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Abstract

There is a well-documented need to replenish the antibiotic pipeline with new products to
combat the rise of drug resistant bacteria, such as the superbug methicillin resistant
Staphylococcus aureRSA). One strategy to combat drug resistance is to identify new
chemical classes with novel mechanisms of action and that are not subject to existing
resistance mechanisms. As most of the obvious bacterial drug targets with no equivalents
in mammals have been well explored, targets with a closely related human homologue
represent a new frontier in antibiotic discovery. However, to avoid potential toxicity to the
host, these inhibitors must have extremely high selectivity for the bacterial target over the
human equivalent. This thesis is focused upon exploiting the ubiquitous enzyme biotin
protein ligase (BPL), which is involved in the essential cellular process of attaching biotin
onto biotin-dependent enzymes. Due to the pivotal metabolic roles played by
biotin-dependent enzymes in bacteria, BPL has been proposed as a promising new
antibiotic target. Hence, BPL inhibitors with selectivity for the bacterial isozyme over the

human equivalent promise a new class of antibiotic to combat MRSA.

The aim of this project was to provide proof of concept data demonstrating that BPL from
a pathogen could be selectively targeted for inhibition over the human equivalent. Here |
employed a combination of structure-guided drug design and fragment-based approaches
to discover novel BPL inhibitors. The X-ray crystal structuréSofiureuBPL (SaBPL)

shows two adjacent binding sites for the ligands biotin and ATP, making it an ideal
candidate for a fragment-based approach to drug discovery. Although the residues at the
biotin-binding site are highly conserved, the nucleotide pocket shows a high degree of
variability that can be exploited to create compounds selective towards BPLs from
pathogens. The biotin 1,2,3 triazole analogues identified in this work yielded our most
potent and selective inhibitoK(= 90 nM) with >1100-fold selectivity for thEaBPL over

the human homologue (Chapter 2). The molecular basis for the selectivity was identified
using mutagenesis studies with a key arginine residue in the BPL active site necessary for
selective binding. Importantly, the biotin triazole inhibitors showedivo cytotoxicity

against S. aureusut not cultured mammalian cells (Chapter 2).

In an attempt to identify new chemical scaffolds with improved ligand efficiency for
chemical development, a series of analogues based on the natural ligand biotin were also
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designed and tested for enzyme inhibition and antimicrobial activities against clinically
relevant strains ofS. aureus(Chapter 3). This approach resulted in highly potent
compoundsk; < 100 nM) with antibacterial activity against MRSA strains (MIC = 2 - 16
pg/mL). Whilst only moderate selectivity over the human enzyme (10 - 20 fold) was
observed, the biotin analogues provided a suitable chemical scaffold with high ligand
efficiency for further chemical development. One of the compounds identified was biotin
acetylene, which forms a long lived complex w&aBPL and is a precursor for situ

click reactions. This target-guided approach to drug discovery relies on the ability of the
enzyme to choose its own inhibitors from a range of acetylene and azide building blocks to
form specific triazole products. Since a class of biotin-triazole molecules had already been
identified as selective inhibitors 8BPL, we reasoned that this enzyme would provide an
ideal candidate for performing situ click approach to inhibitor discovery. In this work, a
protocol for the BPL-catalyzeuh situ click reaction was optimized to select the optimum
triazole-based inhibitor using biotin acetylene as an anchor molecule to recruit
complimentary fragments that could bind in the peripheral ATP pocket (Chapter 4 The
situ reaction was shown to be improved by the use $&8PL mutant that promoted
diffusion of the triazole product from the active site following synthesis. This novel

approach improved efficiency and ease of detection (Chapter 4).

Apart from drug discovery, this thesis also focuses on enzymatic characterization of
SaBPL and highlighting the key differences betw&aBPL and the human homologue.
The structure of human BPL is yet to be reported, so structure-function studies were
performed to elucidate new information about the bacterial and human enzymes. The
oligomeric state o5aBPL was investigated using analytical ultracentrifugation in its apo
form and in the presence of ligands (Chapter 5). Unlike human 88EL was shown to
dimerize in solution. A single amino acid $&8PL, Phel23, was identified to have a dual

key role in dimer formation and inhibitor binding (Chapter 5).

One of the major roadblocks to obtaining crystals of the full-length human enzyme is the
low yield of protein obtained from recombinant expression and purification. In this thesis,
an alternative approach is described that could be used to increase our chances of obtaining
structural data about the human BPL. | created a ‘humanized’ chimeric protein in which all
seven residues in the nucleotide pockeSdaBPL that are not conserved with the human

BPL were mutated to their human equivalents. This ‘humanized’ protein exhibited similar
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kinetic and inhibition properties to the human enzyme (Chapter 6). Crystal trials have
commenced to help direct future drug development efforts. Further studies on the human
BPL enzyme will also be described, including the dissection of the binding mechanism
using surface plasmon resonance (Chapter 7). The N-terminal domain of this enzyme was
shown to play a role in stabilizing the complex between the enzyme and the biotin domain
substrate, providing the first molecular explanation for human BPL-deficient patients that

do not respond to biotin therapy.

In summary, this work demonstrates for the first time that BPL from the clinically
important pathogerStaphylococcus aureusan be selectively inhibited. A provisional
patent has been filed for the biotin 1,2,3 triazole molecules | have identified. These

discoveries will enable further development of a new class of antibiotics.

Thesis layout:

The thesis will be presented as a series of manuscripts either published, submitted or to be
submitted for publication. Each manuscript will be a chapter with its own references. A
general introduction and discussion will also be included to link together all the research
conducted during candidature. A publishing agreement with all co-authors involved with

the work is also included.
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Chapter 1.

Introduction



1.1 Need for new antibiotics

Antibiotic resistance is a major threat to public health worldwide. Most antibiotics
available today target four major cellular processes: bacterial cell wall and membrane
syntheses, protein synthesis, nucleic acid replication and folate-coenzyme biosynthesis (1).
The majority of new drugs arising are next generation analogues of existing compounds
that exert their effect on the same target. Thus one strategy to combat drug resistance is to
discover new chemical classes that are not subject to current resistance mechanisms (2).
Despite a desperate need for new antibiotics, there has been a decline in the rate of
submission and introduction of new drug candidates, which provokes questions about the
effectiveness of existing approaches to drug discovery. Most early stage antibiotic research
and development is now carried out by academic and government laboratories (3). Many
large pharmaceutical companies and biotechnology companies have terminated their early
antibiotic research due to low return on investment, strict drug regulatory requirements and
technical difficulty of developing a novel drug (3). Despite this, there are still commercial

opportunities and unmet medical needs that must be addressed.

Staphylococcus aureus a clinically important Gram-positive pathogen. It commonly
colonizes the anterior nares, respiratory system and urinary tract of the h&tgdjeus

is implicated in a wide range of diseases including skin infections, pneumonia, meningitis
and bacteraemia (5). The bacteria can also enter open wounds and is, thus, capable of
causing life-threatening infections in humans (6). Bacteraemia caus&d dyreushas
become increasingly difficult to treat due to resistance to existing antibiotics. The first case
of antibiotic resistang. aureusappeared in the 1940s after mass production of penicillin.
Methicillin resistantS. aureufMRSA) is a strain that has developed antibiotic resistance

to most penicillin-based antibiotics, including methicillin (7). Two major variants of
MRSA have been described: hospital acquired MRSA (HA-MRSA) and community
acquired MRSA (CA-MRSA) (8,9). In Australia, MRSA bacteraemia accounts for 34% of
hospital-onset and 18% of community-on§etaureusinfections (10). Currently, many
available B-lactam antibiotics are ineffective against both NWRSA and CA-MRSA

strains. Vancomycin has been seen as the last resort antibiotic for treating MRSA
infections but reports of resistance emerged at a rapid rate (11). As a result, there has been
an increase in the mortality rate by MRSA infections worldwide (12). In 2001, linezolid,

which targets protein synthesis, became the first new class of antibiotic to receive FDA
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approval in over 30 years. This was followed by daptomycin in 2003 and tygacycline in
2005. It is well recognized that more effort is required to stay ahead of drug resistance
(2,13-15). One strategy to combat drug resistan& sureuss to develop new chemical
entities against novel targets that are known to be essential for cell survival and which have
no pre-existing target-based resistance. In this thesis, my focus is on the characterization of
the enzyme biotin protein ligase (BPL) frdn aureusas a novel drug target. Here | have
reviewed the literature on this enzyme and highlighted its critical role in bacteria. The
techniques used to discover small molecule inhibitorsS.ofaureusBPL will also be
discussed later in this chapter.

1.2 Biotin

Biotin, also known as vitamin H or;Bwas first discovered by Kogl and Tonis in 1934,
while studying the growth requirements of yeast in synthetic media (16) and its structure
was first determined in 1942 (17). Biotin is an important micronutrient in all living
organisms but its synthesis is restricted to bacteria, plants and some fungi. Mammals must
obtain biotin from either their diet or from intestinal bacteria, which can produce tetin
novo (18). The most well characterized and understood function of biotin is to act as a

co-factor for biotin-dependent enzymes, which will be discussed in the next section.

1.3 Biotin-dependent enzymes and the biotin domain

All biotin-dependent enzymes require biotin as a co-factor to allow the transfer of carbon
dioxide between organic acids in order to form cellular metabolites (19). The
biotin-dependent enzymes are involved in carboxylase, decarboxylase and
transcarboxylase reactions for the metabolism of carbohydrates, lipids and some amino
acids, as well as having a role in ion transport (20,21). As these enzymes are degraded,
biotin can be recycled by the hydrolysis of the degraded peptide fragments. In mammals,
this occurs through the action of biotinidase. However, no bacterial equivalent has been
reported (22). The focus of the rest of this section is on the biotin carboxylases, which are
relevant to this study, and found in all kingdoms of life. They consist of three functionally
distinct subunits: biotin domain, biotin carboxylase (BC) and carboxyl transferase (CT).
BC catalyses the Mg and ATP-dependent carboxylation of the biotin domain to produce
the CQ : biotin domain complex. The biotin domain then oscillates towards the second
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partial reaction. CT catalyses the subsequent transfer of the carboxyl groups from the
CO, : biotin domain complex to the acceptor substrate, e.g. acetyl-CoA to form

malonyl-CoA or pyruvate to form oxaloacetate (23).

Of particular significance to this thesis is the biotin domain. Sequence comparison of biotin
domains between different species shows that these domains are highly conserved in amino
acid composition and structure across species. A number of biotin domain structures have
been solved with the first one being that Bf coli biotin carboxyl carrier protein
(BCCP)-87 using both X-ray crystallography (24) and NMR (25). The structure contains
two sets of four anti-parall@-strands forming &-sandwich (Figure 1.1). In recent years,

more structures have become available (reviewed in (26)).

In all biotin domain structures, the biotin prosthetic group is found covalently attached to a
lysine residue in a highly conserved Ala-Met-Lys-Met motif, which is located at the
surface of a hairpin turn in one of the t@«sheets which make up the domain (27). The
lysine is commonly found 35 residues from the C-terminus of the carboxylases (28). The
correct positioning of the lysine residue is absolutely critical as moving it by just one
position to the N- or C-terminal side results in the abolishment of biotinylatieiro and

in vivo (27). Several mutagenesis studies show that the flanking methionine residues are
not essential for biotinylation (27,29-31), although they do affect carboxylation and
carboxyl transfer reactions (32,33). The minimum requirement for BPL recognition of the
biotin domains are the 35-40 residues on either side of the biotin attachment site (28,30).
Further truncation or mutation of the residues that contribute to the hydrophobic core of the
fold abolishes biotinylation (32-34).



(A) (B)

Figure 1.1:  Crystal structure of ap@A) and holo(B) E. coli BCCP-87 in ribbon presentatioharget lysine 122 residing within the
exposed hairpin loop gfstrands 4 and 5 is shown in the abse®eand presencéB) of the biotin moiety, presented in ball and stick.
Figure generated in USF Chimera using PDB 1DBO (24).



1.4  Protein biotinylation is essential in bacteria

BPL is the enzyme responsible for the post-translational attachment of biotin onto the
biotin domain of biotin-dependent enzymes (34). Due to its pivotal role in protein
biotinylation in bacteria, BPL has been identified as a potential new antibacterial drug
target, which has no pre-existing target-based resistance. Only one gene encoding biotin
protein ligase is present in the genome of most bacteria, yeast and mammals, thus reducing
the likelihood of resistance through redundanByabidopsis thaliana and other plant
species are a notable exception as they contairbplvgenes, one encoding a cytoplasmic
enzyme and the other a chloroplast targeted enzymel(8&jldition, the low abundance

of BPL in the cell suggests that chemical intervention can be effective in inhibiting this

target.

All living organisms express at least one biotin-dependent enzyme. S. @ax@esses

two, namely acetyl-CoA carboxylase (ACC) and pyruvate carboxylase (PC) (36). ACC

catalyzes the first committed step in the fatty acid biosynthetic pathway, the carboxylation
of acetyl-CoA into malonyl-CoA, that is essential for cell membrane maintenance and

biogenesis (37). PC catalyzes the conversion of pyruvate to oxaloacetate, allowing the
replenishment of the Krebs cycle, from which intermediates are withdrawn and used in a
number of pathways such as lysine biosynthesis (38). Therefore, the debilitation of BPL in

S. aureusnterferes with the activity of its two biotin-dependent enzymes, ACC and PC.

The enzymes that belong to the fatty acid biosynthetic pathway provide an excellent source
of new targets due to the essential nature of fatty acids in membrane structure (3,39-41).
There is little doubt that fatty acid biosynthesis is essential in Gram-negative bacteria as
there is no mechanism to allow fatty acid supplementation to form the lipid A core
structure of outer membrane polysaccharides (42). Importantly, fatty acid synthesis has
been shown to be essentialSn aureudbecause exogenous sources of fatty acids are not
sufficient for bacterial survival (43). Recent studies have helped elucidate the importance
of this pathway in Gram-positive bacteria and will be discussed in Chapter 8. Further
validation comes from chemotherapeutic intervention of key enzymes in this pathway
including the anti-tuberculosis drug isoniazid and antiseptic triclosan (44,45). In addition,
ACC from grasses has been targeted for over 20 years through the use of herbicides
aryloxophenoxypropanoic acid and cyclohexanedione (37). The clinical significance of
these compounds has prompted the development of more inhibitors through



structure-based drug design that target drug resiStaanireusnfections (46,47). A recent

study focused on biotin carboxylases as targets by using fragment-based drug discovery
and virtual screening to develop inhibitors of the biotin carboxylase component that exhibit
antibacterial activity (48). Natural products have also been identified that target ACC, the
condensing enzymes or enoyl-acyl carrier protein reductase, also involved in fatty acid
synthesis. A promising natural product is platensimycin, a secondary metabolite isolated
from Streptomyces platensigth in vivo efficacy in muriné&. aureusnfection models and

no reported toxicity (49). Two common problems associated with natural products are their
poor pharmacokinetics and poor oral bioavailability. These problems can be overcome by
identifying new chemical scaffolds as starting points for the development of fatty acid

inhibitors.

In addition to ACC,S. aureusBPL also ligates biotin to PC, which plays an anaplerotic
role in the Krebs cycle. Intermediates of this cycle are involved in biosynthesis including
lysine synthesis. Supplies of lysine are required for bacterial peptidoglycan cell wall
synthesis in both Gram-positive and Gram-negative bacteria (50). Lysine is also involved
in modifying membrane lipids as a defense mechanism against the innate immune response
and cationic glycopeptide antibiotics such as daptomycin (51). Furthermore, inhibition of

lysine biosynthesis itself has been proposed as a novel antibacterial target (50).

Both ACC and BPL were previously identified by GlaxoSmith Kline as essential genes in
S. aureughat could be potential targets for antibiotics (3). High-throughput screens were
carried out against random compound libraries containing 260,000 to 530,000 compounds
but no hits were identified. It was concluded that the quality of their small molecule
libraries was not as high as required for this approach. Also the library contained poor
molecular diversity (52). In section 1.11, high-throughput screening is discussed in detail
and it will become clear why this was unlikely to succeed, therefore, new approaches to
antibiotic discovery are required. The primary aim of this thesis is to understand the
structure, function and structure-activity relationships (SARSJ.cdureuBPL (SaBPL)

with candidate inhibitors to facilitate the drug discovery process and potentially lead to the

development of a new class of antibiotics against S. aureus



1.5 BPL-catalyzed biotinylation reaction

Protein biotinylation is a post-translational modification of exquisite specificity, with only
the biotin domains of the biotin-dependent enzymes serving as substrates. The
BPL-catalyzed reaction proceeds through a conserved, two-step ordered reaction
mechanism (Figure 1.2). In the first partial reaction, the reactive intermediate,
biotinyl-5"-AMP, is produced from ATP and biotin. Subsequently, biotin is covalently
attached to the-amino group of a specific lysine residue presenthim biotin domain,
resulting in the release of adenosine monophosphate (AMP) (31). The reaction mechanism
is related to that of aminoacyl-tRNA synthetase (53) and lipoyl ligases (54), where an
adenylated intermediate is formed, suggesting a common ancestry. Furthermore, BPL is
interchangeable between organisms suggesting that the BPL: biotin domain interaction is
highly conserved (28,32,34,55), although BPLs exhibit higher affinity towards their natural
biotin domain substrate (31,56).

(1) lo) OYNHH (0]
NOH i NN —N
HE/ “\\Mo + ATP —_ HNJ@ (;/o o ,‘,/\_2\(NH2
PPi HO OH
Biotin Biotinyl-5"-AMP
(2)
- + AMP
Apo domain Holo domain

(biotinylated protein)

Figure 1.2: Two-step ordered BPL-catalyzed reaction.



1.6 Classes of BPLs

BPLs can be divided into three structural classes (Figure 1.3) (26). All three classes share
conserved C-terminal and catalytic domains that are central to the BPL enzymatic activity
as represented by the blue and yellow bars respectively in Figure 1.3. Class | BPLs (e.g.
Pyrococcus horikoshii Mycobacterium tuberculosis, Aquifex aeolicusonsist of the
C-terminal and catalytic domains only. Class Il BPLs (&scherichia coli S. aureups
contain an additional N-terminal helix-turn-helix domain required for DNA binding. This
facilitates the BPL to function as a transcriptional repressor, which will be discussed in
detail later in this section. Class Ill BPLs (eldomo sapiensand Saccharomyces
cerevisiag¢ have a large N-terminal extension that bears no resemblance to the DNA
binding domain of Class Il BPLs (26). Absence of a helix-turn-helix DNA binding domain

in both Class | and 11l BPLs implies they do not have a transcriptional repressor function.

Class |

N - C
Class I N . C
Class Il N I C

Figure 1.3: Schematic diagram of three classes of biotin protein ligase. Blue depicts the
C-terminal domain. Yellow depicts the highly conserved catalytic domain. Red depicts the

N-terminal domain. Black depicts the N-terminal cap region only found in Class Ill BPLs.

A limited number of crystal structures of BPLs have been solved. From Class |, the
structures fromP. horikoshii(57), M. tuberculosis(58) andA. aeolicus(59) have been
published. The structures of Class Il BPLs from the Gram-positive bact&iwmreus

(60) and the Gram-negative bacterium E. (81i-63) have also been deposited in the PDB.
However, the structure of a Class Ill BPL has not yet been reported. One of the major
roadblocks for obtaining crystals of the full-length human enzyme is the low yields from
recombinant expression and purification. This enzyme also shares low sequence identity
with the bacterial BPLs and diffraction quality crystals of this enzyme have not been

reported. Despite a lack in structural information, a number of functional studies have been
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carried out to try to elucidate how this enzyme works. This will be the focus of section 1.9
and Chapter 7.

The structures of the BPLs crystallized thus far show that the catalytic domain is highly
conserved. This includes the presence of a biotin-binding loop and an adenylate-binding
loop. However, these loops are absent in the apo crystal structures due to the high mobility
of these regions, which effectively opens up the ligand binding sites to accept biotin and
ATP moieties. Upon biotin and biotinyl-5"-AMP binding, a ‘disorder-to order’ transition of
the biotin and adenylate-binding loops occur respectively. The ordering of the
biotin-binding loop is characterized by the highly conserved GRGRX motif, where X can
be any residue (64). Biotin is stabilized by hydrogen bond interactions with the hydrophilic
interior of the biotin-binding pocket, whereas the biotin tail is stabilized via interactions
with hydrophobic residues. The ATP-binding pocket lies adjacent to the biotin-binding
pocket.

