positive species were used to evaluaelttiibacterial activity of the TS
derivative and compared to that of parent compounaaely Staphylococcus aureusnd
Bacillus subtilis Both the TS and the TS derivative were dissolmearganic solvent (DMF)
and in MQW with varying concentrations (Table 5&darable 5.3). The activity of the

antibiotic solutions was tested using disc diffasiethods and broth dilution methods.
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Kirby-Bauer Disc Diffusion Tests

Antibiotic and antibiotic analogue impregnatedcdisvere put on the surface of the
agar medium that had been previously inoculated aipure bacterial suspension of eitSer
aureus or B. subtilis After incubation of 16 h, zones of inhibition wemeasured and

compared (Table 5.7).

Table 5. 7:Inhibition Zone Diameters of Thiostrepton and isrative onB. subtilisandS. aureus

Diameter of Growth Inhibition Zone (mm)

DMF H,O
B. subtilis S. aureus B. subtilis S. aureus
Conc TS mTS- TS mTS- Conc TS mTS- TS mTS-
(ng/mL) 2MESNA 2MESNA  (pg/mL) 2MESNA 2MESNA
0 6.5 6.5 6.5 6.5 0 6.5 6.5 6.5 6.5
0.03 7.1 6.5 7.0 6.5 10 6.5 6.5 6.5 6.5
0.3 7.2 7.0 8.0 6.7 25 7.2 8.8 10.0 10.2
3 12.0 8.0 12.7 8.0 50 10.5 11.0 10.5 12.6

At all concentrations in organic solvent, it wasirid that the unmodified compound
exhibited similar or slightly larger zones of gréminhibition for both bacterial species.
However, at the same concentrations (0, 0.03, @33gqumy/mL) in water, it was found that
there was no effect on bacterial growth. This isyMé&ely due to the inherent low water
solubility for both the native TS and the modifiempound. Similar difficulties in
dissolving the mTS-2MESNA during purificatiosgction 5.3.4.2and the parent TS were
encountered. Concentrations three to one thousaed higher (10, 25, 50g/mL) were also
examined and slightly larger diameters of inhibitinones were observed for the mTS-
2MESNA. This indicates that although the parent poumd has a higher overall activity in
organic solvent, in an aqueous environment, theifleddTS was shown to have higher

activity, therefore, correlating to higher watehdwnlity.
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In vitro Susceptibility Curve

The effect of the TS derivative on bacterial giowtrves of botiB. subtilisandS.
aureuswere studied. Initial growth curve studies weref@eaned with liquid media with
concentrations of antibiotic solutions that gave ldrgest clearing zone in the disc diffusion
tests (3ug/mL in DMF and 50Qug/mL in H,O), however, complete inhibition was observed

and antibiotic concentrations were reduced to |ig8nL and 0.1pug/mL in DMF and 5

pg/mL and ug/mL in H,O (Figure 5.22).
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Figure 5. 22:Bacterial growth curves fd. subtilis(A and B) ands. aureugC and D) in the presence of antibiotic in aquemusrganic solvent.
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For bothB. subtilisandS. aureusTS and its modified counterpart inhibited growth
completely at concentrations as low as @gImL and 0.3ug/mL (Figure 5.22 A and C).
However when the solutions of antibiotics were maaewater, bacterial growth was
observed for all antibiotics with concentrations @fL ug/mL. It was only at a higher
concentration of antibiotic (fg/mL) that inhibition was observed by only mTS-2MES
Thus, similar to the disc diffusion results, the dified thiostrepton is more active when

administered in aqueous solution.

5.4. Conclusions and Future Work

Two approaches were utilized in studying the stmgcactivity relationship of TS, a
representative of a major class of thiazole pepédgbiotics. First, a detailed molecular
mechanics-based conformational search, stochagtiantics, semi-empirical anab initio
studies on TS yielded a number of insights into steucture including the potential
pyramidalization of the secondary amine and aspefcthe mobility of the TS loops. In
addition, the focus has provided detailed electra@tructure parameters on the antibiotic,
including providing knowledge of the position ofettHOMO or LUMO orbitals and the
electrostatic charges of TS. This information sdosgrve as an important basis for future
studies on TS and other thiazole peptide antibiatid their interaction with biological
samples.

Second, a single addition of 2-mercaptoethanesulfacid (2-MESNA) to the TS
didehydroalanine tail has been successfully mademifture of the didehydroalanine
addition product can be attained using g f@verse phase column on the HPLC. It was

demonstrated through Kirby-Bauer disc diffusion angitro susceptibility growth tests that
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the thiostrepton-2MESNA conjugates were more acthan the parent TS compound in
aqueous solution. Further information on the attiaf the modified compound could be
obtained by measuring the minimal inhibitory cortcations (MIC) of the antibiotics.

Given that there are two sites that are possibleghfe modification of the TS tail,
each position can give two different enantiomeniodpicts (R and S) for a total of four
products. Therefore, the aforementioned modifiedibanic in fact is a mixture two
conjugation products, and further separation isiireq to separate these chemical species.