The oligomerization states of BPLs differ considerably regardless of their dfass.
tuberculosiBPL (MtBPL) andA. aeolicusBPL (AaBPL) exist constitutively as monomers

in apo, biotin and biotinyl-5"-AMP liganded forms (58,59). This implies that dimerization
is not required for catalysis. This is in sharp contragt.tborikoshiiBPL (PhBPL), also a

class | BPL, which constitutively exists as a dimer regardless of its liganded state (65).
Class IIE. coli BPL(EcBPL) is monomeric in solution, and forms a homodimer when
biotin or biotinyl-5"-AMP is bound (63). The crystallized form of aBPL also suggests

that this enzyme is a monomer, whereas the holo enzyme is a dimer (60). The
oligomerization state in solution @&aBPL in its apo and holo forms will be explored
further in Chapter 5. AlthougRhBPL and the Class Il BPLs have the ability to dimerize,
the interfaces for the protein: protein interaction are diffel@hBPL dimerizes via the
N-terminal domain, while hold&ecBPL and SaBPL dimerize via their catalytic domain
(66). In addition, these enzymes dimerize for different purposes. The N-terminal domains
of Class Il BPLs allow them to act as transcriptional repressors. Homodimerization occurs
in the presence of the co-repressor biotinyl-5-AMP and the N-terminal domains bind to
the operator sites of the biotin biosynthesis opdio®, resulting in repression of biotin
biosynthesis (67,68). Biotin has also been shown to induce dimerization (69). In the
presence of a non-biotinylated biotin domain substatBPL andSaBPL behave as a

biotin ligase. Thus Class Il BPLs can serve as a cellular sensor of biotin demand and
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supply. It also allows the cell to respond quickly to changes in intracellular biotin
concentrations and switch between enzymatic catalysis and gene repression functions
(70,71). However, aPhBPL has no repressor function, the dimer formation is possibly
required for thermostability in the hyperthermophilic organism (65). BoteapiensBPL
(HsBPL) and S. cerevisiae BPE@PL), which belong to Class lll, have been shown to be

monomeric (72,73).

Another key difference between BPLs is their substrate binding mechatisBRL has

an ordered reaction mechanism for substrate binding, with biotin binding first followed by
ATP (74). The ordered reaction mechanism rendeBPPL sensitive to changes in cellular
biotin concentration, consistent with its function as a biotin sensor and transcriptional
repressor. In contrast, ClassPhBPL does not have an ordered binding mechanism,
showing no co-operativity in binding between the substrates (66). AlthAeBRL can

also bind biotin and ATP in a random order, the binding of one substrate is greatly
enhanced by the presence of the other substrate (59). However, a study done of the Class |
MtBPL has shown that this enzyme must form a complex with biotin before ATP can bind
(58). These differences may be explained by X-ray crystallography. The biotin-binding
loop contains a highly conserved tryptophan residue. This is requireddastacking
interaction with the purine ring system on ATP. The biotin-binding loop is pre-ordered in
the apo structures d&thBPL andAaBPL, providing an explanation for their non-ordered
binding mechanisms. IECBPL andMtBPL, biotin-induced conformational changes are
required to form the ATP binding site necessary for ATP binding. The substrate binding

mechanism of SaBPL is explored in Chapter 2.
1.7  Characterization of EBPL

EcBPL is the best characterized BPL of all species. It is also the most closely related
protein toSaBPL, which is the focus of this thesis. It is encoded bpithegene resulting

in a polypeptide of 35.3 kDa in size (38cBPL is a bifunctional enzyme that participates

in both biotin attachment onto the biotin domain of ACC and also functions as a
transcriptional repressor of the biotin biosynthetic operon. This enzyme is commonly
referred to as_'biotin retention’ (BirA). The X-ray crystal structures of BpBPL (61)
(Figure 1.4 A),EcBPL in complex with biotin (62) (Figure 1.4 B) aB@tBPL in complex

with the analogue biotinol-5"-AMP (63) have been reported. The monomeric apo structure
solved to 2.3 A resolution contains 3 domains characteristic of Class Il BPLs. The N-

11



terminal 22-46 residues adopt a helix-turn-helix motif, a structure associated with DNA-
binding proteins (61). The central domain consists of fiveelices, sevemf-sheets and
four poorly defined loops. The C-terminus consists of six strands which fersa@dwich

and has been implicated in the transfer of biotin onto the biotin domain (61,62,75) .

The crystal structure odEGBPL in complex with biotin was resolved to 2.4 A (62). As
noted previously with other BPL structures, there are key conformational changes that
occur upon biotin binding, resulting in the ordering of three loops in the catalytic domain.
The only loop that remains unstructured consists of residues 212-233 (Figure 1.4) (76).
The disordered-to-ordered transition has been proposed to be required for dimerization to
occur (62). Ordering of the loops by biotin binding 1) encloses the active site and 2) forms
the nucleotide binding site. Protein conformational changes induced by biotin and MgATP
binding are believed to prime Class Il BPLs for two competing protein: protein interactions
(62). Firstly, heterodimerization with a biotin domain leads to the enzymatic attachment of
biotin. Secondly, homodimerization leads to binding and sequence-specific transcriptional

repression of the biotin biosynthetic operon (77,78).

Loop (i) in Figure 1.4 that becomes ordered upon ligand binding contains the highly
conserved GRGRX motif, where X in this case is an arginine residue. Mutational analysis
of this region showed reduced enzyme activity, highlighting the loop’s importance (79).
This region was originally proposed to be involved in nucleotide binding due to similarities
with mononucleotide binding protein kinases (61). However, mutagenesis and kinetic
studies have shown that this sequence is involved in biotin and biotinyl-5"-AMP binding,
not ATP binding (79). Structural studies have also revealed that this region functions as a

cap enclosing the biotin-binding pocket as well as the ATP-binding pocket.
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(A) (B)
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S

Figure 1.4: The crystal structures of ap@) and holo(B) EcBPL are shown in ribbon
presentation. Théhree domains are depicted in different colours; the N-terminal domain
in red, the catalytic domain in yellow and the C-terminal cap in kg Several surface
loops, indicated by arrows with residue range, are presumed to be flexible. The figure was
generated by UCSF Chimera using PBD 1B(B) The holo structure of EcBPL in
complex with biotin (viewed in sphere) showing the surface loops that becdered

upon biotin binding. Loop (i) is involved in ligand binding and is depicted in black, loops
(i) and (iv) form part of the dimerization interface and are also displayed in black, loop
(i) remained disordered. The figure was generated in UCSF Chimera using PBDID 1HXD
(61).

The crystal structure oECBPL in complex with a non-hydrolyzable analogue of the

reaction intermediate provided the first evidence of the nucleotide binding site, which is
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not observed in the apo structure (63). This structural data supports the argument that
biotin binding in ECBPL precedes ATP binding. The homodimer formed by
biotinol-5"-AMP is also more tightly packed compared to thaE@dBPL: biotin complex.

This is consistent with an increase in stability of 3.7 kcal/mol observeddBPL.:
biotinyl-5"-AMP homodimer compared tBcBPL: biotin homodimer from equilibrium

ultracentrifugation analyses (67).

The N-terminal domain oECBPL is not directly involved in the catalytic mechanism as
truncatedecBPL mutants were still able to synthesize biotinyl-5"-AMP and transfer biotin
onto the biotin domain. The N-terminal domain is, however, essential for DNA binding
and regulation of the biotin biosynthetic operon. Synthesis of biotin is repressed by
exogenous biotin concentrations greater than 40 nM (80). It is believed th&cBRL
monomers in complex with biotinyl-5"-AMP bind co-operatively with the biotin operator
(81) although biotin has been shown, to a lesser extent, to activate dimerization and DNA
binding (69). The two holo monomers bind 12 bp apart, centre to centre at the ends of a
pseudo-palindromic 40 bp operator sequence. There are two opposing views on the general
model of EBPL transcription regulation. Beckett & Matthemoposed that Class 1l BPLs
share the same surface for homodimerization and heterodimerization with the apo biotin
domain (62). Thus, competing protein-protein interactions regulate the switch loibthe
operon. Cronaret al. postulated that an extensive interaction is not required as the

concentration of the co-repressor biotinyl-5-AMP provides the switch (82).

Residues important for enzymatic and repressive functidecBPL have been identified.
Arginine 118, found in the™ GRGRR™ motif of flexible loop (i) is of particular
importance. Mutation of this residue to a glycine results in an enzyme unable to
homodimerize (61,83). Further studies revealed that EbBPL-R118G mutant had
dissociation constants for the intermediate biotinyl-5"-AMP that were ~400-fold greater
than that of the wild-type enzyme, but the difference in dissociation rate for biotin was less
drastic, with an increase of ~100-fold compared to wild-tgpBPL (64). Results of this
characterization indicate that Arg118 is required for binding of both biotin and the reaction
intermediate. Choi-Reet al. employed this observation and showed that since this mutant
releases the highly reactive intermediate from the active site, it enables biotinylation of
nearby proteins in a non-specific manner. This event was named ‘promiscuous

biotinylation’ (84). The equivalent residue to Argl118 in other BPLs is proposed to have
14



similar properties. The characterization of the arginine residue at this posigGaBPL is

described in Chapter 4.

Another residue required for dimerization and repressor functi&eBRL is Arg119, also
present in thé >"GRGRR'® motif. When this residue was mutated to a tryptophan, the
protein was no longer able to homodimerize upon ligand binding, resulting in a decrease in
affinity for the biotin operator site (64). However this mutation had little or no effect upon
biotin, biotinyl-5"-AMP or ATP binding, suggesting that BEtBPL, this residue does not
make any contacts required for the post-translational addition of the substrates (64). The

role of the equivalent residue in SaBPL is described in Chapter 5.

1.8 SaBPL structure

The unliganded, biotin-bound and biotinyl-5"-AMP structures have recently been solved
for SaBPL to resolutions of 2.1 A, 3.2 A and 2.6 A respectively (60). Like Class Il BPLs,
the monomeric unit ofs. aureuscan be divided into three domains (Figure 1.5). The
N-terminal domain (residues 1-60) consists of a winged helix-turn-helix motif consistent
with DNA binding. The central catalytic domain (resides 68-274) formsfadomain and

the C-terminal domain (residues 282-323) caps the active site upon ligand binding.

The apo structure crystallizes as a monomer with four disordered loops observed similar to
EcBPL. TheSaBPL: biotin complex is a dimer, where three of the loops become ordered.
The biotin-binding loop is characterized by the highly conseW&RGRX** motif (64).

In EcBPL, homodimerization leads to binding and sequence-specific transcriptional
repression obioO (77,78). This is also proposed to occurSaBPL, with the additional

target gene bio85).

The biotinyl-5"-AMP structure shows that the intermediate binds in a tight ‘U-shape’
geometry in a relatively open binding pocket (Figure 1.6). The conformation positions the
carbonyl carbon atom of biotin ready for nucleophilic attack by the target lysine residue of
the biotin domain and may help the reaction by inducing strain in the bonds about this
component of the ligand. The C-terminal and catalytic domains orientate themselves to
make contact with the analogous residues on the other subunit. The N-terminal domains of
the SaBPL dimer come in contact with the catalytic core as observed EcBRL dimer.
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In ECBPL, these contacts are important for binding to DNA, resulting in the repression of
biotin biosynthetic operon. The main differences between the crystal structlEelRit
andSaBPL dimers is the orientation of the N-terminal domains, with & 8atation and a
translation of 3.9 A as depicted in Figure 1.7. The significance of this is unclear and may

be an artifact of the crystallography.

C-terminal
cap domain

Catalytic

domain

DNA-binding
N-terminal

domain

Figure 1.5: X-ray crystal structure of SaBPL in ribbon presentation. N-terminal domain
residues 1-60 (blue), catalytic domain residues 68-274 (green) and C-terminal residues
282-323 (magenta). Linker regions 61-67 and 275-281 between these domains are shown
in yellow. The reaction intermediate, biotinyl-5"-AMP, is shown by stick representation
(71). The figure was generated in UCSF Chimera using PBDID 3RKW (61).
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Figure 1.6: X-ray crystal structure of dimer SaBPL in ribbon presentation with
biotinyl-5"-AMP (71). The C-terminal domain of monomer A is shown in magenta, the
catalytic domain in green, the N-terminal domain in blue and the linker regions in yellow
in monomer A. Monomer B is shown in cyan. Inset shows ‘U-shaped’ geometry of the
reaction intermediate biotinyl-5"-AMP. The figure was generated in UCSF Chimera using
PBDID 3RKW (61).
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37.7

Figure 1.7: Dimerization comparison of EcCBPL (grey) and SaBPL (as coloured in
Figure 1.6). Lines in black show large differences between the two structures in the
positioning of the N-terminal domain. Adapted from Pendini et al. (2008) (71).

1.9 Differences between SaBPL and HEPL

As mentioned previously, targetirf8BPL can lead to the debilitation of the function of
both ACC and PC, impeding several pathways that are critical for cell survival. However,
one of the biggest challenges in target8aBPL is the existence of a human homologue.

In order to avoid potential toxicity to the host, inhibitorsS&#BPL must have very high
selectivity for the bacterial enzyme over the human equivalent. Therefore, a thorough
understanding of the key differences between these enzymes is essential for the
development of selective compounds. Selective inhibition has not previously been
observed for any BPL. This area is the key focus of the work described in Chapters 2, 5
and 6.
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Although all BPLs catalyze the same biotinylation reaction, not all BPLs exhibit DNA
binding activity like theS. aureusand E. colienzymes (33). This is consistent with the lack

of repressor function for organisms that obtain biotin exogenously (86). The major
difference between human and bacterial BPLs is the presence of an N-terminal extension,
which shows no homology to any protein sequences in the literature (26,87). The X-ray
crystal structure oHsBPL has not been determined, therefore structure-function studies
have been performed to elucidate some information. Campeau and Gravel (2001)
postulated that the N-terminal domain region between Leul66 and Tyr266 functions in the
biotinylation reaction or may be involved in substrate recognition as truncations in this
region resulted in poor or no activity in a complementation assayanli. Recent studies

done in our laboratory show that the C-terminal and N-terminal domakhsBiRL interact

(88). The N-terminal region is implicated in the second partial reaction, i.e., the attachment
of biotin into biotin-dependent enzymes. This work is described in Chapter 7. A
mechanism where the N-terminal domain interacts with the catalytic domain was first
proposed for yeast BPL (72), which also contains a large extended N-terminal domain

characteristic of Class Ill BPLs.

Although the crystal structure dfisBPL remains unsolved, our collaborators have
generated a model of the human catalytic domain (26) (Figure 1.8) usipgliiEhedP.
horikoshii OT3 structure (65). In the absence of a crystal structure, the differences in the
sequence betweddsBPL andSaBPL provide clues about the main differences between
the two enzymes. It is clear that there is a high degree of conservation in the residues
making contact with the biotin pocket. In contrast, seven out of the nine residues that make
contact with the nucleotide are different 3@aBPL compared tbisSBPL. The generation

and characterization of a ‘humanizesBBPL construct where all these seven residues are
replaced by the equivalent residues ifBRk is the focus of Chapter 6.
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Figure 1.8: Superimposition of tgaBPL (gold) and proposed catalytic domain model of
the HsBPL (pink). The reaction intermediate biotinyl-5"-AMP is also shown. Adapted from
Pendini et al. (2008) (26).

1.10 BPL inhibitors

This chapter so far has highlighted the fundamental importan8aB®L in bacterial cell
survival and maintenance. To date no therapeutics have been developed to target BPL and
prior to this project there were precious few examples of small molecule inhibitors of BPL

in the literature, none of which showed selectivity for any BPL. Biotinol-5"-AMP is one
example of a known BPL inhibitor (Figure 1.9). This compound was designed to function
as a non-hydrolyzable analogue of the BPL reaction intermediate (89). It lacks the carbonyl
group on the biotin tether and is therefore stable to cleavage, preventing the attachment of
biotin to the biotin domain. A similar approach has been employed to design inhibitors of
aminoacyl-tRNA synthetase (90). As expected, this compound has been shown to inhibit
BPLs from several species to a similar extent. Khealues were determined to be 0.03 +

0.01 uM forSaBPL, 0.20 £ 0.03 uMfor HsBPL and0.30+ 0.06 uM for ECBPL. This
compound represents a valuable research tool but it is not selective enough to be a pre-

clinical candidate. Additionally, the phosphate chemistry involved in the synthesis of this
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compound is difficult to scale up. An important improvement on the structure would be to
replace the phosphodiester linkage that connects the biotin and adenosine moieties with a
more stable and selective linkage.
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Figure 1.9: Structure of the reaction intermediate biotinyl-5"-ANA compared to the

structure of the analogue biotinol-5"-AMP (B)

1.11 Approaches to drug design

Rational drug design is a good starting point for hit generation when a wealth of
information is known about the target-ligand interaction. This was the approach used to
generate a series of biotin analogue inhibitorSaBPL,EcBPL andHsSBPL described in
Chapter 3. High-throughput screening (HTS) is a well-established approach within the
pharmaceutical industry for hit identification. While the hits from such a screen result are
usually highly potent, the success rate of developing these hits into pre-clinical candidates
is low due to the size of the molecules and therefore their specificity for a particular site.
The chemical space explored by HTS screening methods is also very small in regards to
the complexity and size of each molecule tested. So despite many successes, the
investment in these technologies has not yet reversed the downward trend in the number of
new entities reaching the market and there is a need to find alternative approaches to hit

discovery (91).

Fragment-based approaches offer a number of attractive features compared with HTS.
First, the number of compounds typically screened is much lower because it is easier to
find a fragment to match a particular binding site than a larger molecule. Second, a higher
proportion of the atoms in a fragment hit are likely to be directly involved in the desired
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protein-ligand interaction. It has been observed during chemical optimization that the
binding affinity of compounds increases with their molecular weight (92). Hence the
activity of fragment hits are usually measured in terms of ‘ligand efficiency’, which is
defined as the binding energy per heavy (non-hydrogen) atom (93). Generally in HTS,
larger and more potent compounds are identified, but the compounds have low ligand
efficiency. Third, when the binding interaction is validated by structural biology, the
subsequent chemical optimization of fragments benefits from design and synthesis of
relatively few compounds. Finally, starting the chemical optimization stage with a low
molecular mass fragment (generally less than 300 Da) is likely to produce smaller lead
compounds (94). This is an advantage as medicinal chemists generally build upon a
compound, therefore a small scaffold with good ligand efficiency is the preferred starting

point.

The choice of fragment compound libraries is critical when screening for suitable hits.
Many commercial libraries contain fragments that follow the ‘Rule of Threg'<N300

Da, calculated logRclpgP) < 3, hydrogen bond donofs3 and hydrogen bond accepters
3(94). The logP is the logarithm of the compound’s partition coefficient between n-octanol
and water and is a well-established measure of the hydrophilicity of a compound (92). The
‘Rule of Three’ was proposed initially after a careful review of all the successful attempts
at drug discovery using the fragment-based drug discovery approach (92). This selection
process ensures that the chemical diversity of the library is not compromised by the
variation in drug-likeness of the fragments to be incorporated into a potential lead. In
addition, fragments need to be tested at high concentrations to allow the detection of weak
binding so solubility becomes critical. Hence, fragments with tbvgP are generally

chosen.

Two of the most commonly used biophysical techniques in fragment-based discovery are
NMR and X-ray crystallography. While these approaches provide detailed structural
information, they are low-throughput and may not be technically feasible. A relatively new
approach now being used is surface plasmon resonance (SPR) that allows comprehensive
protein: small molecule interaction analysis in real time. It has been proven to be a
powerful tool for early drug discovery applications where hundreds to thousands of
potential hit compounds must be investigated (95). In this approach, one of the interacting
molecules, referred to as the ligand, is immobilized onto the surface of a sensor chip. A

22



potential interaction partner (analyte) is then injected in solution across the sensor surface.
As an interaction partner binds to the immobilized molecule, refractive index at the surface
alters in proportion to the change in mass. This results in a change in SPR signal (measured
in resonance units RU) that is detected in real time (96). In this work, SPR is used
extensively to study the interactions between BPLs, substrates and small molecule
inhibitors. There are two potential problems associated with studying small molecule
binding by SPR. Firstly, very high densities of the ligand must be immobilized in order to
detect binding. A second problem is that with such small binding responses, refractive
index effects become significant. The latter can be avoided by dissolving and/or diluting
the analyte in the running buffer and using a control flow cell with very similar levels of
immobilization. Improvements in the signal to noise ratios of BIAcore instruments have

enabled binding to be detected of analytes with molecular weights as low as 180 Da (97).