Further resolution can be achieved by employingradignt of 0.17% /min (25%
ACN: 75% HO to 35% ACN: 65% kD over 78 min) on the major peak collected from
previous gradient of 0.4%/min (10% ACN: 90%0Hto 50% ACN: 50% KD over 100 min,

Figure 5.19), and can be seen in Figure 5.23.
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Figure 5. 23 Further purification of mTS-2MESNA.
(A) Purification of mTS-2MESNA with a 0.4%/min (10%edonitrile:90%water to 50% acetonitrile:50% water
over 100 min). Peak highlighted was pooled, anth@rrresolution was achieved with a 0.17% gradienmh
25% ACN:75% HO to 38% ACN:65% LD over 78 min(B).
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Therefore, collection of peaks can be further disitrated to optimize separation and
discrete peaks can collected, isolated and chaizstiebefore testing against for biological

activity in the future.
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APPENDIX1: RADIOMETRIC ASSAY SUPPLEMENTARY
INFORMATION

Al.1. Reducing the Specific Activity ofS-AdenosylL -[methyl->H]-
methionine

The specific activity (§) of commercially availableS-adenosyk-[methyl-H]-
methionine (fH]-AdoMet*) is typically reduced for storage or agsconditions. This is
achieved by “cutting” the S (Ci/mmol) with a non-radiolabelled (“cold”) compuod.
Therefore, the amount of radioactivity (“hotnes€inains unchanged while the total amount
of compound increases. For radiometric assays sisclinChapter 3 [*H]-AdoMet* was
typically stored at 500 Ci/mmol. This section shosavsample calculation of calculations
involved in reducing the Sof [°*H]-AdoMet* from the manufacturer from 61 Ci/mmol to

500 mCi/mmol for storage.

Al1l.1.1. Calculating How Much Non-radiolabelled AdoMet is Required

Table Al. 1:Information on radiolabelled and non-radiolabelfatbMet

*H-AdoMet* commercial AdoMet
»  Specific activity = 61 Ci/mmol * in p-toluenesulfonate salt form with hydration
» [Radioactive] = 1.0 mCi/mL e CisH2N505 [XKC;HgO5Sy H,O*
*  Volume = 250uL * MW =959.26 g/mol
» Total radioactivity = 25QCi
e MW =405 g/mol

* x and y are obtained by manufacterer’'s produeeshin this example x=3.1andy =1.5

Using the information for both “hot” and “cold” Ad/et (Table Al.1), the following
equation [156] can be used to calculate how muchradiolabelled AdoMet is needed to cut

the specific activity down to 500 mCi/mmol:
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W = Ma{i—l}
A A

Where W = weight (in mg) of unlabelled “cold” compua to be added (mg)
M = molecular weight of radiolabelled compound (gm
a = total activity (GBQ, mCi) in sample
A = molar specific activity (GBg/mmol, mCi/mmol cbmpound as supplied)
A’ = molar specific activity (GBg/mmol, mCi/mmol) tfe desired diluted compound

W= Max[i-i}
A A
1 1
W =(959275g/mol) x (0.250mCi) x - - _
500Ci/mmol 61000Ci/mmol

W = 23982x (0.002- 1.63x10°°)

W =04757mg= 4757 ug (1)

Therefore, 475.7ug of non-radiolabelled AdoMet must be added to cedthe
specific activity. However, this mass was too smaléking it not possible to measure out.

Therefore, a stock solution of cold AdoMet was mékeug/uL).

Al1.1.2. Using the Cold AdoMet Stock Solution to Reduce Specific Activity

Making the cold AdoMet stock solution: How much cold AdoMet stock to add to
reduce &
2.5 mg (2500ug) of cold AdoMet into c=M_ =M Substitute (1) and (2)
250L of Assay buffer*: Y T c
4755 g
250049 Vv=———=475 /L
= =109/ L (2 1049/ 1
250/ Ml (2)

047.5 pL of the cold AdoMet stock
solution is to be added to commercigl-

AdoMet* bottle to reduce the Sto 500
mCi/mmol

*Assay buffer: 50 mM HEPES pH 7.5, 7.4 mM MgCI2,53
mM NH4CI, 3 mM mercaptoethanol, 10% glycerol
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A.1.3. How Much 3H-AdoMet* reyuceq t0 Be Added to Each Assay Tube

If the total amount of radioactivity desired forchaassay reaction tube (total volume
of 100 uL) is 2.5uCi, given the radioactive concentration, one shdédable to calculate
how much hot compound to add. The original comna¢iéH]-AdoMet* had a radioactive
concentration of 1.0 mCi/mL or 1j@Ci/mL. The amount of’H]-AdoMet* that is needed to

be added to each assay tube can be calculated:

10 4Ci _ 25 Ci
L

—x=25/1

Therefore, 2.51L of [*H]-AdoMet* is to be added to each assay. Howeve, radioactive
concentration was changed upon the addition otth@ AdoMet that was used to cut down
the S\ (to give PH]-AdoMet* equced. Thus, the amount added must be corrected amfsil

475 pl +250 ul
2504

Adjusted volume =25 z4_x =2975.4
Therefore, for each 100L assay, the amount 3fi-AdoMet* cqucedto be added is 2.978..

Al.1.4. Calculating the Concentration of [ *H]-AdoMet* equced

Number of moles offH]-AdoMet* .ommerciai Number of Moles of AdoMejiq:
-The bottle has a SA of 61000 mCi/mmol -Recall we had reduced,Slown to 500
-In each assay (1Q4L), has 2.5.Ci mCi/mmol
61000mCi/ mmol —122
O Number of moles of hot 500mCi/ mmol

[*H]-AdoMetcommericalin €ach assay tube is: e added 122 fold more AdoMs

2.5pCi = 0.0025 mCi [0 Number of mole of AdoMej is:

0,0025mc:i><1m—mOI = 41x10® mmol 122% 4.098x10° mmol= 50x10° mmol

61000mCi
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Therefore, the TOTAL amount of AdoMet in each assaction tube:
[*H]-AdoMetcommercia+t AdoMetgq = ~5.0x 10° mmol.