Once hits have been found, it is crucial to validate their potential through chemical
optimization. The key to optimization is to increase the potency of fragment hits while
minimizing the reduction in ligand efficiency (98). The optimization of a fragment could
be manipulated in two ways. Fragment growing involves the addition of functional groups
onto the starting structure. This can be guided using structural data about the binding site.
Alternatively, fragment linking involves combining fragments that bind to adjacent
pockets. Successful experiments have shown improved affinity and specificity not only
additively but synergistically. An appropriate linker needs to be found, however, that
maintains the orientation and position of the fragment's key interactions (99). Ligand
efficiency is not only useful in merging the initial hits, but also in guiding chemical
optimization during drug development (100). An example of a fragment-based approach
that is used in this work i\ situ click chemistry, which will be described in detail in the

next section.

1.12 Insitu click chemistry, a novel approach to drug discovery

Target-guided synthesis is a fragment-based approach used in drug design, which relies on
the ability of an enzyme to choose its own inhibitors from a range of building block
reagents. It requires the binding of ligands simultaneously, which contain complementary
functional groups that can connect once placed in close proximity. Riefealpioneered

this concept by proposing the self-assembly of cytotoxic hydrazones inside cells to explain
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a marked synergism between the cytotoxic effects of decanaNardino-guanidines
(101,102). A major problem with the target guided synthesis approach is the use of highly
reactive reagents which are likely to react in undesired ways within biochemical systems.

To avoid this limitation,n situ click has been developed that employs the [1,3]-dipolar
cycloaddition reaction between an acetylene and an azide to produce a triazole (Figure
1.10) (103). This reaction is slow at room temperature due to the high kinetic barrier for
the cycloaddition reaction, despite exhibiting a large driving force that makes it
irreversible. This allows the reaction to only take place when the reactants are brought into
close proximity (e.g. catalyzed). The resulting triazole linkage cannot be cleaved
hydrolytically or otherwise and unlike benzenoids and related aromatic heterocycles, they
are almost impossible to oxidize or reduce (104). The triazoles are also capable of active
participation in hydrogen bonding as well as dipole-dipole mmdstacking interactions
(105). Thus,in situ click can be used in conjunction with traditional methods for the
discovery of novel hit compounds (106,107).
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Figure 1.10: Inhibitor discovery using in situ click chemistry.

In situ click chemistry was first demonstrated by Meatkal. (1983), where the synthetic
receptor cucurbituril was shown to accelerate the rate of cycloaddition between acetylene
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and azide by 1¥fold, leading to the exclusive irreversible production of dhé-triazole
regioisomer (106). Since then, the efficacy of situ click chemistry has been
demonstrated by the discovery of novel, highly potent inhibitors of a small number of
enzymesyiz. acetylcholinesterase (108,109), carbonic anhydrase 1l (110), chitinase (111)
and HIV-protease (105). Whitingt al. (2006) showed that HIV-protease selectively
formed an inhibitor from components that exhibited only weak binding to the target,
demonstrating that this methodology can be applied to systems where high-affinity

building blocks are not known.

The real power oin situ click chemistry lies in its ability to generate novel high affinity
inhibitors that might not necessarily resemble known pharmacophores (104).
Paradoxically, the ability to produce high-affinity products is also a limitation for this
methodology. In particular, detection of triazole products by HPLC, NMR or mass
spectrometry typically requires relative high concentrations of the products. However,
tight-binding inhibitors often remain associated in the protein's active site, thereby
preventing multiple rounds of catalysis and resulting in poor product yields. The work
described in Chapter 4 resolves this problem by generating a ‘leaky’ mutant of the target
enzyme, which results in a 40-fold increase in the rate of product formation relative to the

wild-type enzyme. This allows this approach to be used to identify BPL inhibitors.
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1.13 Aims of the project

It is imperative that we increase our efforts to develop novel antibiotic classes that are not
subject to known resistance mechanisms. A new frontier for antibiotic research is to target
essential enzymes that have mammalian equivalents. In this thesis, | highlight the
importance ofSaBPL as a novel drug target. The challenge here will be to identify

compounds with exquisite specificity towards the bacterial target.

While the first generation BPL inhibitor biotinol-5"-AMP represents a valuable research
tool, there are limitations that hamper its selection as a pre-clinical candidate. As discussed
in section 1.10, itdn vitro selectivity for the pathogenic target requires optimization.
Additionally, its synthesis is complex, not easily scalable and not amenable to
derivatization, which has slowed down the progress ofiromivo studies. These are not
trivial limitations in a chemical development programme. Therefore, we require a new
pharmacophore with improved selectivity, while offering significant advances in ease of
synthesis and derivatization in order to establish a possible clinical candidate against
SaBPL.

In this project, my aims were to enzymatically characte8aBPL, and to perform a
combination ofin situ click chemistry experiments, together with target-based drug
discovery to allow the identification of novel inhibitors 8aBPL. In addition, the
differences betweerSaBPL and HsBPL are explored in order to create selective

compounds that do not target the human enzyme.

This thesis is divided into two main sections: inhibitor discovery and enzymology. The
inhibitor discovery section consists of Chapters 2, 3 and 4. The enzymology section
consists of Chapters 5, 6 and 7. Chapter 2 is a published papedouthal of Biological
Chemistry entitled ‘Selective inhibition of biotin protein ligase fro8taphylococcus
aureus (60). This paper focuses on our most selective inhibitors, the biotin 1,2,3 triazole
analogues. Importantly, the biotin triazole inhibitors show cytotoxicity ag&naureus

but not cultured mammalian cells. Chapter 3 is a published papACH# Medicinal
Chemistry Lettergntitled ‘Biotin analogues with antibacterial activity are potent inhibitors
of biotin protein ligase’ (112). Here, the synthesis and characterization of a series of biotin
analogues with activity against BPLs frdn aureuskE. coli, andH. sapiensare reported.
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These compounds also haamtibacterial activity against a panel of clinical isolate$ of
aureus(MIC 2-16ug/mL) and their mode of action is probed using SERapter 4 is a
manuscript to be re-submitted tingewandte Chemie International Edition entitled
‘Optimizing in situ click chemistry: the screening and identification of biotin protein ligase
inhibitors’. In this work, a protocol for the BPL-catalyzed situ click reaction was
optimized to select the optimum triazole-based inhibitor using a library of azides in a
single experiment, with improved efficiency and ease of detection. Chapter 5 is a
manuscript under review in th#ournal of Biological Chemistrentitled ‘A novel link
between protein homodimerization and inhibitor binding to biotin protein ligase from
Staphylococcus aureudn this work, the inhibitor biotin acetylene is used as a tool to
study the effects of an inhibitor with a long life in the active siteSaBPL on
oligomerization. Chapter 6 is a draft of a manuscript entitled “Humanized’ biotin protein
ligase provides clues about inhibitor selectivity” to be submitteBiochemistry Here |

have created a chimeric protein where all 7 residu&aBPL that are different to those
found in the nucleotide pocket of the human enzyme are replaced. This ‘humanized’
protein exhibits similar kinetic and inhibition properties to the human enzyme but has
much higher yields from recombinant expression and purification, which has been one of
the major roadblocks for obtaining protein crystals of the full-length human enzyme.
Chapter 7 is a published manuscript in flmurnal of Molecular Medicineentitled ‘A

novel molecular mechanism to explain biotin-unresponsive holocarboxylase synthetase
deficiency’ (88).My contribution to this work involved the dissection of the binding
mechanism of human BPL using SPR. The data provides the first molecular explanation
for BPL-deficient patients that do not respond to biotin therapy by demonstrating that these
patients have mutations that reduce the affinity of the enzyme for the apo protein substrate
through a >15-fold increase in dissociation rate. All the work that has been done in this
thesis will establish a solid foundation for BPL inhibitor discovery in the future in our

pursuit of novel antibiotics.
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ABSTRACT: There is a desperate need to develop new antibiotic agents to combat
the rise of drug-resistant bacteria, such as clinically important Staphylococcus aureus.
The essential multifunctional enzyme, biotin protein ligase (BPL), is one potential
drug target for new antibiotics. We report the synthesis and characterization of a
series of biotin analogues with activity against BPLs from S. aureus, Escherichia coli,
and Homo sapiens. Two potent inhibitors with K; < 100 nM were identified with
antibacterial activity against a panel of clinical isolates of S. aureus (MIC 2—16 g/
mL). Compounds with high ligand efficiency and >20-fold selectivity between the isozymes were identified and characterized.
The antibacterial mode of action was shown to be via inhibition of BPL. The bimolecular interactions between the BPL and the
inhibitors were defined by surface plasmon resonance studies and X-ray crystallography. These findings pave the way for second-

generation inhibitors and antibiotics with greater potency and selectivity.

KEYWORDS: biotin protein ligase, enzyme, enzyme inhibitor, antibiotic, medicinal chemistry

t is imperative that we identify new antibiotics to combat

drug-resistant bacteria.’ One clinically important pathogen,
Staphylococcus aureus (S. aureus), is responsible for more than
half of all life-threatening bloodstream infections. S. aureus is
challenging to control as it has the ability to rapidly acquire
drug-resistance mechanisms in both hospitals and the
community, making treatment increasingly difficult and
costly.” An important strategy to combat drug resistance is
to develop novel antibiotic classes for which there are no pre-
existing resistance mechanisms. This is becoming increasingly
difficult, as most of the known chemical classes and obvious
drug targets have been well explored, leaving the more
challenging targets as a new frontier for antibacterial research.
For example, little work has been done on essential bacterial
enzymes that have mammalian paralogues due to perceived
fears of possible tc'xicity.4 For these targets, selective inhibition
is critical.

The ubiquitous enzyme biotin protein ligase (BPL) is one
potential antibacterial target that has not yet been compre-
hensively investigated.® BPL is responsible for the attachment
of the cofactor biotin onto biotin-dependent enzymes. This
proceeds in two partial reactions. Initially, the adenylated
reaction intermediate biotinyl-5~AMP is produced from biotin
and ATP. Subsequently, the biotin moiety is covalently
attached to the e-amino group of a single target lysine residue
present in the active site of biotin-dependent enzymes.® Here,
biotin is required to facilitate the carboxylation of metabolites.

A 4 ACS Publications  © 2012 American Chemical Society

Without the attached cofactor, biotin-dependent enzymes are
catalytically inactive and unable to fulfill their critical metabolic
roles. As all organisms possess between one and five biotin-
dependent enzymes, all organisms require a BPL, as there are
no alternative enzymes to perform protein biotinylation, One
important biotin-dependent enzyme is acetyl CoA carboxylase,
which catalyzes the first committed step in the fatty acid
biosynthetic pathway.* As this pathway is essential for bacterial
cell membrane maintenance and biogenesis, they are a potential
source of new antibiotic targets in certain Gram-positive
bacteria such as S. aureus.” S. aureus expresses a second biotin-
dependent enzyme, pyruvate carboxylase, which catalyzes the
conversion of pyruvate to oxaloacetate, thereby replenishing the
TCA cycle.s In addition to its biotin ligase activity, certain
bacterial BPLs also function as transcriptional repressors,
making them bifunctional proteins.” BPL recognition sites in
the S. aureus genome suggest that S. aureus BPL regulates
expression of the enzymes in the biotin biosynthesis operon, as
well as the biotin transport protein BioY.'® Thus, BPL is the
master regulator protein of all biotin-mediated events in
bacteria and, therefore, an attractive new antibiotic drug target.

In this paper, we present a novel series of biotin analogues
with potent inhibitory activity against SaBPL and antibacterial
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activity against clinical strains of S. aureus. The mode of small
molecule binding to SaBPL was defined by X-ray crystallog-
raphy and surface plasmon resonance studies. A few examples
of biotin analogues with antibacterial activity do appear in the
literature, including the natural product a-dehydrobiotin'' and
an analogue chemically modified at the N1 position required
for binding carbon dioxide (Figure 1)."* These function by first
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Figure 1. Chemical structures of (a) biotin 1 and its analogues (b) a-
dehydrobiotin, (¢) N1 substituted biotin, and (d) the pharmacophore
investigated in this study.

being incorporated into a biotin-dependent enzyme where they
abolish catalytic activity by preventing the binding or transfer of
carbon dioxide."*™"* Importantly, these analogues are either not
specific or loose broad-spectrum antibacterial activity when
assayed in rich growth media containing biotin.'"** Moreover,
their activity has not been linked to the inhibition of BPL as
they only transiently occupy the active site of this enzyme. A
more effective approach for antibiotic discovery requires high-
affinity inhibitors that bind directly and specifically to the
bacterial BPL target, thereby preventing all protein biotinyla-
tion. A proof of concept for this approach to antibiotic
discovery has been reported recently, targeting the BPLs from
Mycobacterium tuberculosis and S. aureus®'® In this current
paper, we investigated biotin analogues with a view to

identifying BPL inhibitors with improved ligand efficiency
(LE). Our findings provide new lead structures for further
optimization, for example, § and 16.

We began our search by screening analogues of biotin for
their inhibitory properties. The compounds were assayed in an
in vitro biotinylation assay measuring the incorporation of
radiolabeled biotin into protein.'” Purified recombinant BPLs
from the Gram-positive bacterium S. aureus (SaBPL'®), the
Gram-negative bacterium Escherichia coli (EcBPL'), and Homo
sapiens (HsBPL™®) were all assessed to investigate potency and
species selectivity (Table 1). K values were calculated assuming
that the mechanism of action was competitive with biotin, in
agreement with Lineweaver—Burk analysis (Supporting In-
formation, Figure S$1).2! This identified biotinol (6) as a pan
inhibitor with K, values of 3.4—4 uM for all three BPLs (Table
1). The binding mechanism was confirmed by solving the X-ray
crystal structure of SaBPL in complex with 6 (Figure 2a).

Figure 2. X-ray structures of inhibitors in complex with BPL. S. aureus
BPL was crystallized in complex with biotin analogues alcohol 6 (a)
and acetylene 14 (b). The hydrogen-bonding interactions with the
inhibitors are shown.

Consistent with other BPL crystal structures that appear in the
protein database, our data revealed the biotin-binding pocket of
SaBPL to be relatively small (187 A®) with a hydrophobic
cavity encasing the polar ureido and thiophene rings of biotin.
This suggested limited opportunity for chemical modification of
the biotin heterocycle in our inhibitor design. A narrow

Table 1. SAR Data for the Biotin Analogue Series”

(0]

A

HN NH

H

S. aureus E. coli H. sapiens selectivity”

D n R K, (uM) LE® K, (uM) LE® K, (uM) Hs vs Sa/Ec vs Hs/Ec vs Sa
6 2 OH 337 £03 0.52 396 + 04 051 385 + 03 1.1/1.0/12

7 3 OH 520 ND >20 ND 20 ND

3 1 NH, 20 ND >20 ND 20 ND

11 2 NH, 520 ND 20 ND >20 ND

16 1 CH, 0.05 + 0.01 0.69 110 + 0.12 056 0.14 + 0,02 28/79/22
17 % CH, 0.52 + 0.06 0.56 730 + 1.9 046 643 + 14 124/11/14

5 1 C=CH 0.08 + 001 0.67 0.90 + 0.1 057 02 + 0.03 2.5/45/11.3
14 2 C=CH 03 + 005 058 733+ 1.0 046 350 £ 0.5 11.7/21/244
15 3 C=CH 240 + 002 047 200 + 0.3 039 120 + 1.83 5/1.7/83

“A SAR series was investigated based upon the pharmacophore shown above, Compounds were assayed against BPLs from three species and where
inhibition was observed K; values are reported. Each K; value is the mean (standard error) of three independent experiments. PLE is ligand
efficiency in keal K™' mol™" per heavy atom. “Selectivity is expressed as ratios of K; values. Sa is S. aureus BPL, Ec is E. coli BPL, and Hs is H. sapiens

BPL.
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“Conditions and reagents: (a) (i) DPPA, Et;N, THF; (i) 6 N HCL (b) (i) (COCI),, DCM (ii) 2-pyrithione, 1:9 (BrCCl;:DME), 80 °C. (c) Li-
acetylide EDA complex, DMSO, 15 °C. (d) (i) SOCl,, MeOH; (i) LiAlH,, THE. (e) TsCl, py. (f) NaN;, DMF. (g) (i) PPhs, THF; (ii) H,0. (h)
LiBr, 2-butanone. (i) Li-acetylide EDA complex, DMSO, 15 °C. (j) LiAlH,, THF.

hydrophobic tunnel accommodates the valeric acid side chain
with the carboxyl group being solvent exposed to provide a
prime target for derivitisation. The protein:ligand interaction is
stabilized through hydrogen bonding between the hydroxyl
group (present on biotin and alcohol 6) and an NH backbone
amide of Arg 122 (Figure 2a). A series of analogues were
proposed to further explore inhibition of BPL as a route to
novel antibacterial agents. Our hypothesis was that derivatiza-
tion of the carboxyl moiety of biotin would produce tight-
binding inhibitors with increased potency and selectivity. Thus,
to establish optimal binding, modifications of biotin were
investigated that either replaced the carboxyl functionality with
motifs capable of forming direct contacts with BPL as in
compounds 3, 16, and 5, and/or modified the length of the
carbon chain (compounds 7, 11, 17, 14, and 15).

The syntheses of all of the derivatives are shown in Scheme
1. Biotin 1 and homobiotin 2° were first esterified, and the
resulting methyl esters reduced with LiAlH, to give the alcohols
6 and 7, respectively. Tosylation followed by bromination then
gave 12 and 13, respectively, which were separately reacted
with lithium-acetylide EDA complex to give the two acetylenes
14 and 15.° The tosylate 8 was also reacted with NaNj to give
the azide 10, which then gave the amine 11 using Staudinger
reduction with PPh, followed by hydrolysis of the aza-ylide
intermediate. The two tosylates 8 and 9 were also reduced with
LiAlH, to give the alkyl derivatives 16 and 17, respectively.
Curtius rearrangement of biotin 1, on reaction with
diphenylphosphoryl azide in tert-butanol, followed by treatment

511

with 6 N aqueous HCl, gave amine 3.* Finally, bromide 4 was
prepared by Barton decarboxylation of 1 using 2-pyrithione,
which on treatment with lithium-acetylide EDA complex gave
acetylene §.°

The biotin derivatives were tested against the three BPLs
using an in vitro biotinylation assay (Table 1) to reveal potent
and selective inhibitors of SaBPL. Interestingly, increasing the
chain length of 6 by one carbon resulted in an inactive
compound (7). The crystallographic data for SaBPL bound to
6 as discussed earlier supports this observation, where the key
hydrogen bond between the hydroxyl group of 6 and the
enzyme is incompatible with the longer chain length.
Replacement of the hydroxyl group of 6 with an amine, as in
3 and 11, removed all inhibitory activity. This was somewhat
surprising given that the amine would be expected to have
similar polarity and hydrogen-bonding properties to the
hydroxyl group of 6. This observation may simply reflect the
relative pK, values of the two groups. We also assayed the
synthetic intermediate bromides (4, 12, and 13), and these
were all devoid of activity, presumably due to the steric bulk of
the halids.

We next investigated hydrophobic groups (alkyl and
acetylene) at the terminus of the carbon chain of biotin (see
5 and 14—17) that we anticipated might be accommodated by
the hydrophobic nature of the biotin pocket. Most notably 5,
14, 16, and 17 exhibited up to a 20-fold selectivity for SaBPL
over EcBPL and HsBPL. Interestingly, removal of the
tetrahydrothiophane ring in 14 removed all activity (see 18
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Figure 3. SPR analysis of BPL inhibitor binding. Surface plasmon resonance sensorgrams are shown for the binding of (a) biotin, (b) 6, (¢) 16, and
(d) 5 to immobilized S. aureus BPL. Varying concentrations of the inhibitors were included in the running buffer, and analysis was performed as

described in the Supporting Information.

and 19), highlighting the importance of the fused bicyclic ring
of biotin. In the alkyl series, 16 was the most potent inhibitor
for all three enzymes (SaBPL, K, = 0.05 #M) and displayed the
greatest LE (0.69 kcal K™' mol™ per heavy atom). Again, a
longer chain length (see 17) decreased potency by ~10-fold for
the two bacterial enzymes and by 45-fold for the human
enzyme. However, significant improvement in selectivity was
apparent (see Table 1). The most potent compound in the
acetylene series was again that with the shortest carbon chain
(see 5, K, = 0.08 uM and LE 0.67 kcal K™" mol™ per heavy
atom for SaBPL) with an observed decrease in potency and LE
on increasing the chain length from n = 1 to 3 (see compounds
14 and 15 in Table 1). Once again, the most selective
compound was where n = 2 (see 14; with 20- and 10-fold
selectivity for SaBPL against E. coli and H. sapiens BPL,
respectively). The acetylene § retained significant potency
against the target SaBPL with a K = 0.30 4M. The structure of
biotin acetylene (14) in complex with SaBPL was determined
to confirm both the mode of binding and our proposal that
substitution of the carboxyl group of biotin with hydrophobic
functionalities would promote binding to the target. In
agreement with the hypothesis, the complex was stabilized
through a direct hydrophobic interaction between the acetylene
and the Trp 127 (Figure 2b). Given that we observed selectivity
in this series, we propose that this interaction should be further
explored in inhibitor design. Our data strongly suggest that the
biotin pockets of the three BPLs are not as structurally
conserved as previously proposed, and this could be explored to
improve potency and selectivity.

Ideally, our antibacterial compounds should have a relatively
high affinity for BPL through slow dissociation from the
binding pocket. To study this, SaBPL was immobilized on a
sensor chip for subsequent binding studies by surface plasmon
resonance. Biotin and analogues 6, 16, and 5 were then
separately passed across the surface, providing quantitative
analysis of association and dissociation rates. The binding of
biotin to SaBPL (Figure 3a) was found to exhibit rapid on and
off rates outside the range for quantitative evaluation. Hence,
the K, (9.2 + 1.4 uM) was calculated using steady-state affinity.
This observation is consistent with a two-step binding
mechanism that has been reported for E. coli BPL.” Initially,
the enzyme and biotin rapidly form a “collision complex” that is
followed by a slower conformational change to BPL that is both
rate-limiting in the binding mechanism and necessary to
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stablize the enzyme—biotin complex. Alcohol analogue 6
showed similar kinetics of binding as biotin (Figure 3b, Kj, =
2.5 + 0.3 uM), representative of a dynamic equilibrium
between the free enzyme and the collision complex but unable
to overcome the rate-limiting conformational change. In
contrast, 16 and § displayed slower association (k, = 432 +
23% 10° M7 57 and 412 + 2.3 X 10° M 57, respectively)
and dissociation rates relative to both biotin and 6 (16 kg =
2.80 4 020 X 107 57" and § 3.40 + 0.30 X 107° s7"), thereby
contributing to their significantly higher affinities (16 K, = 0.06
+ 0.01 uM, Figure 3¢, and § K, = 0.08 + 0.01, Figure 3d). The
different association and dissociation kinetics displayed by 16
and § as compared to biotin and 6 imply that the modes of
binding are mechanistically different. We propose that unlike
biotin, 16 and 5 do indeed induce the conformational changes
to SaBPL that are necessary to retard the inhibitors from
vacating their binding pockets. For antibacterial discovery,
inhibitors that possess high occupancy rates on their bacterial
targets are desirable.

Finally, the antibacterial activity of the most potent biotin
analogues was determined using antimicrobial growth assays.
These studies revealed significant bacteriostatic activity against
both Gram-positive and Gram-negative bacteria. Compounds
16 and § were the most potent against clinical isolates of S.
aureus with MICs in the range of 2—16 ug/mlL, including
methicillin-susceptible and -resistant strains (Table 2). This is
consistent with the fact that these two derivatives were the most
potent inhibitors of SaBPL (Table 1). Derivative 17, containing
an extra carbon in the side chain relative to 16, was less active
against MSSA and MRSA, but interestingly, it was weakly active
against vancomycin-resistant Enterococcus (MIC 32 pg/mL).

Table 2. Antibacterial Susceptibility Testing”

MIC,, MICy,

(ug/mL)  (ug/mL)
strain range (ug/mL) 16§ 16 5
MSSA (n = 8) 4-16 8 16 16
MRSA (n = 8) 4-16 8 8 16 16
coagulase negative 2->64 2 4 8 8

Staphylococci (n = 7)

“MICs are shown for a library of S. aureus clinical isolates of coagulase
negative and positive strains, including methicillin-sensitive (MSSA)
and -resistant (MRSA) subtypes.
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Compounds 16 and 5 were also active against coagulase
negative Staphylococci strains. The mechanism of antibacterial
action was assessed with a complementation assay using § with
an E. coli K12 strain engineered to overexpress the BPL target.
Bacterial growth was monitored over 14 h in the absence or
presence of § at 32 pg/mL (Figure S2 in the Supporting
Information). Overexpression of EcBPL completely alleviated
antibacterial activity, strongly implying that the drug target is
indeed BPL. Finally, the toxicity of the compounds was
addressed in a mammalian cell culture model using HepG2
cells. These studies showed that the metabolic activity of the
cells was uneffected when treated with 64 pg/mL of 7, 16, 17,
5, 14, and 15.

Here, we report new data that supports the hypothesis that
BPL is a druggable antibacterial target in vitro. Our data
demonstrate that BPL inhibitors with favorable in vitro
properties also show significant antibacterial activity against
clinical isolates of methicillin-sensitive and -resistant S. aureus. It
is noteworthy that there was a positive correlation between
slow enzyme:inhibitor dissociation kinetics and potent
antibacterial activity. The quantitative data reported here help
to define the target product profile necessary for future
chemical optimization. Our biotin alkyl and acetylene series
represent new chemical scaffolds with high LE for chemical
development toward new antibacterial agents, a point that we
have begun to address as reported in our earlier publication.®
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Supporting Experimental Methods

General synthetic chemistry methods

All reagents were from standard commercial sources and of reagent grade or as
specified. Solvents were from standard commercial sources and used without further
treatment, except for anhydrous THF and anhydrous dichloromethane that were dried
and distilled according to reported procedures. ' Reactions were monitored by
ascending TLC using precoated plates (silica gel 60 Fas4, 250 um, Merck, Darmstadt,
Germany), spots were visualised under ultraviolet light at 254 nm and with basic
potassium permanganate dip. Column chromatography was performed with silica gel
(40-63 um 60 A, Davisil, Grace, Germany). RP-HPLC was performed on HP Series
1100 with Phenomenex Gemini C18 5 pM (250 x 4.60 mm). 'H and “C NMR
spectra were recorded on a Varian Gemini 2000 (300 MHz) or a Varian Inova 600
MHz. Chemical shifts are given in ppm (8) relative to the residue signals (DMSO-ds
was 2.50 ppm for 'H and 39.55 ppm for 3C and CDCl; was 7.26 ppm for 'H and
77.23 ppm for *C. High-resolution mass spectra (HRMS) were recorded on a Thermo
Fisher Scientific LTQ orbitrap FT MS equipment (A < 2 ppm) at Adelaide Proteomics
Centre, the University of Adelaide. Purity of biologically assayed compounds were
determined using "H NMR or analytical RP-HPLC (>90%). Compounds 2 — 7 and 12

- 15 were synthesized as previously reported. -

Specific chemical synthesis and characterisation methods

(3aS,6aR)-4-(5-Azidopentyl)-1,3,3a,4,6,6a-hexahydrothieno[3,4-d]imidazol-2-one
(Compound 10).

To a solution of biotin tosylate 8 (151 mg, 0.39 mmol) in DMF (2 mL) was added
sodium azide (32 mg, 0.48 mmol) and solution was stirred overnight under nitrogen
atmosphere. The reaction mixture was poured into water (20 mL) and extracted with
dichloromethane (3 x 25 mL). The organic layers were pooled and washed with brine
(1 x 75 mL), dried over Na,SOy, filtered and concentrated in vacuo. The residue was

purified by silica gel chromatography eluting with 5% methanol in dichloromethane
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to give a white solid (86 mg, 86%). "H NMR (300 MHz, CDCL): 6.57 (1H, bs), 6.46
(1H, bs), 4.38-4.42 (1H, m), 4.20-4.24 (1H, m), 3.40 (2H, t, J = 6.9 Hz), 3.16-3.22
(1H, m), 2.91 (1H, dd, J = 5.1, 12.6 Hz), 2.66 (1H, d, J = 12.6 Hz), 1.37-1.78 (8H,
m); *C NMR (300 MHz, DMSO-ds): 5 164.30, 62.31, 60.35, 55.91, 51.56, 40.62,
28.93, 28.87, 28.71, 26.85.

(3aS,6aR)-4-(5-Aminopentyl)-1,3,3a,4,6,6a-hexahydrothieno[3,4-d] imidazol-2-one
(Compound 11)

To a solution of biotin azide 10 ® (80 mg, 0.31 mmol) in THF (2 mL) was added
triphenylphosphine (106 mg, 0.41 mmol) and the solution was stirred at ambient
temperature for 1 h, followed by addition of water (2 mL) and stirred for a further 3 h
at 60 °C. The reaction mixture was filtered and the filtrand was diluted with water (20
mL) and extracted with dichloromethane (3 x 25 mL). The organic layer were pooled,
dried over Na,SOy, filtered and concentrated in vacuo. The residue was purified by
silica gel chromatography eluting with 10% methanol in dichloromethane to give a
white solid (13 mg, 18%). '"H NMR (300 MHz, CDCl;): 6.51 (0.5H, bs, C(O)NH),
6.41 (0.5H, bs), 4.33-4.38 (1H, m), 4.15-4.20 (1H, m), 3.59 (2H, bs), 3.14-3.16 (1H,
m), 2.87 (1H, dd, J = 7.5, 12.6 Hz), 2.56-2.64 (3H, m), 1.25-1.74 (8H, m); *C NMR
(300 MHz, DMSO-dg): 163.14, 79.61, 61.47, 59.64, 55.94, 41.35, 32.35, 28.87, 28.70,
26.74. HRMS caled. for (M" + H) C;1HN,OSNa: requires 230.1322, found
230.1319.

(3aS$,6aR)-4-Hexyl-1,3,3a,4,6,6a-hexahydrothieno[3,4-d]imid azol-2-one
(Compound 16)

To a solution of biotin tosylate 8 % (52 mg, 0.14 mmol) in anhydrous THF (2 mL) was
added lithium aluminium hydride (15 mg, 0.41 mmol) and the solution was stirred
under reflux for 3 h. The reaction mixture was cooled to ambient temperature and
were added methanol (1 mL) and saturated aqueous sodium sulphate (2 mL), followed
by concentration in vacuo and dissolving with 1:1 dichloromethane and methanol (15
mL) and stirring for 30 min. The solution was filtered and the filtrate was

concentrated in vacuo and purified by silica gel chromatography eluting with 3%
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methanol in dichloromethane to give an off white solid (16 mg, 56%). "H NMR (300
MHz, CDCl3): & 5.27 (1H, bs), 5.16 (1H, bs), 4.49-4.53 (1H, m); 4.29-4.33 (1H, m),
3.14-3.20 (1H, m), 2.94 (1H, dd, J = 4.8, 12.6 Hz), 2.73(1H, d, J = 12.6 Hz), 1.62-
1.70 (2H, m), 1.28-1.45 (4H, m), 0.89 (3H, t, J = 6.6 Hz); 3C NMR (300 MHz,
DMSO-de): & 163.16, 62.23, 60.41, 55.81, 40.92, 31.93, 29.52, 29.34, 28.98, 22.90,
14.39. HRMS calcd. for (M + H) CoH;9N20S: requires 215.1218, found 215.1217.

(3aS,6aR)-4-Heptyl-1,3,3a,4,6,6a-hexahydrothieno [3,4-d]imidazol-2-one
(Compound 17)

To a solution of homobiotin tosylate 9 > (5 mg, 0.013mmol) in anhydrous THF (1
mL) was added lithium aluminium hydride (3 mg, 0.079 mmol) and the solution was
stirred under reflux for 3 h. The reaction mixture was cooled to ambient temperature
and were added methanol (1 mL) and saturated aqueous sodium sulphate (2 mL),
followed by concentration in vacuo and dissolving with 1:1 dichloromethane and
methanol (15 mL) and stirring for 30 min. The solution was filtered and the filtrate
was concentrated in vacuo and purified by silica gel chromatography eluting with 3%
methanol in dichloromethane to give an off white solid (2 mg, 69%)."H NMR (300
MHz, CDCls): & 4.93 (1H, bs), 4.86 (1H, bs,), 4.50-4.54 (1H, m); 4.32 (1H, ddd, J =
1.5, 4.5, 7.5 Hz), 3.19 (1H, dt, J = 4.5, 7.5 Hz), 2.94 (1H, dd, J = 5.1, 12.9 Hz), 2.73
(1H, d, J = 12.9 Hz), 1.63-1.68 (2H, m), 1.26-1.45 (6H, m), 0.89 3H, t, J = 6.9 Hz);
13C NMR (75 MHz, DMSO-d): 3 163.16, 62.23, 60.41, 55.81, 40.92, 31.93, 29.52,
29.34, 28.98, 22.90, 14.39. HRMS caled. for (M + H) C;1H2N>OS: requires
229.1374 found 229.1369.
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(45,5R)-4-methyl-5-(oct-7-ynyl)imidazolidin-2-one (Compound 19)

O 0] 0}
HN L_/NH 0 = B N\%E/NH H N&NH
& /\/\)kOH SN0 & AR s
18a 18b 18c

Compound 18b was prepared from desthiobiotin 18a (200 mg, 0.93 mmol) and
according to the procedure outlined for compound 7. * Yield (153 mg, 82%); 'H
NMR (300 MHz, CDCl5): 8 1.33 ( 3H, d, J = 6.6 Hz), 1.25-1.77 (11H, m), 3.62-3.71
( 3H, m), 3.84 (1H, ddd, J = 13.5, 6.6, 6.6 Hz), 4.69 ( 1H, s), 5.11 ( 1H, s); *C NMR
(75 MHz, DMSO-d¢): & 163.47, 62.65, 56.00, 51.38, 32.45, 29.50, 29.09, 26.38,
25.52, 15.74; HRMS calcd. for (M + Na) C;oH2002N;Na: requires 223.1422, found
223.1432.

To a stirred solution of triphenylphosphine (152 mg, 0.58 mmol) and 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ) (130 mg, 0.58 mmol) in dry dichloromethane (10
mL) under a stream of nitrogen at ambient temperature was added
tetrabutylammonium bromide (186 mg, 0.58 mmol) followed by addition of the
compound 18b (97 mg, 0.48 mmol) and stirred for 1 h. Volatiles where removed in
vacuo and the crude residue purified by silica gel chromatography to give compound
18c¢ as an orange powder (113 mg, 89%)."H NMR (300 MHz, CDCl:): & 1.46 ( 3H, d,
J=6.3 Hz), 1.29-1.47 (8H, m), 1.86 ( 2H, ddd, J = 14.25, 6.9, 6.9 Hz), 3.41 (1H, t, J
= 6.9 Hz), 3.67-3.74 (1H, m), 3.86 (1H, ddd, J = 13.65, 6.6, 6.6 Hz), 4.44 ( 1H, s),
4.64 ( 1H, s); *C NMR (300 MHz, DMSO-de): & 163.06, 56.27, 51.37, 33.78, 32.58,
29.57, 28.71, 27.95, 26.34, 15.77; HRMS calcd. for (M + Na) C;oH;9O2N:Na:
requires 285.0578, found 285.0584.

Compound 18¢ (86 mg, 0.32 mmol) was reacted according to the procedure outlined
for compound 14. ® The residue was purified by silica gel chromatography eluting

with 5% methanol in dichloromethane to give the title compound (19) as an orange
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powder (34 mg, 50%) "H NMR (300 MHz, CDCl3): & 1.14 (3H, d, J = 6.3 Hz), 1.25-
1.59 (10H, m), 1.95 (1H, dt, J = 2.55, 0.9 Hz), 2.19 (1H, ddd, J = 6.9, 6.9, 2.7 Hz),
3.67-3.73 (1H, m), 3.85 (1H, ddd, J = 13.8, 6.6, 6.6 Hz), 4.36 ( 1H, s), 4.54 ( 1H, s);
13C NMR (300 MHz, DMSO-d¢): 8 163.75, 84.45, 68.16, 55.96, 51.23, 40.77, 29.52,
28.93, 28.36, 28.17, 26.20, 18.19, 15.57; HRMS calcd. for (M + Na) C12H20ON;Na:
requires 231.1473, found 231.1470.
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Protein expression and purification

The expression and purification of recombinant SaBPL 7. EcBPL ® and HsBPL ° were

performed as previously described.

Nucleic acid manipulation

To generate a construct for over-expression of EcBPL in E. coli, the birA gene was
placed under control of the IPTG-inducible, strong tac promoter. The gene was
amplified by PCR using oligonucleotides B130 [5°-
TCATGAAGGATAACACCGTGCCAC-37] and B131 [5°-
AAGCTTAATGATGATGATGATGATGTCCTTTTTCTGCACTACGCAGGG-3']

' The resulting PCR product was

upon template pCY216 containing the birA.
digested with BspH1 and Hind111 and ligated into Ncol and Hind111 treated pC104
"1, a derivative of pK223-3 (Amersham). This yielded the vector pK(EcBPL-H6) that
was confirmed by DNA sequence analysis (DNA Sequencing Service, SA Pathology,
South Australia). E. coli K12 was transformed with pK (EcBPL-H6) to address the

mechanism of antibiotic action.

X-ray crystallography

Apo-SaBPL was buffer exchanged into 50 mM Tris HCI pH 7.5, 50 mM NaCl, 1 mM
DTT and 5% (v/v) glycerol, and concentrated to 5 mg/mL. Each compound was then
added to BPL in a 10:1 molar ratio. The complex was crystallized using the hanging
drop method at 4°C in 8 — 12% Peg 8000 in 0.1 M Tris pH 7.5 or 8.0, and 10% (v/v)
glycerol as the reservoir. A single crystal was picked using a Hampton cryo-loop
(Hampton Research, USA) and streaked through cryo-protectant containing 25% (v/v)
glycerol in the reservoir buffer prior to cryo-cooling. X-ray diffraction data was
collected using the macromolecular crystallography beamline (MX1) at the Australian
Synchrotron using an ADSC Quantum 210r Detector. 90 images were collected with a
1 second exposure each and an oscillation angle of 1° for each frame. Data was
integrated and scaled using XDS. 2 PDB and cif files for the compounds were
obtained using the PRODRG web interface. '* The co-ordinates from the SaBPL —
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biotinol-5-AMP (PDBID = 4DQ2) ®, with all water and ligands removed were used as
a starting model. After rigid body refinement using REFMAC, '* the models were

5 and refinement with

built using cycles of manual modelling using COOT
REFMAC. ' The electron density clearly defined the positions of the ligands. The
quality of the final models was evaluated using MOLPROBITY. 16 Data collection

and refinement statistics are summarized in Supplementary Table S1.

In vitro biotinylation assays

Quantitation of BPL catalysed ‘H-biotin incorporation into the biotin domain
substrate was performed as previously described ' 7. Briefly, the reaction mixture
contained: 50 mM Tris HC1 pH 8.0, 3 mM ATP, 4.5 pM biotin, 0.5 uM *H-biotin, 5.5
mM MgCl,, 100 mM KCI, 0.1 mg/mL BSA and 10 uM biotin domain of S. aureus
pyruvate carboxylase. The reaction was initiated by the addition of BPL to a final
concentration of 4 nM. After 20 minutes at 37° C, 4 uL aliquots of the reaction were
spotted onto Whatman paper pre-treated with biotin and trichloroacetic acid. The
filters were washed twice with 10% v/v ice-cold trichloroacetic acid and once with
ethanol before air-drying. Quantitation of protein-bound radiolabelled biotin was
performed by liquid scintillation. One unit of enzyme activity was defined by the
amount of BPL required to incorporate 1 nmol of biotin per minute. The /Cs¢ value of
each compound was determined from a dose-response curve by varying the
concentration of the inhibitor under the same enzyme concentration. The data was
analysed with GraphPad Prism using a non-linear fit of logo (inhibitor) vs.
normalized response. The Kj, the absolute inhibition constant for a compound, was

determined using Eq 1: '®

Eq 1. K,.=—I-€5l-§,—-
1+u
K

m

where [S] is the substrate concentration ([biotin] =5 uM) and K, is the affinity of the
enzyme for biotin (S. aureus BPL =1 uM °, E. coli BPL = 0.3 uM ¥ and human BPL =
1 uM '?). The mode of inhibition was investigated by varying the concentrations of

inhibitor alongside varying the concentrations of *H-biotin. The data was plotted as
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double reciprocal plots and assessed using Lineweaver-Burk analysis. Ligand

efficiency was calculated using Eq2: <A
Eq2. LE=-RT In K,/ number of heavy atoms

where R is the gas constant and T is the temperature (° Kelvin).