Concentration of H]-AdoMet* equced Final concentration ofH]-AdoMet* equceqin
each assay tube:

Al.2. Conversion of Disintegrations Per Minute to aMole
Quantity

The data collected using the liquid scintillatiawuater instrument gives methylation
in disintegrations per min (dpm). In order to cddte kinetic parameters, the signal first must

be converted to a molar quantity as seen below:

1dpm><#ixi: Ci x—1 - =9.1x10"*mmol
22x10%dpm S, 22x10%*dpm O05Ci
Note:dpm:&
efficiency

After this conversion is performed, calculation®biain kinetic values can proceed.
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APPENDIX2: SAZUREUST SRPROTEIN STRUCTURE

The S. azureusISR protein crystal structure and TSR-RNA modgllinteractions
were carried out by by Dr. Mark Dunstan and Dr. édna Conn at the University of

Manchester. A summary of methodology used and tstreiclata are provided here.

A2.1. X-ray Diffraction Data Collection, Structure Determination
and Refinement

Crystallization trials and optimizations were domgh the JBScreen HTS1 screen
(Jenabioscience) on an Innovadyne 96 crystallinatabot. Protein crystals grew with the
vapour diffusion hanging drop method. Diffractionadjty crystals grew within the first two
to three days in 4L drops containing 27% PEG 4K, 0.2 sodium aceta @1 M Tris
buffer pH 8.0 with an equal volume of protein. Adddional five days after their intial
appearance, crystals produced reached their maxismanof 800x 150 x 80 um. Crystals
with the S-adenosylk-methionine (AdoMet) cosubstrate bound was achidedoaking the
crystal in the same solution supplemented with 5 AdMMet for 24 hours.

Crystals were cryoprotected by passing througlilymopolyether (PFPE) prior to
flash-cooling with liquid nitrogren. Diffraction ¢k sets were collected at the European
Synchrotron Radiation Facility (ESRF) on the ID2®damline and processed using X-ray
Dectector Software (XDS) [194]. Molecular replacenéVIiR) was performed using the
MOLREP program [195,196] of the CCP4 package witpody-serine model of the C-
terminal domain of the SpoUT MTase RrmA (1IPA: 28#quence identity) as a search

template. MOLREP determined that asymmetric umhtains two molecules which
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confirms the number estimated by the Matthews aoefft (VM =2.12, solvent content =
42%).

Manual model building of the missing N-terminal damm was conducted with the
program RESOLVE [257] and was initially difficultud to the poor electron density; the
program only placed 280 of the amino acid resida&sthe electron density, most of which
belong to the C-terminal domain. To improve the slaglality, the dual-space MR model
completion method was executed. After several reufdphase calculation with OASIS06
[258] and density modification with DM [195], folieed by more automated model building
with RESOLVE and structure refinement with CNS [R&®er 470 residues (including side
chains) were placed by RESOLVE into the electronsdg. The final steps of manual
building was completed by Coot [260] and refinemehtthe model was achieved by
translation, liberation, screw (TLS) refinementngsiPheix.refine. The completed structure
contains residues 8-268 for each TSR monomer inaygnmetric unit (Table A2.1 and

Figure A2.1).
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Table A2. 1: X-ray data collection and refinement statisticstfar TSR-AdoMet complex.

TSR-AdoMet complex

Space group P22,2,
Resolution (A) 2.45
Unit cell a,b,c (&) 40.80, 56.20, 213.90
o,By (°) 90.0, 90.0, 90.0
Redundancy 4.4 (4.5)
Reflections Total 85388
Unique 18568
Completeness (%) 95.8 (90.0)
Rieas (%0) 10.9 (67.0)
<l/gl> 10.2 (2.36)
Solvent molecules 43
Rwork (%) 21.9
Rfree (%) 26.6
Overall B-factor (K) 57.9
Ramachandran plot (%)
Favourable 84.6
Allowed 11.8
Generous 1.8
Disallowed 1.8

RMS deviations from ideal geometry
Bond lengths (A)
Bond angleS)(

Figure A2. 1: X-ray crystal structure of TSR-AdoMet complex imeth orthogonal views.
AdoMet is represented by the green space-fill figiigure courtesy of Drs. Mark Dunstan and Gra€men.
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A2.2. Modelling TSR-RNA Interactions

The coordinates for the 58 nucleotide L11 bindilognain rRNA (PDB: 1HC8) was
modified at position 1061 to the wild tyfe coli sequence (U1061). Docking experiments
were carried out using the Hex program (http://wesd.abdn.ac.uk/hex). Rigid-body
prediction of the RNA (‘ligand’) was applied andented towards the cleft formed by the
conserved C-terminal domains of the TSR dimer €ptor’). Both shape-only and shape-
electrostatics correalation algorithms were usetth wisearch radius of N-30 and the top 10
docking solutions inspected visually in Coot.