Surface Plasmon Resonance

SPR was performed using a Biacore™ T100 (GE Healthcare). BPL was immobilised
on a CMS35 sensor chip following the manufacturer’s instructions. Typically, 6500
resonance units of SaBPL were immobilised on the sensor chip. One channel was left
blank which was subtracted from sample channel to allow analysis methods to
distinguish between actual and non-specific binding. All experiments were conducted
at 25° C at a flow rate of 30 pL/minute with running buffer containing 10 mM HEPES
pH 7.4, 150 mM NaCl, 3 mM EDTA and 0.005% (v/v) surfactant. Regeneration of
the surface was carried out by injecting 10 mM sodium acetate pH 5.8 at a flow rate
of 30 pL/minute for 10 seconds. Zero concentration samples were used as blanks.
Biotin and compound 6 showed fast on and off rates outside the range of kinetic
quantification hence only Kp values could be estimated from equilibrium responses
using compounds of different concentrations. In contrast, the association and
dissociate rate constants for compounds 16 and 5 could be determined from the
sensorgrams. The data were fitted to a 1:1 ligand binding model using the Biacore™
evaluation software. Buffers for experiments conducted with non-water soluble
compounds contained 4% (v/v) DMSO.

The sensorgrams for the SPR experiments are shown in Figure 3. The concentrations
of ligands employed were as follows: For biotin (Figure 1a) the concentrations used
were 0 (<), 0.98 (), 3.9 (-), 7.8 (), 31.3 (), 62.5 (-) and 125 pM. For compound 6
(Figure 1b), the concentrations used were: 0 (-), 0.68 (), 2.7 (-), 5.5 (-), 10.9 (-) and
43.8 (-) uM. For compounds 16 and 5 (Figure Ic and d), the concentrations used
were: 0 (-), 0.4 (-), 0.8 (), 1.6 (-) and 3.2 (-) uM.
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Antibacterial Activity Evaluation

Minimal Inhibitory Concentrations (MICs) were determined by a microdilution broth
method as recommended by the CLSI (Clinical and Laboratory Standards Institute,
Document M07-A8, 2009, Wayne, Pa.) with cation-adjusted Mueller-Hinton broth
(Trek Diagnostics Systems, U.K.). Compounds were dissolved using DMSO. Serial
two-fold dilutions of each compound were made using DMSO as the diluent. Trays
were inoculated with 5 x 10° CFU of each strain in a volume of 100 pL (final
concentration of DMSO was 5% (v/v)), and incubated at 35° C for 16-20 hours when

MICs were determined.

To address the antibiotic mechanism of action, a complementation assay was
performed using E. coli K12 cells. Cells harbouring the EcBPL over-expression
vector pK(EcBPL-H6) was employed. Bacteria, 5 x 10* CFU, were seeded in each
well of a 96-well plate and treated either with compound 16 (final concentration 32
pg/mL) or DMSO control (final concentration 3.2% (v/v)) for 20 hours at 37°C. The
final optical density of the culture was measured on a Thermo Multiskan Acsent plate

reader at 620 nm.

Assay of cytotoxicity

HepG?2 cells were suspended in Dulbecco-modified Eagle’s medium containing 10%
fetal bovine serum, and then seeded in 96-well tissue culture plates at either 5 000, 10
000 or 20 000 cells per well. After 24 hours, cells were treated with varying
concentrations of compound, such that the DMSO concentration was consistent at 4%
(v/v) in all wells. After treatment for 24 or 48 hours, WST-1 cell proliferation reagent
(Roche) was added to each well and incubated for 0.5 hours at 37° C. The WST-1
assay quantitatively monitors the metabolic activity of cells by measuring the
hydrolysis of the WST-1 reagent, the products of which are detectable at absorbance
450 nm.
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Figure S1. Mechanism of inhibition is via competition with biotin.

Concentration dependent inhibition of S. aureus BPL by compound 16 and associated

double reciprocal Lineweaver-Burk plot show that this compound is a competitive

inhibitor of biotin. (a) Rate plot with different fixed concentrations of inhibitor and

varying concentrations of *H-biotin, b) Double reciprocal Lineweaver-Burke plot of

initial velocity curves against varying concentrations of *H-biotin.
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Figure S2. Mechanism of antibacterial activity is via inhibition of BPL.

E. coli K12 cells were transformed with either the parent vector pKK-223-3
(diamonds with red lines) or pK(EcBPL-H6) (circles with blue lines) for the over-
expression of E. coli BPL. Cells were the grown for 14 hours at 37°C in the presence
or absence of 32 pg/ml compound 5 when the absorbance of the culture was measured
at 600 nm. Protein expression was induced by the addition of IPTG into the growth
media (solid symbols contain IPTG vs open symbols with no IPTG). A control with

no compound was included (V), as was a control with no bacteria (OJ).
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Supporting Table S1. X-ray data collection and refinement. Data collection and
refinement statistics for holo SaBPL structures with compounds 6 and 14 bound.

Compound 6 Compound 14
Data collection
Space group P42212 P42212
Unit cell (a,b,¢) 93.6, 93.6, 130.4 93.1, 93.1, 1299
Resolution 50.00 -2.60 (2.67- 2.60) 50.00 - 2.65 (2.72-2.65)
Number of unique 18454 (1329) 17103 (1234)
reflections
Multiplicity 6.9 (7.1) 5.4 (5.6)
Completeness 99.3% (99.6%) 99.3% (97.4%)
l/o 13.9 (4.5) 17.4 (2.5)
Ruerge 12.5% (70.5%) 8.1% (83.1%)
Rpim 2.8% (26.4%) 2.2 % (27.0%)
Refinement
Rfactor 19.7 19.7
Rfree 26.8 242
r.m.s. deviations
Bond lengths 0.022 0.022
Bond angles 1.96 2.05
Ramachandran plot
Allowed regions 99.4% 98.7%
Outliers 0.7% 1.3%
a Values in parentheses refer to the highest resolution shell.
b R erge 3 |I - <I>|/¥<I> where I is the intensity of individual reflections.

€ Ryim = YLUN-1)]"23 | - <>y <> *

d Restor = 2nlFo - F [/ 2p[F,l, where F and F, are the observed and calculated
structure-factor amplitudes for each reflection "h".
€ Rfee Was calculated with 5% of the diffraction data selected randomly and

excluded from refinement.
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Our choice of target enzyme for this study was
motivated by our recent report that triazoles (&,gsee
Scheme lare potent and selective inhibitors of BPL from
the clinically important bacterial pathog&taphylococcus
aureus(Sg.'? BPL catalyses the stepwise formation of
biotinyl-5'-AMP (which the triazoles mimic) from biotin
and ATP, see Scheme 1. Biotinyt&MP then enables
biotinylation of enzymes central to fatty acid
biosynthesi$®! and the tricarboxylic acid cyctd.
Examples of the triazoleghibit the growth of these
bacteria and as such they represent an important new lead
for antibiotic developmert?!>® The triazoles are
prepared by Huisgen cycloaddition of biotin alkyhand
adenosine azid@fragments as depicted in Schenlé&.

We deeme®aBPL to be an ideal candidate fior situ

click chemistry since its active site has two well-defined
pockets. Initial binding of biotin to pocket one defines a
biotin-binding loop, consisting of residues T117-K131,
which locks biotin in place while also defining a second
pocket for the subsequent binding of ATP for reaction

The Huisgen cycloaddition of an alkyne and an azide caiith biotin to give biotinyl-5AMP 21 Our X-ray

in special cases, be catalysed by an enzyme in what Geystal structures oSaBPL show that these biotin and
referred to asin situ click chemistry® This then ATP-binding sites are juxtaposed, with the
provides the basis of an elegant approach for identifyinBhosphoanhydride linkage in biotiny-BMP  residing
enzyme inhibitors, where the target enzyme is used Retween the two pockefS! The enzyme thus functions
select and assemble the optimum combination of an aziféich like the Cu(l) catalyst used in the chemical
and alkyne from a library of eaé#%% However, this preparation ofl, where the biotin and ATP species are
methodology is limited to situations where the targeg0-located for specific reaction in both cases.

enzyme has binding pockets capable of bringing the two

fragments together for subsequent Huisgen cycloadditiors,,

The goal of producing high-affinity inhibitors can also be "
a limitation of this methodology, since tight-binding
inhibitors often remain associated in the protein’s active

b @V\i

SaBPL TN \/\/i\ S_ =
S o Ly OGN NH,
H =S &z NN

ATP biotinyl-5'-AMP HO  OH

site, thereby preventing multiple rounds of catalysis. HereH‘:g’ SN

we present an example @i situ click chemistry that

overcomes these inherent limitations, whereby the target
enzyme (biotin protein ligase, BPL) is specifically ..
engineered to promote efficient catalytic turnover and gx‘b

hence Huisgen cycloaddition.

Ms. T. P. Soares da Costa, A/Prof. G. W. Booker, Dr. S. W.
Polyak, Prof J. C. Wallace

School of Molecular and Biomedical Science

University of Adelaide

Adelaide, South Australia, 5005, Australia

Dr. W. Tieu, Ms. K. L. Keeling, Prof. A. D. Abell
School of Chemistry and Physics

University of Adelaide

Adelaide, South Australia, 5005, Australia

Fax: (+61) 883035652

E-mail: Andrew.abell@adelaide.edu.au

Ms. M. Y. Yap, A/Prof. M. C. J. Wilce
School of Biomedical Science
Monash University

Victoria, 3800, Australia

TPS and WT equal contribution. Financial support was
provided by the National Health and Medical Research
Council of Australia (APP1011806).

H \-s
Biotin akyne 2

o,
*T—NH
Cu() or f - = NH,
— \\/\/Y\NA(jaN a
saBPLor R Nay !
0 0

NH,  SaBPL-R122G NN

,=N
NN
NN 1

3

Scheme 1. SaBPL catalysed reaction of biotin and ATP
(top) and synthesis of 1,4-triazole 1 from biotin alkyne 2
and azide 3 (bottom).

We thus attempted an situ experiment using wild-
type SaBPL as a template to bind and catalyse Huisgen
cycloaddition of alkyn® (SaBPL K; = 0.30 + 0.03:M)"®
with azide3, see Scheme 1. Analysis of the crude product
by reverse phase HPLC (see Figure 1la) indicated 1.07 £
0.1 mol of triazole formed per mol of enzyme (see
supporting data for detail). The product formed is
presumed to be the 1,4-triazoke (K; = 1.83 + 0.33
M) given that the alternative 1,5-isomer is inactive
and hence unable to bind. For comparisonsitu click
catalysis by acetylcholinesterase gives a similarly low
conversion (2 £ 1 moles of the triazole product for every
mole of active enzymé3. Encouragingly, the triazolé
was not formed in the absence of BPL, or using bovine
serum albumin, such that the observed chemical ligation is
template guided (Figure 1c and d).
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Given this preliminary success am situ experiment mutant did possess unique properties not observed in the
was attempted using the alky@eand a small library of wild-type protein that were favourable for this study. Only
azides3-7, see Scheme in Figure 2. The azRiwas used SaBPL-R122G was able to promiscuously biotinylate
as a reference, while-7 were used to probe the non-target bacterial proteins when recombinantly
importance of the furanose ring and the length of the azidxpressed ifE. coli, the result of increased diffusion of the
spacer with regards to potency. However, in ttése reactive biotinyl-5AMP intermediate from the enzyme
triazole products were not detected by HPLC (see Figufsupporting information Figure S3). This ‘leaky’
2a), nor LC/MS-SIM above the level of background thaphenotype was likewise confirmed by SPR studies as
was observed on reaction in the absence of enzyme, smdlined in supporting information Figure S4. The
Figure 2c (compare red and blue traces) for tria@oe equilibrium dissociation constant for triazdleand8 with
reasoned that this lack of success reflected a low turnov8eBPL-R122G was determined to be >40-fold higher than
rate for the wild-type BPL, an inherent limitation of BPLwith the wild-type enzyme (Table 1) due to an increased
(and presumably other enzymes) for use iof situ  dissociation rate. Thus, the R122G mutant is an ideal
chemistry. candidate for the discovery of BPL inhibitors usingsitu

click chemistry.
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Figure 1. HPLC traces from the in situ click reactions of 2
and 3 as measured at 254 nm (a) In the presence of
wild-type SaBPL, (b) In the presence of SaBPL-R122G, (c)
In the absence of enzyme, (d) In the presence of bovine 10 ITs.mecm.-n::? 25 10 'STImm_::; 25
serum albumin instead of BPL, (e) In the presence of

SaBPL-R122G and biotinol-5"-AMP (Rt 16.7 mins). The 4 c) = SaBPLR122G

arrow indicates the retention time of triazole 1. s u?.(??jz? EaBpL
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Attention was therefore focussed on improving the
catalytic efficiency of the target enzym&mBPL. We ‘ : . -
suspected that the before mentioned biotin-binding looj 5 10 15 20 25
might be closing over the active site to prevent diffusioi. Time (mins)

of the synthesized triazole from the active site and therek?:)( . N . )

: . . . o . Flgure 2. Analysis of BPL templated in situ click reactions
prleventlng efficient tur.nover.l Th|§ loop is mallntalned. Ny alkyne 2 with azides 3-7. a) in the presence of wild-type
this ‘closed’ conformation, primarily due to an interactionsagpL, HPLC (detection at 254 nm); b) in the presence of
between R122 in the biotin-binding loop and D180 thasaBPL-R122G, HPLC (detection at 254 nm) and c) overlay
resides in the C-terminal domain (see later and Figure 3tgf. LC/MS-SIM traces for SaBPL-R122G (black, off scale),
We reasoned that an engineered Variansﬁpl_’ with BPL (blue) and control (red) with detection at m/z 471 for
R122 substituted by glycine, would improve production of1azole 8 evident at 10.1 min.
triazole 1 by increasing the enzyme’s turnover rate. In

support, ~studies with Es_cherlchla coli BPL have_ Table 1. Equilibrium dissociation kinetics for binding of
demonstrated that mutation of the equivalent residu§qoin aAmP and triazole compounds to SaBPL and

(R118) results in enhanced dissociation rates for boduBpL-R122G analysed by SPR. @Data were fitted to
biotin and biotinyl-5-AMP 1% either a steady-state affinity model or 1:1 ligand binding

Encouragingly, SPR and kinetic data demonstrateaodel.
that the affinities for the substrates biotin and MgATP

. . . o Ko (UM)

were not compromised by the amino acid substitution
(Table 1 & supporting information Figure S1 and Table SaBPL Biotin AMP  Triazole 1  Triazole 8
S1). Likewise, circular dichroism ;pectra for the Wlld_typ?Wild-type 02414 900480 0.11+001 0.06+0.01
and R122G mutant were super-imposable, demonstrating
secondary structural conservation of the two proteinsR122G ~ 8.720.9  920#80 9.83:0.04  2.96:0.11
(supporting information Figure S2). However, the R122Ga] see supplementary methods for details

Mass count (108)
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Significantly, anin situ click reaction of biotin alkyne the acetylene fragmeni(= 0.30 £ 0.03uM) and it is as
2 (500 uM) and azide3 (500 uM) with SaBPL-R122G (2 such an important lead for ongoing antibiotic
uM) gave vastly improved formation of triazole (11.9 +development?1%2°
0.7 moles per mol of enzyme € 3) by HPLC, see Figure Finally, the X-ray crystal structure a8 bound to
1b. Triazole product was not observed wh8eBPL S&BPL (PDB = 1V7R) was solved to define its mode of
R122G was incubated with and 3 in the presence ad  binding, particularly with regards the role of the key R122
competitive BPL inhibitor, biotinol'5AMP (K; = 0.03 + residue, see Figure 3. Significantly, R122 does not
0.01 uM) (Figure 1e). This clearly demonstrates that thdwydrogen bond or otherwise interact with the biotin or
mutant enzymeSaBPL-R122G provides a template for adenine componerite. R122 is not necessary for binding.
cycloaddition, with an increased turnover rate compared While R122 forms a hydrogen bond with N3 of the
the wild-type enzyme. The ‘leaky’ mutant thus providedl,4-triazole, it does so through its backbone amide, which
much improved efficiency of reaction and sensitivity ofis conserved in the mutant. These observations, together
detection. with the kinetic analyses described in Table 1, suggests

The library experiment using biotin alky@4160uM)  that the mutant is a good model for the wild-type enzyme
and azides3-7 (320 uM each) was repeated using ourand hence for screening inhibitors. The guanidinium group
‘leaky’ mutant as depicted in Figure 2. Analysis of theof R122 does hydrogen bond with D180 and D320 (see
product mixture by HPLC and LC/MS-SIM revealedFigure 3b), which are thought to stabilise the key flexible
efficient formation of 1,4-triazolé8 (see Figure 2b and biotin-binding loop. The X-ray structure also reveals that
black trace in Figure 2c, respectively). Interestingly, @oth the adenine and biotin components8albind into
trace of the 1,4-triazolé (or its 1,5-triazole regioisomer) their respective pockets with a number of key interactions.
was also detected at a level slightly above background Byhe ureido ring of biotin hydrogen bonds with S93, T94
MS (see supporting information Figure S5(F)) andand E116, where these residues are reported to be
LC/MS-SIM (see supporting information Figure S6), butnstrumental in anchoring the biotin within the active site.
not by HPLC (see Figure 2b). None of the other possiblehe adenine ring is ideally positioned in the ATP pocket
triazole products were detected. As before, the addition &dr n- © stacking interaction with W127 and also hydrogen
biotinol-5-AMP, to thein situ experiment inhibited the bonding with N212. The 1,4-triazole ring adopts key
formation of triazole product (supporting informationhydrogen bonds with R122, R125 and D180 and also an
Figure S5 (E)). As expected, control experiments in thapparent edge to facern interaction with W127 (Figure
absence of BPL, or with bovine serum albumin in place &b). The absence of a ribose group, present in the natural
SaBPL-R122G (supporting information Figure S4), failedsubstrate biotinyl-'5SAMP and our lead inhibitorl, is
to produce any triazole product. clearly accommodated with an appropriate linker length (n

The 10 possible triazoles from the reaction of biotine 3 as in triazol® and its precursor azidge Scheme 2).
alkyne 2 with the azide library 3-7) were independently
synthesised and characterised to confirm t8aBPL-
R122G had indeed selected and synthesised the m
potent inhibitors of the wild-typ&aBPL, see supporting
information Table S2. Each compound was separate
assayed against wild-typeSaBPL in an in vitro =
biotinylation assay to reveal that the 1,4-triazdleend8
were the only active triazoles, witB being the most
potent K; = 0.66 + 0.05uM c.f. 1.83 £+ 0.33uM for 1).
This potency profile matches the results from ithesitu
click experiment, wher@ was the predominant product N?l;l‘
formed along with a trace amount df Neither of the
1,5-triazole regioisomers ofL and 8 were active,

highlighting selectivity of binding t&aBPL and hencén Figure 3. X-ray crystal structure of 1,4-triazole 8 bound to
wild-type SaBPL. a) A close up view of the active site with

Situ SyntheSIS of the_ 1'4_|somers'_ Add'“‘_’“a”Y’ SPRNIZ? partitioning the two binding pockets. b) Detailed
analysis as presented in supporting information Figure Sﬁydrogen bonding interactions between SaBPL and the
indicated both triazoled and 8 had faster dissociation 1 2 3-triazole ring (black dashes), specifically between

kinetics with SeBPL-R122G compared to the wild-type R122, H,O, D180 and D320. Distances summarised in
enzyme. This is in agreement with our hypothesis that theipporting information Figure 6. Graphics performed with
mutant encourages multiple catalytic cycles througlyCSF chimera 1.6.1
release of the triazole products.

An in situreaction of biotin alkyn@ with a new azide ) ,
S9was also undertaken in the presence of both wild-type lr' summary, we use a ‘leaky’ mutaiizBPL-R122G)
and ‘leaky’ mutantSaBPL in order to further explore its of W”_d' type _SGBPL to enhgnce the.turnove.r rate f_or the
potential, see supporting data. Again, the ‘leaky’ mutar{tea_lcuon of biotin alkyne with an azide to give a trlgzole.
catalysed the efficient formation of triaz@®4Q whilst the T_h's allows _the_ .enzyr.ne tq select the ‘?Pt'um
wild-type was ineffective as depicted in supportingtr_'aZOIe'based inhibitor using a library of such azides in a

information Figure S7. The product triazoke € 0.09 + smgl.e_ _experiment,. With_ ) improved efficiency_ and
0.01 “M)[12] proved to be significantly more active thanSensitivity of detection, difficulties that can restrict the
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general utility of a multi-componein situ click approach [7]
to ligand optimisation. The leaky mutant has a 40-fold
enhanced rate of product dissociation relative to the target
enzyme $aBPL). Importantly, the overwhelming major
product B) identified in this library-based experiment wasl8l
the most potent inhibitor. Our study also clearly shows
that the ribose sugar present in our lead inhibitbrand
biotinol-5-AMP) and in the natural intermediate
(biotinyl-5"-AMP)*2 8l is not required for activity, with [°]
incorporation of the appropriate linker length between the
triazole and adenine groups asin [10]
Improving the efficiency of the target enzyme (as
reported here for BPL) presents one approach to
improving the generality and utility of multi-componémt
situ click beyond the few examples reported to date. Such
an approach provides a means to enhance sensitivity of
detection, to allow improved identification of weak[12]
inhibitors or even an extended population of inhibitors
resulting from a large library of precursor fragments.

[13]

Received: ((will be filled in by the editorial staff))

Published online on ((will be filled in by the editorial staff))

[14]

Keywords: in situ click - drug design - biotin protein ligase -

inhibitors - triazole - protein crystallography [15]

[16]

[1] S. K. Mamidyala, M. G. FinnChemical Society
Review201Q 39, 1252-1261.

[2] W. G. Lewis, L. G. Green, F. Grynszpan, Z. Rad. [17]
R. Carlier, P. Taylor, M. G. Finn, K. B. Sharpless,
Angewandte Chemie International Editi@®02 41,
1053-1057.

[3] V. P. Mocharla, B. Colasson, L. V. Lee, S. Roper, K.

B. Sharpless, C.-H. Wong, H. C. KolBngewandte
Chemie International EditioB005 44, 116-120.

[4] M. Whiting, J. Muldoon, Y.-C. Lin, S. M. Silverman,
W. Lindstrom, A. J. Olson, H. C. Kolb, M. G. Finn, K.
B. Sharpless, J. H. Elder, V. V. FokiAngewandte
Chemie International EditioB006 45, 1435-1439.

[5] T. Hirose, T. Sunazuka, A. Sugawara, A. Endo, K'[18]
Iguchi, T. Yamamoto, H. Ui, K. Shiomi, T. Watanabe,
K. B. Sharpless, S. Omurghe Journal of Antibiotics
2009 62, 277-282.

[6] H. D. Agnew, R. D. Rohde, S. W. Millward, A. Nag, [19]
W.-S. Yeo, J. E. Hein, S. M. Pitram, A. A. Tariq, V.
M. Burns, R. J. Krom, V. V. Fokin, K. B. Sharpless, J'[20]
R. Heath,Angewandte Chemie International Edition
2009 48, 4944-4948.

S. W. Millward, R. K. Henning, G. A. Kwong, S.
Pitram, H. D. Agnew, K. M. Deyle, A. Nag, J. Hein, S.
S. Lee, J. Lim, J. A. Pfeilsticker, K. B. Sharpless, J. R.
Heath, Journal of the American Chemical Society
2011, 133 18280-18288.

N. P. Grimster, B. Stump, J. R. Fotsing, T. Weide, T.
T. Talley, J. G. Yamauchi, A. Nemecz, C. Kim, K.-Y.
Ho, K. B. Sharpless, P. Taylor, V. V. Fokidgurnal

of the American Chemical Socie?p12 134, 6732-
6740.

A. Krasinski, Z. Radé, R. Manetsch, J. Raushel, P.
Taylor, K. B. Sharpless, H. C. Koldpurnal of the
American Chemical Sociep05 127, 6686-6692.

R. Manetsch, A. Kraéski, Z. Radt, J. Raushel, P.
Taylor, K. B. Sharpless, H. C. Koldpurnal of the
American Chemical Sociep04 126, 12809-12818.

J. G. Yamauchi, K. Gomez, N. Grimster, M. Dufouil,
A. Nemecz, J. R. Fotsing, K.-Y. Ho, T. T. Talley, K.
B. Sharpless, V. V. Fokin, P. Tayloiolecular
Pharmacology2012 82, 687-699.

T. P. Soares da Costa, W. Tieu, M. Y. Yap, N. R.
Pendini, S. W. Polyak, D. Sejer Pedersen, R. Morona,
J. D. Turnidge, J. C. Wallace, M. C. J. Wilce, G. W.
Booker, A. D. Abell,Journal of Biological Chemistry
2012

N. R. Pendini, L. M. Bailey, G. W. Booker, M. C.
Wilce, J. C. Wallace, S. W. PolyaBiochimica et
Biophysica Acta (BBA) - Proteins and Proteomics
2008 1784 973-982.

S. Jitrapakdee, M. St maurice, I. Rayment, W. W.
Cleland, J. C. Wallace, P. V. Attwoo8jochemical
Journal2008 413 369-387.

D. J. Payne, M. N. Gwynn, D. J. Holmes, D. L.
Pompliano,Nature Reviews Drug Discove?p07, 6,
29-40.

Benjamin P. Duckworth, Todd W. Geders, D. Tiwari,
Helena I. Boshoff, Paul A. Sibbald, Clifton E. Barry
lii, D. Schnappinger, Barry C. Finzel, Courtney C.
Aldrich, Chemistry & Biology2011 18, 1432-1441.

Also observed in other clinically relevant bacteria, see:
Z. A. Wood, L. H. Weaver, P. H. Brown, D. Beckett,
B. W. MatthewsJournal of Molecular Biology006
357, 509-523; B. Bagautdinov, C. Kuroishi, M.
Sugahara, N. KunishimaJournal of Molecular
Biology 2005 353 322-333; C. M. Tron, I. W.
McNae, M. Nutley, D. J. Clarke, A. Cooper, M. D.
Walkinshaw, R. L. Baxter, D. J. Campopiadournal

of Molecular Biology2009 387, 129-146; V. Gupta,
R. K. Gupta, G. Khare, D. M. Salunke, A. Surolia, A.
K. Tyagi, PLoS ONE201Q 5, €9222.

T. P. Soares da Costa, W. Tieu, M. Y. Yap, O. Zvarec,
J. M. Bell, J. D. Turnidge, J. C. Wallace, G. W.
Booker, M. C. J. Wilce, A. D. Abell, S. W. Polyak,
ACS Medicinal Chemistry Lette?2812 3, 509-514.

K. Kwon, E. D. Streaker, D. BeckeRrotein Science
2002 11, 558-570.

PCT/AU2012/001138.

88



Supporting Information

Table S1. Kinetic characterisation of wild-type SaBPL and SaBPL-R122G.

Biotin MgATP

Keat (57 Keat/Km (57 | Keat (57 Keat/Km (5™

cat( 3) Km (mM) ca_tl m( \ cat( 3) Km (mM) caftl m( .

x 10 M™) x 10 x 10 M™) x 10
Wild-type
SaBPL 450490 1.01+0.16 4500+190 360+70 0.18+0.03 20+0.2
SaBPL-
R122G 0.20+0.01 | 1.68+0.24 1.70+0.10 0.15+0.01 0.18+0.03 | 0.08+0.01
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Figure S1. SPR analysis of biotin and AMP binding. Sensorgrams showing
binding of various concentrations of biotin®® to either wild-type SaBPL (A) or
SaBPL-R122G (B). Sensorgrams showing binding of various concentrations of
AMPP! to either wild-type SaBPL (C) or SaBPL-R122G (D). AMP binding was
measured after injection of saturating concentrations of biotin alkyne (100 uM) to
pre-charge the BPLs. Enzymes were immobilised onto the same CM5 chip using
standard amine coupling chemistry. One channel was left blank to detect
non-specific binding to the sensor chip.
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Figure S2. Overlaid CD spectra of wild-type SaBPL (red) and SaBPL-R122G
(blue), demonstrating that the amino acid substitution at position 122 had no
discernible effect upon the enzyme’s secondary structure.
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Figure S3.  Streptavidin western blot analysis of soluble whole cell lysates. The
lysates were separated by 12% SDS-PAGE and analysed by western blotting
with streptavidin conjugated to Alexa488. Lane 1, Empty vector control; Lane 2,
EcBPL; Lane 3, EcBPL-R118G; Lane 4, SaBPL; Lane 5, SaBPL-R122G. The
arrows indicate the bands corresponding to biotin protein ligase (BPL) and the
endogenous biotinylated protein in E. coli, the biotin carboxyl carrier protein
(BCCP) subunit from acetyl-CoA carboxylase. The streptavidin blot shows
‘promiscuous biotinylation’ of non-target bacterial proteins caused by
over-expression of the ECBPL-R118G and SaBPL-R122G mutants but not their
wild-type equivalents. The promiscuous biotinylation phenotype is indicative of
enhanced dissociation of biotinyl-5'-AMP from the enzyme where it can
chemically modify non-target proteins.
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Figure S4. SPR profiles of different concentrations!® of 1 binding to wild-type
SaBPL (A) and SaBPL-R122G (C) and compound 8 binding to wild-type SaBPL
(B) and SaBPL-R122G (D). Both enzymes were immobilised onto the same CM5
chip using standard amine coupling chemistry, leaving one channel (red) blank.
Although compounds show similar association rates with both enzymes, the
compounds dissociate more rapidly when arginine 122 is mutated to a glycine
residue.
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Figure S5.

Analysis of products from in situ click reaction of alkyne 2 with

azides 3—7 by HPLC (measured at 254 nm) and mass spectrometry. (A) In the
presence of wild-type SaBPL, (B) In the presence of SaBPL-R122G showing
triazole 8 at ~18 min, (C) In the absence of enzyme, (D) In the presence of
bovine serum albumin instead of BPL, (E) In the presence of SaBPL-R122G and
biotinol-5"-AMP, which is evident at 16.7 min (F) Mass spectrum of sample giving
rise to (B) revealing triazole 8 (470.4 Da) and a trace of triazole 1 (570.3 Da).
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Figure S6.

LC/MS-SIM analysis of triazole 1, with detection at 571 mass units.

A) Authentic sample of 1 at 0.35 pM, synthesised by Cu catalysis of alkyne 2 and
azide 3. B) Products of reaction of alkyne 2 with azides 3 — 7 in (i) PBS buffer
solution (Red), (ii) the presence of SaBPL-R122G (Black) and (iii) the presence
of wild-type SaBPL (Blue). Y-axes of chromatograms A) and B) are not to scale.

Triazole 1 eluted at 11.6 min.
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Table S2. HPLC retention times (R;) and K| values for synthetic 1, S1-S8, 8.

HPLC R, | SaBPL K;
Compound . )
(min)® (M)
po s
1 KRN 20.1 1.83+0.33
O7<O
8 t{ﬁw Ao 18.5 0.66 + 0.05
Ss1 s 20.1 10
O}’NHH‘.\ WQOJ/ N:/N . >
HNH S~ W\E,?‘N 67/3
NN =N
s2 | e Ty 178 >10
S3 N e U 18.0 >10
S4 HE’@.\\\/\/\(\'N///\,\N N 19.0 >10
H =S N=N (\Nj\\,(N
o NH H N/tN
S5 B e Ll e 18.2 >10
OYNHH N/:N NH
S6 S L o 17.5 >10
S7 KT sy 18.4 >10
NéNHz
o NH H NFN NH,
S8 R e . NS 19.0 >10
10 Lo ng 24.5 0.09 +0.01

% Compounds were detected on an RP-C18 column (4.6 mm x 250 mm), using eluents A (0.1%
TFA in water) and B (0.08% TFA in 80% acetonitrile) at a flow rate of 0.5 mL/min. The gradient
increased from 20% acetonitrile to 80% acetonitrile over 20 min followed by a 1 min 100%
acetonitrile wash.

® K; values were determined as described in Supplementary Methods.
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Figure S7. HPLC analysis of in situ click formation of triazole S10 from biotin
alkyne 2 and azide S9. a) In PBS buffer. b) In the presence of 2.5 uM wild-type
SaBPL. c¢) In the presence of 25 uM wild-type SaBPL. d) In the presence of 2.5
MM mutant SaBPL-R122G. f) In the presence of 25 pM mutant SaBPL-R122G.
The black arrows denote observed peaks that correspond to the retention time of
an authentic sample of triazole S10.
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Table S3.

X-ray data collection and refinement. Data collection and refinement

statistics for holo SaBPL structures with compound 8 bound.

SaBPL with 8

a

Data collection

Space group P 4(2) 2(1) 2

Cell dimensions

a, b, c (A) 94.6, 94.6, 130.7
o, By (® 90, 90, 90

Resolution (A)

50.00 - 2.61 (2.68-2.61)

Rsym or Rmerqe

0.06 (0.40)

| /ol 15.3 (3.54)
Completeness (%) 99.0 (94.3)
Redundancy 2.46 (2.47)
Refinement

Resolution (A) 50 - 2.60
No. reflections 125676
Rwork / Riree 20.65/25.77
No. atoms

Protein 2613
Ligand/ion 32

Water 147
B-factors

Protein 52.4
Ligand/ion 37.9
Water 57.7
R.m.s. deviations

Bond lengths (A) 0.02

Bond angles (°) 1.9

4 values in parentheses refer to the highest resolution shell.

b Rmerge = Y |l - <I>|/><I> where | is the intensity of individual reflections.

©Rpim = ZIU(N-DIY?3 |1 - <I>|/g<I>*

d -

Riactor = 2hlFo - Fell 2hlFgl, where F, and F. are the observed and
calculated structure-factor amplitudes for each reflection "h".
€ Rfree Was calculated with 5% of the diffraction data selected randomly and
excluded from refinement.
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Protein Methods

In situ click experiment A: Preparation of triazole 1

The in situ click reaction of biotin alkyne 1 with azide 2 was performed at 37° C
for 48 hours in PBS (137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO4, 1.46 mM
KH,PO4, pH 7.4) using either wild-type or mutant SaBPL (final enzyme
concentration 2 uM). Control experiments were performed in parallel using either
no enzyme or BSA in place of SaBPL. Additionally, 500 yM of competitive
inhibitor biotinol-5'-AMP was added to another control experiment with
SaBPL-R122G to address the specificity of the template guided reaction. The
alkyne 2 and azide 3 were first solubilised in DMSO then added to all reactions to
a final concentration of 500 uM each (final DMSO concentration 4% (v/v)).
Aliquots of the reactions (50 pL) were diluted in 0.1% TFA (50 pL) and subjected
to HPLC analysis. The analytes were fractionated using an analytical C18
reverse phase column (dimensions 4.6 mm x 250 mm), using eluents A (0.1%
TFA in water) and B (0.08% TFA in 80% acetonitrile) at a flow rate of 0.5 mL/min.
The gradient increased from 20% acetonitrile to 80% acetonitrile over 20 minutes
followed by a 1 minute 100% acetonitrile wash. The system was set up for batch
injections of 90 L. Before each injection, the column was equilibrated with 100%
Buffer A for 15 minutes. A duplicate sample was analysed using Orbitrap mass
spectroscopy (Adelaide Proteomics Centre). To quantitate the yield of triazole
product formed, the area under the peak on the UV trace was measured and
compared against a standard curve established using known amounts of the
synthesised triazole product.

In situ click experiment B: Library experiments

The in situ click reaction was performed essentially as described above with
alkyne 2 (160 pM) reacted with a mixture azides 3-7 (final concentration of
DMSO 4% (v/v)). HPLC of the reactions were performed as described above.
LC-MS analysis was performed on an Agilent 1100 LC/MSD with a Bruker
HCTultra PTM Discovery System (ES) eluting on a Agilent Poroshell 120 SB-C18
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reverse-phase column (2.1 mm x 50 mm, 2.7 um); 5 puL of sample was injected
per run; flow rate at 0.2 mL/min; gradient elution (H,O + 0.05% TFA)/(90%
aqueous MeCN + 0.05% TFA) from 95:5 to 0:100 over 20 min followed by a
wash of 5 min with 20:80 and a post-run time of 5 min using the starting solvent
ratio. Detection was by electrospray ionization with positive selected-ion
monitoring tuned to the molecular masses of triazole 8 and 1 (M+H = 471 and
M+H = 571 respectively). The cycloaddition products were identified by
comparison of its retention time with those determined from analysis of the

copper-catalyzed reaction and by its molecular weight.

In situ click experiment C: Preparation of Triazole S10

The in situ click reaction was performed at 37° C for 48 hours in PBS (137 mM
NaCl, 2.7 mM KCI, 8 mM Nay;HPO,4, 1.46 mM KH;PO4, pH 7.4) using either
wild-type or mutant SaBPL (at final enzyme concentrations 2.5 yM). A second set
of in situ click reactions were performed under the same conditions, except using
25 uM final concentrations of either wild type or mutant SaBPL. The alkyne 2 and
azide S9 were first solubilised in DMSO then added to all reactions to a final
concentration of 500 uM each (final DMSO concentration 4% (v/v)). Control
experiments were performed in parallel and as detailed in ‘in situ click experiment
1'. Aliquots of the reactions (50 pL) were diluted in 0.1% TFA (50 pL) and
subjected to HPLC analysis following the conditions described in ‘in situ click
experiment 1’. The cycloaddition product S10 was identified by comparing its
retention time with that of an authentic sample of S10. Duplicate samples were
analysed using Orbitrap mass spectroscopy (Adelaide Proteomics Centre).
Detection of triazole S10 was confirmed with mutant SaBPL at 25 uM
concentration (found: 485.23 m/z, expected (M+H): 485.23), whilst triazole S10
was not detected by mass spectroscopy in samples containing wild-type enzyme

and negative controls.
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Protein expression and purification

DNA constructs required for recombinant expression of SaBPL-Hg in E. coli were
described previously?. The R122G mutation was obtained using the
QuikChange™ mutagenesis kit (Stratagene) with plasmid pGEM-(SaBPL-H6)?
and oligonucleotides B227 (5'-CGAAAGGTCGTGGTGGTTTTAATAGACATTGG-
3) and B228 (5'-CCAATGTCTATTAAAACCACCACGACCTTTCG-3'). The
expression and purification of wild-type and the SaBPL-Hg mutant R122G were

performed using the same strategy as previously described by Pendini?.

Surface plasmon resonance

SPR was performed using a Biacore™ T100 instrument (GE Healthcare). BPL
was immobilised on a CM5 sensor chip by standard amine coupling chemistry.
The carboxymethyl groups on the chip were activated by the addition of
N-ethyl-N"-(3-diethylamino-propyl) carbodiimide and N-hydroxysuccinimide. BPL
(120 pg/mL) in 10 mM sodium acetate buffer (pH 5.8) was coupled onto the
surface, and 1 M ethanolamine hydrochloride was injected to block any
unreacted sites. Typically, 6,500 resonance units of BPL were immobilised on the
sensor chip. One channel was left blank which was subtracted from sample
channel(s) to allow analysis methods to distinguish between actual and
non-specific binding. Experiment was conducted at 25° C at a flow rate of 30
puL/minute with a running buffer containing 10 mM HEPES pH 7.4, 150 mM NacCl.
Zero concentration samples were used as blanks. The results for binding of biotin
and AMP to both wild-type enzyme and SaBPL-R122G showed fast on and
off-rates outside the range of kinetic quantification, so Kp values were estimated
using steady-state affinity. A binding curve for AMP was obtained by injecting
saturating concentrations of biotin alkyne 1 (100 uM) prior to injection of AMP.
Binding of compounds to wild-type SaBPL were fitted to a 1:1 ligand binding
model. Kp values for binding of compounds to SaBPL-R122G were estimated
using steady-state affinity. Buffers for experiments conducted with non-water

soluble compounds contained 4% (v/v) DMSO.
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Circular dichroism analysis

Far-UV CD spectra were recorded at 20° C using a Jasco CD J-185
spectrophotometer. Purified wild-type and mutant SaBPL were dialysed overnight
against the assay buffer (10 mM NaPO,4 pH 8.0) at 4° C prior to analysis. Final
concentrations of the proteins used were 0.25 mg/mL (6.5 uM). CD spectra were
recorded from 185 nm to 300 nm at 0.2 nm increments, using a 1 mm path length
quartz cell. The reported spectra are the average of five scans that were
corrected for buffer blanks.