In Chapter 4 the non-conserved N-terminal recognition domaas la striking
similarity to the yeast L30e-mRNA, an autoregulgtoomplex [204,205]. A critical Phe
residue engages in aromatic ring stacking intevacind is proposed for TSR (Figure A2.2).

For more details, please referGbapter 4of the thesis.

Figure A2. 2: Yeast L30e domain structure with RNA binding.
(A) Alignment of L30e (red) and the TSR NTD (blu@) Structure of L30e-mRNA complex including the
interaction between Phe85 and nucleotide G56. Ghéevalent position is found in Phe88 of TSR and is
believed to play a role in RNA recognition. Figwaurtesy of Drs. Mark Dunstan and Graeme Conn.
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APPENDIX3: GEOMETRICDISTORTIONS INHOMOLOGY
MODELS

A3.1. Geometric Distortions forTSRMonomer?2

Planar groups

[ | f
| |
CB CB |
| CB CB

B ca
. - =t | R _
0.025 0.027 0.120 0.180 0.057 0.033
Asn 9 Asp 36 Phe 50 Tyr 54 Phe 88 Phe 97
|
}/, | Y | Y | | Y {
NE cB NE NE
o CB
0.027 0.034 0.044 0.071 0.032 0.063
Arg 104 Asp 117 Arg 158 Phe 169 Arg 178 Phe 217
\ |
". [ ) |
_I
e / B
U.I:II'I 0.041
His 258

Phe 228
Sidechains with RMS dist. from planarity > 0.03A for rings, or > 0.02A otherwise. Value shown is RMS dist

Figure A3. 1: Geometric distortions for the homology mod&RMonomer2
Figure obtained from PROCHECK.
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A3.2. Geometric Distortions forPrimeT SR

Main-chain bond angles

A Asp 211

Bond angles differing by = 10.0 degrees from small-molec values. Values shown: "ideal", actual, diff.

Planar groups

5 | Y1~ |

cg | CB

CB b
0.032 0.050 0.023 0.021 0.077 0.090
A Asp 36 A Tyr 54 A Asp 67 A Arg 71 A Phe 88 A Phe 97
| | | -
NE | C | ' NE
—_— c8 L
0.021 0.062 0.038 0.041 0.034 D_Ij#S
A Arg 158 A Tyr 167 A Asn 209 A Phe217 A His 258 A Arg 260

Sidechains with RMS dist. from planarity > 0.03A for rings, or > 0.02A otherwise. Value shown is RMS dist.

Figure A3. 2: Geometriadistortions for the homology modEtimeTSR
Figure obtained from PROCHECK.
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A3.3. Geometric Distortions for TSRDimer

Main-chain bond angles

s c 1217 CcA C 1217 ¢cao N M2 c N 18 C ¢ 1217 cA

CA N N CA CA

1 ' ! N
A Pro 24 ATle 79-A Asp 80 A Phe 169 - A Ser 170 A Asn 209 B Pro 24 Blle 79-B Asp 80

N 1112 C

R BT
v
A

B Asn 209

Bond angles differing by > 10.0 degrees from small-molec values. Values shown: "ideal", actual, diff.

Planar groups

e ¢ ¥l %l Ll ¥

0.036 0.108 0.021 0.027 0.026 0.027
AHis 42 A Tyr 54 AArg 71 A Arg 101 AArg 104 A Arg 135
|' -' " |
CB | N |
- s | g |
0.025 0.062 0.035 0.024 0.055 0.022
A Asp 157 A Tyr 167 A Phe 169 A Arg 178 A Phe 184 A Asp 198
| |
B NE . o g |
o g |
0.023 0.020 0.040 0.037 0.073 0.021
A Asp 208 A Arg212 A Phe 217 A Asn 248 A His 258 A Glu259

Figure A3. 3: Geometriadistortions for the homology modéSRDimer.
Figure obtained from PROCHECK.
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APPENDIX4: MUTAGENESIS

Two different mutagenesis methods were utilizedltain the mutants discussed in

Chapter 4 Below is an overview of these two techniques.

A4.1. QuikChangeé™ Site-Directed Mutagenesis

Double stranded DNA
plasmid with desired mutation
indicated

Denature plasmid, anneal primers
with desired mutation and
amplify entire plasmid

Digestion with Dpn 1
(removal of wild-type
methylated DNA)
—
.// .—_ \?.
[ \\_ Nicked circular plasmid with
-\ ’ l ] desired mutation
L\ L.
N~ 2y
~N.—.~

Transformation.
Cells will repair and replicated
nicked DNA

Q

Figure A4. 1: Overview of the QuikChang¥ site directed mutagenesis method. Adapted fromt&iene
Closing Systems QuikchaneSite-Directed Mutagenesis Kit Manual.
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A4.2. Splicing Overlap Extension Mutagenesis

a Cc
— -
5! \ 3,
3' 5F
™~ [
<@ d
b
PCR#: PCR#2:
Amplify with Amplify with
primersa+b

primers ¢ +d

AB

CD

AN
< ~—
—0
<@

PCR #3: Amplify with primers a+d
using products AB and CD as new templates

—_
P\ —
—_—— <o =
PY ~
<< @

Full length product with mutation

Figure A4. 2: Overview of splicing overlap extension site-mutagga method.
Primers a and b are the external primers (T7 falveaud reverse) and the internal primers containrthition.
After the first two PCR amplifications, two pairbseparate strands. These strands are complemexttdrgir
3’ ends such that they can act as primers for onthanand be extended by polymerase to give thdength
product with the desired mutation. Adapted fron@1P
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A4.3. Mass Spectra of TSR Mutants
All molecular weights of TSR mutants were detemlity positive ion electrospray

mass spectrometry. In conjunction with sequencasglts, the success of the mutation was

confirmed.
100 29164.0000
(0]
2
©
o
8
2
©
2
&
o
=
2/9483.5000
28253.5000 29139.5009
N TR | O ’v L il . ‘ — bttt
T T T T T T T T T TTTT T T
25000 26000 27000 28000 29000 30000 31000 32000 33000 34000

Figure A4. 3: Positive ion mode electrosrapy of S246A TSR
The expected molecular weight is 29162 Da and thimpeak indicates a monomeric weight of 29164 Da.
The secondary peak with a mass of 29483 Da is SA48A is most likely two tris adducts bound to the
protein.
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Figure A4. 4: Positive ion mode electrosrapy of R135A TSR
The expected molecular weight is 29097 Da and thmpeak indicates a monomeric weight of 29095 Da.

1004 29152.5000
@
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©
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©
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|z
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Figure A4. 5: Positive ion mode electrosrapy of R135K TSR
The expected molecular weight is 29154 Da and thmpeak indicates a monomeric weight of 29152 Da.
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Figure A4. 6: Positive ion mode electrosrapy of N248A TSR
The expected molecular weight is 29139 Da and th@mpeak indicates a monomeric weight of 29137 Da.
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Figure A4. 7: Positive ion mode electrosrapy of N248D TSR
The expected molecular weight is 29183 Da and thimpeak indicates a monomeric weight of 29181 Da.
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A4.3. Preliminary CD and DSC of TSR Mutants

Circular dichroism (CD) and differential scannirgjarimetry (DSC) were applied to

TSR and some of the mutants created.

1E+006

Mol. Ellip. -1E+006

-2E+006

-3E+006 . L L
190 220 240 250
Yavelength[nm]

Figure A4.8: CD spectra of mutants S246A, R135A and R135K coetptr the wildtype TSR
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Figure A4.9: Raw DSC data for a representative scan of wildlypB and S246A.
The differences in the melting temperature wasigige (Tm = 42°C). All scans were performed afC per
minute in 20 mM Tris pH 7.5, 75 mM KCI, 10% glycéro
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APPENDIX5: TSMODELLING SUPPLEMENT

Please refer to Chapter 5 for full descriptionhef methods used as well as discussion

of these results.

A5.1. Conformational Flexiblity of Thiostrepton

Figure A5. 1: Superimposition of the 158 conformations determiimecacuoby LMOD calculations.
31 structures are within 3 kcal/mol of the globahimum (yellow) [241].

Figure A5. 2: Superimposition of the 293 conformations determiimedater by LMOD calculations.
76 structures were within 3 kcal/mol of the globahimum the global minimum (yellow) [241].
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A5.2. Electronic Structure of Thiostrepton

Table A5. 1:Mulliken charges determined by AM1 and B3LYP/6-3dlizand B3LYP/6-31G(d) CHelpG
electrostatic fit charges on the AM1 geometry-ojtad structure.
These calculations were performed using Gaussigyn Revision B.05 (Gaussian Inc., Carnegie, Pennsjdya

USA).
Atom AM1 B3LYP/6-31G(d)//AM1
Mulliken CHelpG

1N -0.352167 -0.619568 -0.563028
2 C 0.006034 -0.075297 0.305248
3C 0.289517 0.58477 0.432976
4 0O -0.370304 -0.525672 -0.42032
5C 0.022375 0.139182 0.276134
6 O -0.351363 -0.655566 -0.756127
7 C -0.256556 -0.506569 -0.17378
8 H 0.228686 0.414575 0.467268
9 H 0.084999 0.134171 0.045535
10 H 0.09852 0.183527 0.002156
11 H 0.091529 0.144382 0.056838
12 H 0.252561 0.367186 0.223853
13 H 0.163622 0.208362 0.060864
14 H 0.097144 0.143858 -0.00819
15 N -0.331103 -0.585358 -1.117211
16 C -0.023976 -0.074879 0.151235
17 C 0.305118 0.616213 0.668707
18 O -0.3792 -0.538112 -0.575322
19 C -0.129165 -0.072546 0.135886
20 C -0.160893 -0.267452 0.11856
21 C -0.214305 -0.466023 -0.214814
22 C -0.210464 -0.441187 -0.284545
23 H 0.123475 0.154224 0.002167
24 H 0.077027 0.143471 0.064636
25 H 0.073647 0.144927 0.07286
26 H 0.079594 0.150967 0.070961
27 H 0.075099 0.122773 -0.014265
28 H 0.088221 0.132074 -0.008621
29 H 0.117159 0.149345 -0.001124
30 H 0.084484 0.146212 0.05262
31 H 0.070102 0.137847 0.054952
32 H 0.077237 0.160619 0.03253
33 H 0.181 0.313428 0.385495
34 N -0.350785 -0.588068 -0.7216
35 C 0.013755 -0.045128 0.379551
36 C 0.286223 0.612792 0.446957
37 O -0.371745 -0.526963 -0.479551
38 C -0.22442 -0.438573 -0.195089
39 H 0.087966 0.150571 0.025855
40 H 0.09229 0.1598 0.062797
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
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0.09747
0.135631
0.246037
-0.311574
-0.007911
-0.226751
0.336281
-0.380973
0.258435
0.129155
0.153782
-0.353819
0.028262
0.299581
-0.387686
-0.232591
0.141593