In vitro biotinylation assays

Quantitation of BPL catalysed *H-biotin incorporation into the biotin domain
substrate was performed as previously described®*. The ICs, value of each
compound was determined from a dose-response curve by varying the
concentration of the inhibitor under the same enzyme concentration. The data
was analysed with GraphPad Prism software using a non-linear fit of logio
(inhibitor) vs. normalized response. The K;, the absolute inhibition constant for a

compound, was determined using Eq1°:

Eql. Ki=ICso/ (L +[S]/Knm)

where K, is the affinity of the substrate for the enzyme ([biotin] =1.01 uM,
Supplementary Table S2) and [S] is the substrate concentration ([biotin] =5 uM).
The mode of inhibition was investigated by varying the concentrations of inhibitor
alongside varying the concentrations of ®H-biotin. The data was plotted as double
reciprocal plots and assessed using Lineweaver-Burk analysis. Data reported
here are the means of three independent assays (n = 3) = standard error of the
mean. Statistical analysis between two data sets was performed using a
two-tailed unpaired t test using GraphPad Prism. See Supplementary Table S2

for enzyme inhibition results of 1, S1 — S8, 8).
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X-ray crystallography

Apo-SaBPL was buffer exchanged into 50 mM Tris HCI pH 7.5, 50 mM NacCl, 1
mM DTT and 5% (v/v) glycerol, and concentrated to 5 mg/mL. Each compound
was then added to BPL in a 10:1 molar ratio. The complex was crystallised using
the hanging drop method at 4° C in 8 — 12% Peg 8000 in 0.1 M Tris pH 7.5 or
8.0, and 10% (v/v) glycerol as the reservoir. A single crystal was picked using a
Hampton cryo-loop and streaked through cryo-protectant containing 25% (v/v)
glycerol in the reservoir buffer prior to data collection. X-ray diffraction data was
collected at the macromolecular crystallography beamline at the Australian
Synchrotron using an ADSC Quantum 315r Detector. 90 images were collected
for 1 second each at an oscillation angle of 1° for each frame. Data was
integrated using XDS, and refined using the CCP4 suite of programs. PDB and
cif files for the compounds were obtained using the PRODRG web interface. The
models were built using cycles of manual modelling using COOT and refinement
with  REFMAC. The quality of the final models was evaluated using
MOLPROBITY. Composite omit maps were inspected for each crystal structure
and statistics for the data and refinement reported (supporting information Table
S3).
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Synthetic chemistry methods

All reagents were from standard commercial sources and of reagent grade or as
specified. Solvents were from standard commercial sources. Reactions were
monitored by ascending TLC using precoated plates (silica gel 60 Fzs4, 250 pm,
Merck, Darmstadt, Germany), spots were visualised under ultraviolet light at 254
nm and with either sulphuric acid-vanillin spray, potassium permanganate dip or
Hanessian’s stain. Column chromatography was performed with silica gel (40-63
um 60 A, Davisil, Grace, Germany). Melting points were recorded uncorrected on
a Reichert Thermovar Kofler microscope. *H and **C NMR spectra were recorded
on a Varian Gemini 2000 (300 MHz) or a Varian Inova 600 MHz. Chemical shifts
are given in ppm () relative to the residue signals, which in the case of DMSO-dg
were 2.50 ppm for *H and 39.50 ppm for **C, CDCIl; were 7.26 ppm for *H and
77.23 ppm for *3C. Structural assignment was confirmed with COSY, ROESY,
HMQC and HMBC. High-resolution mass spectra (HRMS) were recorded on a
Thermo Fisher Scientific LTQ orbitrap FT MS equipment (A < 2 ppm) and Brucker
micrO TOF-Q. Compounds 1 — 3° S1° S9° S10° and Cp'Ru(PPhs),’ catalyst
were synthesised according to literature procedures.

Synthetic scheme for triazoles 8 and S2 — S8

N

H NWN Hy

NN
1.Br(CH,), X, K,CO3, DMF X = Br or Cl
2.NaN3 DMF
ﬁ— Oﬁ—NH H
8
\/\/\\\ Hn »W\\\
; 2 /\(")'N\h H S »
1 Cu nano-powder =3 NN Cp*Ru(PPhj),Cl 1
4n 1
5n=2 /=N
7n=4 -
NHH C»,NH H N\)YNHZ
HN NH, HN & N TN
l\‘ N NN
H s 2N X
N\/N N

8 n=3 S5n=3
S2n=1 Sén=1
S3n=2 S7n=2
S4n=14 S8n=4
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surface plasmon resonance

Background: Class Il biotin protein ligases conditions. The dimer-monomer dissociation
(BPL) are bifunctional proteins with enzymatic constant for SaBPL is 6-fold tighter in the

and DNA binding activities.

presence of an inhibitor (biotin acetylene),

Results: BPL from Staphylococcus aureus but unchanged in the presence of the natural

exists in a dimer-monomer equilibrium.
Conclusion: F123 inS. aureusBPL plays dual

roles in dimerization and potent inhibitor homodimerization.

binding.

Significance: S. aureusnay have an additional analysis
level of BPL-regulated transcriptional control between

that is important during pathogenesis.

SUMMARY

The essential process of attaching the

cofactor biotin onto specific target enzymes
is catalyzed by biotin protein ligase (BPL).
The most extensively characterized BPL is
from the prototypic bacteria Escherichia coli

where it functions as both a biotin ligase and

as a transcriptional repressor. Here we
characterize another example of a
bifunctional BPL (SaBPL) from the

clinically important bacteria Staphylococcus
aureus.  Analytical ultracentrifugation
studies, alongside size
chromatography and multi-angle light

scattering analyses demonstrated that
unliganded SaBPL exists in a dimer-
monomer equilibrium in solution at low

micromolar concentrations. This is in stark
contrast to the E. coli BPL (EcBPL) that

exists as a monomer

exclusion

substrate biotin. F123, located in the dimer
interface, is shown to play a critical role in
Inhibition studies
together with surface plasmon resonance
revealed a strong correlation
inhibitor potency and slow
dissociation kinetics. A 24-fold difference in
Ki values for these two enzymes was
explained by differences in enzyme:
inhibitor dissociation rates. Substitution of
F123 in SaBPL and R119 in EcBPL altered
both inhibitor potency and dissociation
rates. Hence, F123 irSsaBPL has novel roles
in both protein dimerization and ligand-
binding that have not been reported in
EcBPL. We propose a new model that
facilitates rapid switching between repressor
and ligase activities, thereby providingS.
aureus and other clinically important
bacteria significant advantages during
pathogenesis.

Biotin protein ligase (BPL) is an important
metabolic enzyme that catalyzes the ubiquitous
and essential process of attaching biotin onto
biotin-dependent enzymes; a family of enzymes
that play key roles in various metabolic
pathways (1). Protein biotinylation proceeds

under the same through a conserved, two-step ordered reaction
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mechanism. In the first partial reaction, theBPL that constitutively exists as a dimer,
intermediate biotinyl-5"-AMP is produced from regardless of its liganded state (B).coli BPL
biotin and ATP. Subsequently, the biotinyl (ECBPL) undergoes a more complex transition
moiety is transferred onto tlkeamino group of from essentially monomer in its apo form to
a specific lysine residue present in the biotirhomodimer in the presence of biotin or
domain of all biotin-dependent enzymes, withbiotinyl-5"-AMP. In EcBPL, amino acids
the release of AMP. BPLs can be divided intovithin the GRGRX motif are located in the
three structural classes (reviewed (2)). All threelimer interface and contribute to the network of
classes share a highly conserved catalytibydrogen bonds and ionic interactions that
module that is central to enzymaticstabilize the protein-protein interaction (8,9).
biotinylation. Class | enzymes consist solely oDimerization orients the two N-terminal
this catalytic module, which is a fusion of andomains such that they are receptive to binding
SH2-like domain with an SH3-like domain specific DNA recognition sequences in the
(3,4). X-ray crystal structures have beerpromoter of the biotin biosynthesis operon
reported for the Class | enzymes frombioO, resulting in repression of biotin
Pyrococcus horikoshii3), Aquifex aeolicug5) biosynthesis (14,15). It has been proposed that
andMycobacterium tuberculosi®,7). Class Il ECBPL utilizes the same protein surface for
BPLs contain the conserved catalytic moduldhomodimerization and heterodimerization with
with an additional helix-turn-helix domain at the apo biotin domain substrates (8). Hence,
the N-terminus that facilitates DNA binding competing protein-protein interactions are
and allows them to also function asproposed to regulate the switch between
transcriptional repressors. Thus, the Class fHranscriptional repressor and biotin protein
enzymes are truly bifunctional proteins. Theligase activities (8,16). This switch mechanism
most studied Class Il isozyme is from theallows ECBPL to serve as a cellular sensor of
prototypical bacterigEscherichia coli(4,8,9), biotin demand and regulator of itde novo
with the X-ray crystal structure of a secondsynthesis. The oligomerization state(s) of other
example fromStaphylococcus aureugcently Class Il BPLs have not been investigated so it
being reported (10). In contrast, Class Ill BPLss unclear whether or not the same intricate
from mammals and fungi are more complexmechanisms occur in other bacteria, sucls.as
with a larger N-terminal extension that bears naureus Class Il Homo sapiens and
homology to the DNA binding domains presentSaccharomyces cerevisiaBPLs have been

in Class Il enzymes, nor any other protein yeshown to be monomeric in solution (17,18) and
identified in the protein database (11). Annot subject to the same dynamic processes as
X-ray crystal structure for a Class Ill enzymethe Class Il counterparts.

has not been reported. Primary structure

alignments, in combination with the available In a recent report, we described a series of
structural data on the simpler BPLs, reveal &iotin analogues as BPL inhibitors that possess
common biotin-binding loop that undergoes aantibacterial activity against clinical isolates of
disordered-to-ordered transition upon theS. aureus(MICsy 2 — 4 pg/mL) (19). These
binding of biotin. Within this loop resides a compounds serve as valuable tools for chemical
GRGRX motif, where X is divergent betweenbiology studies and leads for a new class of
homologs. Amino acids in this motif play key antibiotic. We observed unexpected selectivity
roles in stabilizing the BPL: biotinyl-sAMP  between the BPLs fror8. aureusE. coli and
complex (12). However, the role of theH. sapiensThe most selective compound was
divergent residue X has not been extensivelpiotin acetyleneK; = 0.30 + 0.03 uM), with a

investigated. 24-fold greater affinity forS. aureus BPL
(SaBPL) compared to thE. coli equivalent.
An interesting observation from X-ray crystallography revealed that biotin

crystallography, size exclusion chromatographycetylene induced the same conformational
analysis, and analytical ultracentrifugationchanges irSaBPL as biotin, especially those in
experiments is the difference in oligomerizationthe biotin-binding loop (RMSD 0.30 A overall
states amongst all BPLB. tuberculosisBPL  between the two structures) (19). A key
exists predominately as monomers in its apddifference between the two structures is that the
biotin and biotinyl-5"-AMP liganded forms BPL: biotin acetylene complex is stabilized
(13). This is in sharp contrast Bx horikoshii through a direct hydrophobic interaction
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between the acetylene moiety and W127 thagbrovide new insights into the indispensable
also resides in the biotin-binding loop (19).metabolic activities performed by the
This is in contrast to the BPL: biotin interactionbifunctional BPL fromS. aureughat are likely
that is stabilized through hydrogen bondingto also exist in other clinically important
between the hydroxyl group on biotin and arbacterial pathogens.

NH backbone amide of R122 (10). As W127 is

invariant amongst all BPLs, preferential EXPERIMENTAL PROCEDURES

binding cannot simply be rationalized by

interactions involving this amino acid alone. Materials: Chemicals were purchased
Surface plasmon resonance (SPR) studies dnnless otherwise stated) from Sigma-Aldrich
SaBPL helped to dissect the bindingPty Ltd (Castle Hill, Australia). Protein
mechanism in further detail. In particular,concentration was measured using the Bradford
biotin acetylene forms a long-lived complexassay (25). All enzymes were stored in 50 mM
with SaBPL due to its slow dissociation Tris HCI pH 8.0, 1 mM DTT, 5 mM EDTA and
kinetics ks = 3.40 + 0.30x 10° s%). A slow 5% (v/v) glycerol at -80C.

off-rate is similarly observed between the

reaction intermediate biotinyl-5"-AMP for both ~ Nucleic acid manipulationsCloning of the
SaBPL (10) andEcBPL (20). This is in sharp S. aureuggene with a C-terminal His6-tag, and
contrast to the fast off-rate observed with biotinconstruction of the recombinant expression
alone (19). INEcBPL, the dissociation of the vector, are described in Pendiet al. 2008
enzyme-biotin complex is 1000-fold faster than(26). A hexahistidine tag was similarly
dissociation of the enzyme-intermediateengineered onto the C-terminus BEBPL to
complex (20). Biotin binding has been linked tofacilitate purification. Site-directed

a considerably greater loss in entropy thamnutagenesis was performed using a
binding of the reaction intermediate due toQuikChange® Mutagenesis Kit (Stratagene).
more induced conformational changes to thé\ll oligonucleotides used in this study were
protein (21). The enthalpy cost of thepurchased from Geneworks (Adelaide,
intermediate binding is ‘off set’ by the enthalpyAustralia) and are shown in supplemental Table
that would have otherwise been realized fron§1. Mutant plasmids were confirmed through
the formation of non-covalent bonds betweerPNA sequencing (SA Pathology, Adelaide,
the ligand and the repressor monomer (22). Australia).

stable BPL: biotinyl-5"-AMP complex is of

importance since the adenylate serves both as Protein  methods: The production of
the activated intermediate in transfer of biotinhexahistidine-tagged SeBPL and EcBPL

to the Dbiotin domain (i.e. ligase enzymes was performed essentially as
activity - monomeric BPL) and as the described (26) and in supplemental Methods.
co-repressor in site-specific DNA binding Samples were further purified by size exclusion

(transcriptional repressor activity - i.e. dimericchromatography on a Superdex 75 column,
BPL) (23,24). eluting with a buffer containing 50 mM Tris

HCl pH 8.0, 1 mM DTT, 5 mM EDTA and 5%

In this work, the oligomeric state S8BPL  (v/v) glycerol. BPL activity was measured
is investigated using analytical using anin vitro biotinylation assay (17), and
ultracentrifugation and  size  exclusioninhibition by biotin acetylene was performed as
chromatography coupled to multi-angle lightdescribed (10). Circular dichroism (CD)
scattering in order to define the mechanismspectroscopy (10) and SPR (19) were also
that govern the switch between ligase andperformed as previously reported. The data for
repressor functions. In addition, biotin biotin acetylene binding t&aBPL were fitted
acetylene is employed to study the effects o0 a 1:1 binding model. The electromobility
oligomerization of a long-lived inhibitor in the shift assay is described in supplemental
active site. The explanation for the higherExperimental Procedures.
affinity of biotin acetylene for SaBPL
compared toECBPL was also pursued. We  Analytical  ultracentrifugation ~ (AUC):
report that a single amino acid$aBPL, F123, Sedimentation velocity and sedimentation
plays dual roles in dimer formation as well asequilibrium studies were performed using an
stabilizing inhibitor binding. These findings XL-I analytical ultracentrifuge (Beckman-
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Coulter) with an 8-hole An-50-Ti rotor. Double analysis. AUC was performed with this
sector centrifuge cells with quartz windowsmaterial at three  different  protein
were loaded with 380 pL of sample and 400 plconcentrations. The apo enzyme existed in a
of reference buffer (20 mM Tris, 150 mM reversible self-association at these low
NaCl, pH 8.0) for sedimentation velocity micromolar concentrations with standardized
experiments or 100 pL sample and 120 plsedimentation coefficientsy,) of 2.5 S and
reference for sedimentation equilibrium3.8 S at both 26 uM (Fig. 1A) and 11.7 uM
experiments. Initial scans were carried out a(Fig. 1B). At 3.9 uM, only one peak was
3,000 rpm to determine the optimumobserved with &, value of 2.5 S (Fig. 1C).
wavelength and radial range for theTherefore, the oligomerization state is
experiments. For sedimentation velocityconcentration  dependent.  The c(1)]
analyses, absorbance versus radial profiledistribution yielded apparent molecular masses
were measured in continuous mode using a stagf around 38 and 76 kDa, which are consistent
size of 0.003 cm at a single wavelength (28@vith the predicted molecular massasSaBPL
nm) every 6 minutes employing a rotor speednonomer and dimer respectively (Table 1).
of 40,000 rpm at a temperature of 20°for  This effect was subsequently quantified using
enzyme concentrations of 26.0, 11.7 and 3.8edimentation equilibrium analysis 8aBPL.
UM. Sedimentation equilibrium scans were alsé&amples containing 11.7 puM, 7.8 pM and 3.9
performed at 20C but in step mode with a step LM were centrifuged at 13,000 and 19,000 rpm
size of 0.001 cm with 10 averages using rotountil sedimentation equilibrium was achieved at
speeds of 13,000 and 19,000 rpm for enzymeach speed. The data were fitted to a range of
concentrations of 11.7, 7.8 and 3.9 uM. Thenodels including monomer-dimer,
partial specific volume oS8aBPL and mutants monomer-trimer and monomer-tetramer
(0.7332 mL/g), buffer density (1.00499 g/mL) association. The model that yielded the best
and viscosity (1.0214 cp) were calculated usinglobal nonlinear least-squares fit (Redudgd
the program SEDNTERP (27). Sedimentatior= 0.06) was the monomer-dimer association
velocity data were fitted to a continuousmodel, resulting in &p®* of 29 puM in the
sedimentation coefficient c{s)] distribution absence of ligand. This was consistent with
model using the programme SEDFIT (28-31).SEC-MALS analysis of this protein sample at
Sedimentation equilibrium data were fitted t026 uM, which showed that the apo protein was
various self-associating models using théndeed primarily dimeric (supplemental Fig.

program SEDPHAT (32-34). S2A). Self-association of the classEtBPL in
the apo state has not been observed previously
RESULTS at these low protein concentrations (15,35,36).
Thus SaBPL represents the first example of a
Oligomeric state of SaBPL in the absenc€lass 1l BPL able to self-associate at