0.08629
0.091289

0.10291
0.248515
-0.303021
-0.010164
-0.228916
0.336442
-0.352551
0.126931

0.16526
0.266893
-0.309434
-0.008502
-0.230499
0.329352
-0.423287
-0.372061
0.123189
0.163324
0.261355
0.236064
0.229187

-0.31887
-0.074595
0.574442
-0.143395
-0.410601
0.388457
-0.373793
0.203081

-0.08876
-0.201014

0.167124
0.178097
0.341645
-0.683237
0.342595
-0.405154
0.558196
-0.54657
0.356162
0.151623
0.192305
-0.610375
0.008151
0.599133
-0.545067
-0.454256
0.1868
0.147363
0.159493
0.177281
0.347774
-0.703014
0.33687
-0.399543
0.527427
-0.510952
0.147695
0.20552
0.364916
-0.678436
0.343192
-0.403302
0.508971
-0.734575
-0.516054
0.142454
0.204566
0.3594
0.352084
0.342803
0.085217
-0.482419
0.30574
0.235038
-0.355633
0.57239
-0.54517
0.207832
-0.146898
-0.503346

251

0.064395
0.025056
0.340361
-0.412663
0.143375
-0.365006
0.517567
-0.491196
0.259858
0.12567
0.187783
-0.461184
0.005989
0.707109
-0.532253
-0.174515
0.134987
0.020476
0.063423
0.079174
0.27917
-0.270373
0.031916
-0.336149
0.5868
-0.48756
0.111132
0.196307
0.211037
-0.434442
0.138967
-0.397183
0.65651
-0.88364
-0.52706
0.127831
0.200818
0.276388
0.417318
0.379947
0.077324
-0.387723
0.015414
0.155826
-0.185523
0.512506
-0.544602
0.178943
-0.183873
0.047626
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0.009845
-0.295758
0.148371
-0.302612
-0.374402
-0.091292
0.31514
-0.195312
-0.067565
0.140467
0.153914
0.127163
0.141771
0.081908
0.096383
0.122977
0.256745
0.071754
-0.349417
0.102522
-0.246569
-0.359267
0.03468
-0.24927
-0.331386
0.156812
0.096796
0.109218
0.087219
0.238733
0.090438
0.208462
0.075016
0.091035
0.097272
0.255496
-0.334784
-0.108977
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-0.411414
0.378648
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-0.460659
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0.076371

0.336852
-0.677927
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0.613653
-0.453253
-0.059643
0.175963
0.218809
0.18204
0.174844
0.145606
0.166518
0.210227
0.369643
-0.026359
-0.605611
0.292235
-0.509138
-0.674945
0.139831
-0.490755
-0.625805
0.210534
0.167802
0.182663
0.163367
0.431409
0.126554
0.400763
0.138158
0.160542
0.178222
0.3645
0.077851
-0.509019
0.330382
0.238941
-0.352448
0.57787
-0.531487
0.21824
0.360793
-0.490191
-0.382445
0.066449
0.314244
-0.028693
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0.171093
-0.470627
-0.326665
0.368807
-0.551217
0.213686
0.480743
-0.33744
0.023003
0.042732
-0.004192
-0.038015
0.147858
0.015107
0.011053
0.027394
0.320041
-0.019104
-0.288052
0.435062
-0.323818
-0.621238
0.278114
-0.255528
-0.649792
0.126883
0.114104
0.077056
0.048583
0.338772
-0.017905
0.416956
0.061511
0.077863
0.075543
0.130111
0.287098
-0.338946
0.041959
0.06528
-0.168427
0.465063
-0.513624
0.187066
0.108345
-0.44439
-0.147586
0.284981
-0.014194
-0.036867
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-0.355136
0.015808
-0.22965

-0.257377
0.184049
0.156057
0.247939
0.150063
0.095655
0.088757
0.095706
-0.36768
0.375883

-0.056883

-0.097484
-0.08693

-0.045166
0.082633

-0.344105

-0.032887

-0.327255

-0.033188
0.064281
0.020869

-0.252933

-0.104973

-0.141172
0.231511
0.141464
0.135675
0.208786
0.075399
0.093315
0.115845
0.086028
0.114023
0.088904
0.064245

-0.175111
-0.14907
0.045553
0.147805

-0.191678

-0.346008
0.125125
0.12109
0.091053
0.136802
0.119882
0.273633

-0.639769
0.101609
-0.445658
-0.492454
0.184694
0.212638
0.371067
0.203895
0.165414
0.151827
0.159696
-0.503129
0.626964
0.215722
-0.557185
-0.190749
0.275997
0.015267
-0.666863
0.102097
-0.630239
0.101916
0.078707
-0.001433
-0.475406
-0.140642
-0.151248
0.447755
0.152046
0.14335
0.399641
0.129607
0.15295
0.198136
0.127358
0.159946
0.137828
0.331943
-0.447054
-0.340031
-0.069485
0.160264
-0.347358
-0.645303
0.183731
0.183925
0.152016
0.21317
0.158546
0.400005
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-0.263541
0.602063
-0.433883
-0.406104
0.154269
0.091631
0.128706
-0.06366
0.119103
0.109747
0.097631
-0.515478
0.572422
0.264367
-0.626767
-0.260902
0.474352
0.137451
-0.821057
0.232055
-0.611948
-0.19967
0.288101
0.888636
-0.247186
0.002639
-0.309694
0.540543
0.083856
0.101497
0.400296
0.05921
0.045215
0.073792
-0.12007
0.022336
0.000981
0.275663
-0.550133
-0.032554
0.334722
0.475772
0.117068
-0.635003
0.027389
0.003618
-0.063189
-0.008683
-0.044486
0.245325



191 C -0.296514 0.030295 0.235025
192 N -0.083721 -0.502695 -0.411808
193 S 0.676178 0.349872 0.033063
194 C -0.14796 0.242795 0.086123
195 C -0.435118 -0.345172 -0.116866
196 C 0.388806 0.595199 0.495742
197 O -0.358482 -0.533198 -0.516732
198 H 0.208311 0.21848 0.168987
199 H 0.18885 0.203411 0.130667

*Breneman, C. M.; Wiberg, K. B. Comput Chert99Q 11, 361-373YFrisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Saiss, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J., J. A.Mére T.; Kudin, K. N.; Burant, J. C.; Millam, J. Myengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega; Retersson, G. A.; Nakatsuji, H.; Hada, M.; Ehavia, Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J..EHratchian, H. P.; Cross, J. B;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratm&rt..; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomdll.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; DannenhelgJ.; Zakrzewski, V. G.; Dapprich, S.; Daniés,D.; Strain, M. C.; Farkas, O.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Eeman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. Glifford, S.; Cioslowski, J.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komariprh; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Ladm, M. A.; Peng, C. Y.; Nanayakkara,
A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.héh, W.; Wong, M. W.; Gonzalez, C.; Pople, J. AQBed.;2003 Pittsburgh PA,
2003.

A5.3. AM1-Geometry Optimized Thiostrepton Coordinaes

Table A5. 2: Coordinates for the AM1-geometry optimized struetaf thiostrepton.
Center  Atomic  Atomic

Number Number type Coordinate (A)
X Y Z
1 7 0 -1.3897 -2.00276 3.033206
2 6 0 -2.80567 -2.20288 3.185295
3 6 0 -3.22718 -3.65405 2.833889
4 8 0 -2.43404 -4.46175 2.313412
5 6 0 -3.6183 -1.20595 2.307403
6 8 0 -4.90463 -1.1391  2.911417
7 6 0 -3.70689 -1.63914 0.858382
8 1 0 -5.37196 -0.40374  2.49414
9 1 0 -4.22802 -0.85834 0.250213
10 1 0 -4.27682 -2.59409 0.758512
11 1 0 -2.68196 -1.78557 0.440159
12 1 0 -0.97219 -2.37429 2.209875
13 1 0 -3.08623 -2.00297 4.267723
14 1 0 -3.13773 -0.18583 2.366572
15 7 0 -5.0132 4966454 0.70799
16 6 0 -5.31902 5.175837 -0.68729
17 6 0 -4.05363 5.607467 -1.47818
18 8 0 -3.92521 5.21949 -2.65669
19 6 0 -6.46665 6.160048 -1.00943
20 6 0 -6.38112 7.46743  -0.23731
21 6 0 -7.79701 5.477615 -0.76105
22 6 0 -7.12803 8.579338 -0.93116
23 1 0 -5.61118 4,190975 -1.17057

254



24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

ONRPR PP ODODOOONRPRRPRPRRPRRPODODOODNRPRRPRLRODODODNRRPRPRPRIOIOCOODNRRPRRPREPRRRERRLR

O OO 0O OO0 O0OO0DO0D0DO0DO0DO0D0DO0DO0D0DO0CO0D0DO0DO0DO0D0DO0DO0D0D0DO0DO0DO0DO0DO0DO0DO0DO0DO0D0OO0DO0ODO0OO0OOOOOoOOoO

-7.05324
-8.20837
-6.70062
-6.80329
-5.30833
-6.38293
-8.63533
-7.9204
-7.87178
-5.29174
-3.12432
-1.80885
-0.72053
-0.87426
-1.5626
-0.53741
-1.64232
-2.30727
-1.69727
-3.21328
0.412235
1.526781
1.872186
2.37336
2.491454
0.454567
2.769246
1.280416
2.975685
3.710389
3.843178
4.303565
5.13323
3.132741
5.611768
5.745734
5.10082
2.905597
11.02277
12.40456
13.30789
12.85768
12.43507
14.37456
13.03847
10.55013
13.75807
14.30599
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9.520885
8.321808
8.769778
7.328056
7.772964
6.38842
6.149519
5.230676
4.529077
5.745708
6.432447
6.633214
6.3387
6.708202
8.065381
8.131301
8.789015
8.342294
5.936997
6.655389
5.68397
5.36373
5.983146
4.245405
4111781
5.364694
5.701873
6.80145
3.386566
2.230817
1.191778
1.54292
2.540051
1.798188
1.595322
2.966107
3.269239
3.530548
-1.74683
-1.51018
-2.04824
-0.57053
-0.69739
-1.80164
-2.75983
-1.49068
0.40802
1.387168

-0.33491
-1.04836
-1.94544
0.793733
-0.11985
-2.11156
-1.06621
0.32143
-1.34942
1.272049
-0.88067
-1.4401
-0.36832
0.812497
-1.91901
-2.35597
-1.07286
-2.703
-2.32747
0.086341
-0.80632
-0.01129
1.133009
-0.59242
-1.82986
-1.75234
1.697741
1.567679
0.292626
-0.16859
0.977846
2.083375
-0.6389
-1.04469
-0.99207
0.191166
-1.48433
1.273217
-1.28445
-1.2966
-2.13782
-0.19178
0.972583
-2.06754
-2.93148
-0.44171
-0.57228
0.270003
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13.87948
15.45591
16.51897
15.44726
14.35901
13.03207
13.99689
17.27711
16.54463
2.765874
1.444195
3.317496
0.865348
1.76862
-0.59894
-1.08378
1.466543
-4.74854
-3.61695
-5.14109
-4.52203
-7.30629
-8.3875
-8.39145
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-7.73926
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-7.87892
-8.6643
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-5.29149
-3.57465
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-6.72254
-6.4584
-5.72268
-8.0497
-8.00723
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-6.29789
-7.3405
-5.54857
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1.700006
2.145081
2.473258
2.451095
2.490455
1.196737
0.485696
2.980277
2.21325
-1.29564
-1.41962
-1.18059
-1.43515
-1.31232
-1.5577
-1.24942
-1.29464
-6.43622
-6.73692
-5.18852
-4.00537
-6.45579
-5.53785
-4.1043
-5.04551
-3.56395
-3.94094
-4.0785
-3.41238
-5.98047
-5.58856
-7.3089
-7.82836
-6.16834
-6.43672
-3.24671
-1.86932
-2.4407
-0.30534
0.25163
0.105509
0.270281
1.780904
-0.13691
-2.10818
1.355592
0.051394
-0.2028

1.508332
-0.36409
0.433223
-1.57461
2.098237
1.995692
-1.54058
0.048626
1.38508
2.69111
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4.324473
3.833992
4.891535
4.073553
5.182304
5.940361
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1.541404
0.45849
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1.253584
0.455125
0.929598
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0.843562
2.68865
4222271
4.948119
3.495198
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-2.47635
-3.86671
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-1.90848
-1.76897
-2.81202
-3.1273
-3.80115
-4.52179
-4.32365
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-4.86132
-8.24264
-9.89614
-8.91044
-7.98728
-7.09322
-6.33384
-5.64377
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-5.83895
-3.53425
-4.19835
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-1.34791
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1.857378
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0.010852
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0.397116
-2.08262
1.11199
-0.23561
-1.51461
0.145057
0.963241
-0.26517
-1.22048
-2.53964
-0.66332
-3.34094
-4.81089
-5.55325
-1.50331
0.426183
-2.87972
-0.9321
-5.43761
-1.01691
-3.85612
-5.06296
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0.005659
-0.18311
0.236289
2.138463
2.272557
2.0773
-2.11788
-2.46562
-2.26003
-3.52756
-2.95987
-3.70335
-2.88295
-3.35968
-4.30433
-2.81244
-2.06101
-3.79475
-2.46892
-3.76773
-1.86599
-2.30468
-0.31609
0.276448
0.226783
-4.48377
-2.2367
-1.82058
-0.04344
1.377263
0.106699
-0.1933
1.102618
0.987711
1.617008
1.711484
2.129447
2.304862
2.462329
1.353764
2.739476
2.911557
2.800199
3.334474
3.718556
4.853846
3.334571
3.746772

-1.97697
-0.89535
-2.48075
-1.21835
-2.7708
-1.19642
-0.51853
-3.25871
-2.90559
-4.59633
-3.76312
-4.7421
-3.68852
-4.60374
-5.49338
0.076696
-1.00952
0.483822
-1.38746
-0.46036
-2.55266
-2.56066
-2.55701
-3.87567
-1.53298
1.311801
-3.50238
-1.92269
-2.36753
-3.87978
-4.03241
-4.71384
-0.50331
-0.55007
0.405624
0.106488
1.594495
1.011517
0.656464
1.147286
2.535072
3.897083
2.265591
3.790302
1.32797
3.766436
3.200075
2.788703
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-5.55349
-3.57126
-5.82395
0.779285
-0.56988
-2.08375
-0.46581
-6.56146
-4.92495
-1.5009
5.833975
4.682952
6.224301
3.618424
3.736203
5.171762
3.516294
7.200589
6.380038
5.263454
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3.713796
2.851818
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8.166961
6.492875
8.855399
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10.31861
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8.467836
0.42206
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0.685511
3.356822
4.130736
3.329015
5.273125
5.174583
5.269572
3.576278
2.515885
2.929632
-2.25461
-2.8262
-1.31161
-2.61093
-1.24272
-1.25266
-0.10951
-1.63492
-0.29144
-2.15233
-0.33619
-3.42266
-0.23337
-2.52664
-2.19942
-3.30619
-2.59672
-3.21729
-2.40099
-2.80843
-3.58124
2.049002

0.448329
4.264589
3.481214
4.691461
4.699272
3.698742
2.885869
1.246741
-0.46521
4.679418
-0.06958
-0.22305
1.034696
0.731677
1.526492
2.120887
0.654335
1.484892
0.588619
2.78596
2.750209
1.521147
-0.08243
-1.08109
-0.94401
-2.56597
-2.07791
-3.05349
-2.28221
-3.3315
-4.00095
1.7774