and in the presence of ligands: The high degrephysiologically relevant concentrations.
of variability in oligomeric states of BPLs _ o
between species prompted us to carry out The effect of ligand binding on the
absorbance-detected sedimentation velocity iRligomerization ofSaBPL was then quantitated
the analytical ultracentrifuge to determine theusing sedimentation velocity —experiments.
quaternary structure oBaBPL in solution. Interestingly, in the presence of 100 uM biotin
Protein was first purified using a His-Trap (i.e. 100x Ky), the equilibrium did not shift
column as described in the Experimentatowards the dimer even at the highest protein
Procedures. We used two alternativeconcentration of 26 uM (Fig. 2). However, in
biotinyl-transferase assays to show that nghe presence of 100 uM biotin acetylene the
biotinyl-5'-~AMP was co-purified with the equilibrium shifted significantly in favour of
enzyme and, hence, it was in its apo fornthe 3.8 S species (Fig. 2). These results indicate
(supplemental Fig. S1). The Ni-NTA purified that tight-binding biotin acetylene effectively
material was then loaded onto a Superdex 7#duces dimer formation. This effect was
size exclusion column at 26 pM. Two peakssubsequently quantified using sedimentation
were observed corresponding to the molecula@quilibrium analysis with the same conditions
sizes of the monomer and dimer 8&BPL as reported above. Once again, the data were
respectively. Protein contained in thefitted to a number of models, with the
monomeric peak was collected for subsequerffonomer-dimer model yielding the best global
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nonlinear least squares fit (Reduagt= 0.06). through a hydrophobic interaction with the
The dissociation constant was 5.0 uM in the-carbon (Fig. 4). Therefore, we proposed a
presence of biotin acetylene, which is ~ 6-foldpotential role for the phenylalanine in the
tighter compared with the unliganded enzyme. GRGRF?® motif for protein dimerization.
Previous studies oBcBPL have shown that the
We next confirmed that t®aBPL dimer introduction of an aromatic amino acid at the
assembled into a conformation that wasquivalent position (R119W) had no effect
competent to bind DNA, and thereforeupon ligand binding or enzyme activity (12) but
biologically relevant for assessing repressoflid significantly impede protein dimerization
activity. This was performed using anand transcriptional repressor activities (36,38).
electromobility shift assay. Here, doubleGiven the findings on theEcBPL-R119W
stranded 44-mer oligonucleotides with thieO  mutant, it was intriguing that the equivalent
operator sequence fronS. aureus were position in nativeSaBPL should also be an
employed (37). Importantly both the apo andaromatic amino acid. To define a possible
holo enzymes bound the DNA, with the holofunction for F123 in protein oligomerization, a
enzyme possessing a 7.4-fold higher affinityseries of mutant proteins was generated. The
than the apo proteirk(, apo 630.8 + 69 nM; side chain of F123 was removed via a glycine
holo 85.0 + 10.6 nM; p < 0.01 apss. holo) substitution (F123G). Additionally, an arginine
(Figure 3). The difference observed in thesubstitution was generated (F123R) as this is
EMSA was consistent with the 6-fold the equivalent residue in tHe. coli enzyme.
difference observed between the apo enzyméhe reverse mutanEcBPL-R119F was also
and the biotin acetylene-induced dimergenerated and characterized. CD spectra
observed above, suggesting that the apo dimepnfirmed that all mutant proteins fold
is likely to be pre-assembled in solution prior tosimilarly in  solution compared to their
DNA binding. This represents a key differencewild-type counterparts (supplemental Fig. S4).
between theS. aureusand E. coli BPLs. Therefore, any changes in catalytic efficiency,
Non-related DNA probes failed to bind eitheror substrate binding, are not attributable to
enzyme, demonstrating the specificity of thegross perturbations in the secondary structure
DNA: protein interaction. Together, these dataipon mutation.
highlight that theSaBPL dimer exists in form
competent to bind DNA at protein Phel23 involvement in dimerizatioAUC
concentrations that are biologically relevant. and SEC-MALS were again employed to
determine the oligomeric state of the two
Characterization of SaBPL-F123G, SaBPL mutant proteins. AUC sedimentation
SaBPL-F123R and EcBPL-R119Fhe SaBPL velocity experiments were performed using a
dimer was further investigated usingprotein concentration of 26 pM. Data were
mutagenesis studies. We examined the X-refitted to a continuous sedimentation coefficient
crystal structure of th€aBPL dimer enzyme in [c(s)] distribution model, which revealed a
complex with a chemical analogue of thesingle peak at 2.5 S for both proteins (Fig. 5 &
reaction intermediate (PDB ID 4DQ2 (10)) for Table 1), indicative of a monomer. SEC-MALS
amino acids located in the protein: proteiranalysis confirmed the AUC results, showing a
interface and, thus, potentially required forsingle peak for both ap&aBPL-F123G and
dimerization. The interaction surface covertSaBPL-F123R (26 pM enzyme concentration)
1020 & of solvent accessible surface area anat retention times corresponding to monomeric
contains an extensive network of hydrogen anspecies (35 * 4 kDa and 37 = 4 kDa
ionic bonds (supplemental Fig. S3). Therespectively; supplemental Fig. S2 B and C).
C-terminal and catalytic domains orientatelnterestingly, neither biotin nor biotin acetylene
themselves to make contact with appropriatinduced the formation of a dimer for either
amino acid residues on the other subunimutant protein (Fig. 6). These results indicate
Importantly, two intersubunit bonding that substitution of F123 abolished dimerization
interactions at the dimer interface wereof SaBPL. To confirm the importance of the
observed that are not present in tBeBPL phenylalanine residue in the dimerization of the
dimer. Notably R122 and F123 both contact th apo protein, thé&cBPL proteins were analyzed
side chain of D200 on the partner subunitusing SEC-MALS. Whilst the wild-type
R122 through hydrogen bonding and F12:enzyme was monomeri&cBPL-R119F eluted
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primarily as a dimer (supplemental Fig. S2 D  Analysis of inhibitor binding by SPR:o
and E, respectively). These findings highlightfurther dissect the bimolecular interaction
that an aromatic amino acid at position X in thebetween BPL and the biotin acetylene inhibitor,
GRGRX motif plays a novel role in the SPR studies were employed. Apo BPLs were
dimerization of SaBPL. applied to activated surfaces of a CM5 sensor
chip for protein immobilization at a
Analysis of inhibitor binding by enzymeconcentration known to represent primarily
kinetics: A comparison of the kinetic monomeric protein (i.e. 3.9 puM, > 5-fold less
parameters for the mutant enzymes with thé¢han Kp*'). The  wild-type SaBPL,
corresponding wild-type enzymes is shown inSaBPL-F123G, SaBPL-F123R, wild-type
supplemental Table S2. The kinetic constantEcBPL and ECBPL-R119F were all
for biotin and MgATP were determined by investigated, with one channel left blank in
steady-state kinetics (10). Kinetic analyses oéach experiment as a reference and to take into
wild-type SaBPL and ECBPL were in account changes in refractive index associated
agreement with published values (10,39). Awith the buffer. Varying concentrations of
has been observed previously withbiotin acetylene (0 to 6.4 uM) were injected
EcBPL-R119W (12), the F123G and F123Rover the immobilized proteins for 120 seconds,
substitutions inSaBPL had minimal effect followed by a 200 second dissociation phase.
upon theK;, for MgATP and biotin. Also, the Data were fitted to a 1:1 ligand-binding model
R119F substitution irecBPL had no effect on and the association and dissociation ratgs (
the enzyme’s turnover ratek.{). In contrast, determined (Table 2). The association rates
the kg for biotin and MgATP were were less than 2-fold different for all enzymes
significantly compromised for botisaBPL (Fig. 7). However, the greatest variance
mutant proteins to ~10% that of wild-type between the proteins was observed in the
enzyme. These results suggested a previoustissociation rates with excellent correlation
unknown role for the phenylalanine residue inbetween the relativky values and thén vitro
the catalytic mechanism &aBPL. potency of the biotin acetylene inhibitor. A
29-fold increase in the relative dissociation
Inhibition studies were performed torates between inhibitor and wild-tyfgaBPL
quantitate the effect of biotin acetylene on theversusSaBPL-F123R was observed (Table 2).
activities of mutant BPLs (Table 2). We haveThis agreed with the 24-fold difference G
previously reported biotin acetylene to be aalues observed between these proteins.
potent inhibitor of bothS. aureusand E. coli  Additionally, both ECBPL and SaBPL-F123R
BPLs with a 24-fold higher affinity foBaBPL displayed indistinguishable dissociation
(19). The F123R substitution resultedKn=  kinetics ¢ > 0.05). Likewise, the binding
7.2 + 0.9 uM. Interestingly, the inhibition curves forECBPL-R119F were superimposable
constant observed foBaBPL-F123R was in with those obtained for wild-typeSaBPL,
excellent agreement with the value obtained foindicating a 29-fold decrease in dissociation
wild-type ECBPL (7.3 £ 1.0 pM,p < 0.01 rate upon mutation of arginine 119 to a
EcBPL vs. SaBPL-F123R; Fig. 6A). Thus, a phenylalanine. Together the data demonstrate
single, non-conserved amino acid at positiorthat a phenylalanine residue at position 123 in
123 inSaBPL was sufficient to account for theSaBPL plays dual roles in both protein
higher affinity of SaBPL for biotin acetylene. dimerization and ligand binding. These
In support of this observation, substitution ofrepresent key differences betwe®aBPL and
the ECBPL R119 residue to a phenylalaninethe well-characterized B&L.
yielded a mutant that was equally sensitive to
biotin acetylene as the wild-typ8. aureus DISCUSSION
enzyme K; = 0.37 = 0.03 pM,p < 0.01
EcBPL-R119Fvs. SaBPL; Fig. 6B). This data  SaBPL andcBPL belong to the same class
suggested thaEcBPL-R119F had the same of BPLs that function as both biotin ligases and
properties as wild-type SaBPL. The mutation ofranscriptional repressorsEcBPL is the
F123 to a glycine resulted in an 11-fold best-characterized example, and we reasoned
increase “1(I value Compared to the W||d_type that the Iarge volume of genetiC, StrUCturaI,
enzyme. kinetic and mutagenic data about this enzyme
would provide valuable information to assist in
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the design of inhibitors againsSaBPL. D200 on the partnering subunit. Our AUC and
Surprisingly, we discovered unexpectedSEC-MALS analysis clearly demonstrate the
differences between the two enzymes despitenportance of the F123 in stabilizing the dimer
the high degree of conservation in enzymes substitution with either glycine or arginine
mechanism, as well as primary and tertiaryabolished dimerization. This is different to
structures. Importantly, our studies haveEcBPL where R118 forms intra-subunit
revealed novel roles for an aromatic residue atontacts with D176 and the backbone oxygen
position X in the GRGRX motif in both protein of 1187. R118 also hydrogen bonds with the
dimerization and selective binding of thephosphate group of biotinyl-&MP through
inhibitor. This is important since other its side chain and a backbone amine (9).
clinically important bacteria also contain BPLsConversely, the guanidinium side chain of
with a phenylalanine at this position and areR119 forms hydrogen-bonding interactions
likely to be subject to the mechanismswith E140 side chain and backbone oxygen of
described here fofS. aureus These include G196 on the partner subunit (9). This explains
Streptococci Enterococci and Legionella sp. why a tryptophan substitution at R119 had a
Through this work we made the unexpectediramatic effect uponEcBPL dimerization
discovery thatSaBPL exists in an apparent(12,38). Interestingly, SEC-MALS analysis of
equilibrium between two oligomeric states,the EcBPL-R119F mutant also showed a
monomer and dimer, at low micromolar propensity to dimerize that was similar to
concentrations. This is in sharp contrast to th€aBPL. It is likely the R119F mutation
EcBPL that exists as a monomer in solutionintroduces an  analogous  hydrophobic
under similar conditions, but can dimerize atinteraction between the twecBPL subunits, as
low millimolar concentrations (15,35,36). Here,observed inSaBPL, possibly involving D197
sedimentation velocity experiments showeddistance between the tvgecarbons = 7 A).
that biotin acetylene significantly shifted the
equilibrium in favour of theSaBPL dimer Our data also demonstrate that F123 in
formation in solution. The X-ray crystal SaBPL has a previously unknown role in ligand
structure of biotin acetylene bound &&BPL binding. To eliminate the possibility that the
showed the ordering of loops, especially thalifferences in binding affinity K;) observed
biotin-binding loop, located in the interface with biotin acetylene was a direct cause of
between the two monomers (19). Thedimerization, we designed SPR experiments
organization of the structure is believed to be guch that the BPLs were immobilized onto the
pre-requisite for dimerization and DNA sensor chip at a concentration where the
binding. Interestingly, biotin itself did not proteins were predominantly monomeric.
induce dimerization oS&BPL. This could be Hence, we reasoned that these experiments
explained by the rapid dissociation kineticswould dissect the bimolecular interaction
observed in SPR experiments (19). The on andetween monomeric SaBPL and biotin
off-rates for biotin binding were so fast that theacetylene. Here we observed a strong
Kp could only be estimated using a steady-stateorrelation between the dissociation rates and
affinity model (19). Hence, a stable enzymeinhibitor potency. Logically, those BPLs that
ligand complex is required to drive theform a tight-binding complex with biotin
monomer-dimer transition. acetylene, characterized by slow dissociation
kinetics, were also most susceptible to
X-ray crystallography was used to identifyinhibition. Unexpectedly, the inhibition and
key differences between the dimer interfaces c6PR analysis identified a role for F123 in the
SaBPL [PDB ID 4DQ2 (10)] anBcBPL [PDB  selective binding mechanism. X-ray crystal
ID 2EWN (9)]. We reasoned this analysisstructures have shown that the side chain of
would provide molecular clues to explain theF123 does not bind directly to the inhibitor
difference in the stability of the two apo BPL (19). We propose that the role of this amino
dimers and further understand the mechanisracid is to help stabilize the biotin-binding loop,
of DNA binding and subsequent regulation ofthereby preventing the dissociation of the biotin
gene expression. Of particular importance weranalogue from its binding site. Understanding
two residues in the biotin-binding loop of the disordered-to-ordered conformational
SaBPL, namely R122 and F123. Both aminachange performed by the biotin-binding loop,
acid residues form inter-subunit contacts withand the forces that stabilize this transition, will
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be essential considerations for the future desigAustralian NHMRC Senior Research Fellow.
of BPL inhibitors. We also acknowledge the computer resources
of the Victorian Partnership for Advanced

What is the biological significance of theseComputing and the Adelaide Protein

findings? Class Il BPLs are positioned as the&Characterization Facility for access to the

master regulator of all biotin related activitiesBIAcore and the CD spectrometer.

in bacteria. Having both biotin ligase and

transcriptional activities linked together in one

protein provides the bacteria with a mechanism

to both sense cellular demand for the enzyme

cofactor and facilitate its supply througte

novo synthesis.E. coli is a comparatively

simple system with one biotin-dependent

enzyme (i.e. acetyl-CoA carboxylase) and one

known target for the transcriptional repressor

(i.e. the biotin biosynthesis operory. aureus

however, is more complex with two biotin-

dependent enzymes (acetyl-CoA carboxylase

and pyruvate carboxylase) and at least two

proposed transcriptional targets (i.e. the biotin

biosynthesis operon and the biotin import

protein BioY (37)). The pre-existing apo BPL

dimer in S. aureusmay provide the cell with

more stringent control over gene expression,

thereby allowing theS. aureusto rapidly

respond to environmental conditions such as

the availability of micronutrients. This is

particularly important during pathogenesis

when rapid adaptation to niche

microenvironments is critical for survival and

avoiding the host immune system. Specifically,

biotin has been identified as a key

micronutrient for several bacterial species,

including Francisella (40) andMycobacterium

(41). We propose that our findings here provide

certain bacteria with a more refined genetic

switch between competing BPL activities than

has been previously reported in the prototypical

bacteriak. coli. These findings also extend our

understanding of molecular mechanisms that

regulate metabolic adaptation in clinically

important bacteria, such & aureuswith the

view to provide new avenues for the discovery

of treatments to combat infection.
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FIGURES
Figure legends

Fig 1. Concentration dependent dimerization of S. auBfls

Analytical ultracentrifugation analyses were performed&gdplotted as a function og, (S) for
apo SaBPL at (A) 26uM, (B) 11.7 uM and (C) 3.9uM. Residuals resulting from the(s)
distribution best fits are shown as a function of radius from the axis of rotation.

Fig. 2. Inhibitor induced dimerization of S. aurdRBL.

Analytical ultracentrifugation analyses were performed @gdplotted as a function obg, (S) for
26 uM apo SaBPL in the presence of either no ligand (black curve)ub®iotin (blue curve) or
biotin acetylene (red curve). A representative residuals plot resulting from one a{sthe
distribution best fits is shown as a function of radius from the axis of rotation.

Fig 3. Electromobility shift assays.
Binding curves for (A) apo and (B) holo forms of SaBPL.

Fig 4. S. aureu8PL dimer.

SaBPL in complex with biotinol-BAMP (yellow stick) is shown in its dimeric form, with one
monomer coloured tan and the other cyan. The biotin-binding loop is highlighted in magenta.
Enlarged in box are key amino acids required for dimerization. Figure was prepared using USCF
Chimera with PDB 4DQ2 (10).

Fig 5. Mutation of F123 abolishes inhibitor induced dimerization of S. alBBus

Analytical ultracentrifugation analyses were pre-formed egpplotted as a function obg, (S)

for SaBPL-F123G (A) an&aBPL-F123R (B) at 26.0M in the absence (black) and presence of
biotin (blue) and biotin acetylene (red).

Fig 6. Inhibition of BPL activity by biotin acetylene.

The activity of BPLs fron. aureugred curves) ané&. coli (green curves) were measured in the
presence of varying concentrations of biotin acetylene. The inhibitory activities of the two
wild-type BPLs were compared against (BYBPL-R119F mutant (black curve) and (B) the
SaBPL-F123R mutant (orange curve). Inhibition constants from these analyses are shown in Table
2.

Fig 7. SPR binding of biotin acetylene.

SPR sensorgrams measuring biotin acetylene binding to either (A) wildSg@PL, (B)
SaBPL-F123G, (CsaBPL-F123R, (D) wild-typeecBPL and (E)EcBPL-R119F. All enzymes

were immobilized onto a CM5 sensor chip and data subtracted from a blank reference cell
contained no enzyme. Concentrations of biotin acetylene injected were 0 (redyl (g&en), 3.2

uM (blue) and 6.4 M (pink).
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Fig. 7
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Supplemental Experimental Procedures

Nucleic acid manipulations

The genomic DNA sequence for the methicillin-resistant S. auwreus strain N3135, used to
design oligonucleotides for PCR and mutagenesis (shown in Table S1), was from GenBank
(Genbank accession no. NC002745). Here the biotin domain from pyruvate carboxylase from
S. aureus (SaPC90) was employed as a substrate in all BPL assays. The DNA encoding
SaPC90 was obtained by genomic PCR using oligonucleotides SaPC90 forward and SaPC90
reverse. PCR products were digested with BamHI and EcoRI restriction endonucleases and
ligated into similarly treated pGEX-4T-2 (GE Healthcare), yielding pGEX-SaPC90. All
recombinant DNA constructs were confirmed by DNA sequencing (Institute of Medical and

Veterinary Science, Adelaide).

Purification of apo SaPC90

Expression of the biotin domain from S. aureus pyruvate carboxylase (SaPC90) was
performed in the birA85™ E. coli strain BM4062 (2) containing a temperature sensitive
mutation in the endogenous bp/ gene that renders the enzyme inactive at 42°C, thereby
facilitating the production of the non-biotinylated protein. The biotin domains were expressed
as GST fusion proteins permitting high-level expression and rapid purification by affinity
chromatography. Cells were grown in LB media supplemented with 200 pg/ml ampicillin and
10 uM biotin at 30°C to ODggo ~0.8, then moved to 42°C for another 30 minutes before 3
hours induction with 200 pg/ml IPTG. Cells were disrupted by three passages through a
MI110L homogenizer (Microfluidics, USA) prior to affinity chromatography. The filtered
lysate was passed over a 40 ml glutathione-agarose resin (Scientifix, Australia) at a flow rate
of 2 ml/min. Unbound material was removed by washing with 3 column volumes of TBS pH
8.5, then 1 column volume of TBS pH 8.5 containing 2.5 mM CaCl,. The GST fusion
proteins were cleaved on the column for 2 hours at 37°C with thrombin (=3U thrombin/mg
protein) then SaPC90 washed off with TBS pH 8.5. Fractions were analysed by SDS-PAGE
and fractions containing the biotin domain were pooled, concentrated with a 3000 molecular
weight cut-off protein concentrator (GE Healthcare) and dialysed overnight at 4°C against 2

mM ammonium acetate. Protein purity was assessed by SDS-PAGE. The concentrations of
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biotin domains were estimated using a BCA assay (Pierce Biotechnology) following the

manufacturer’s instructions.

Purification of apo BPL enzymes

The production of SaBPL and EcBPL enzymes was performed essentially as described (1)
with the following modifications. To remove any biotinyl-5'-AMP that may have co-purified
with the SaBPL, whole cell lysates were first incubated at 37°C for 1 hour with 100 mg of
GST-SaPC90 protein to accept the biotinyl moiety. Whole cell extracts were then
fractionated using a 5 mL His-Trap HP column (GE Healthcare) that had been equilibrated
with 10 column volumes of 50 mM KH,PO, pH 8.0, 300 mM KCI and 5 mM imidazole. The
column was first washed with 10 column volumes of the same buffer followed by a wash
with 50 mM KH,PO,4 pH 8.0, 300 mM KCI and 10 mM imidazole. The protein was eluted
with 50 mM KH,PO, pH 8.0, 300 mM KCI and 250 mM imidazole before buffer exchange
into a enzyme storage buffer (50 mM Tris-HCI, 100 mM KCl, 5% (v/v) glycerol, 1 mM
dithiothreitol). Aliquots of the enzyme were stored at -80°C.

Biotinyl-transferase assays.

To confirm that no biotinyl-5-AMP had co-purified with S¢BPL, and thus the sample was
truly in its apo state, two alternative biotinyl-transferase assays were employed. Both assays
used streptavidin-based methodologies to measure the incorporation of biotin onto an
acceptor substrate. Firstly, 5 ng of the substrate SaPC90 was immobilized onto the surface of
each well of a white 96-well plate as previously described (2). The enzyme assay was then
performed on the plate using BPL assay buffer (50 mM Tris pH 8.0, 100 mM KCI, 3 mM
ATP, 5.5 mM MgCl,, 0.1 uM dithiothreitol). Reactions were performed in the absence or
presence of 5 uM biotin at 37°C for 2 hours with varying concentrations of SaBPL. The
plates were then washed, probed with Europium-labelled streptavidin and biotinylated protein
detected using time resolved fluorescence as previously described (2). A standard curve of
biotinylated SaPC90 was included to allow quantitation of the amount of biotinylated product
produced during the reaction. Alternatively, the biotinyl-transferase assay was performed in a
solution-based assay using SaPC90. Here SaBPL was incubated in reaction buffer (50 mM
Tris-HCI pH 7.5, 50 mM NaCl, 10 mM MgCl,, 1 mM ATP and 10 % glyercol) together with
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a 5-fold molar excess of SaPC90. After 1 hour at 37°C, the products were fractionated by
SDS-PAGE before Western transfer onto nitrocellulose. The resulting blot was subsequently

probed with a Streptavidin-horse radish peroxidase conjugate to detect biotinylated protein.

Size exclusion chromatography with multi-angle light scattering (SEC-MALS):

The instrument set-up used consisted of a Superdex 200 10/300 GL column (Amersham
Biosciences) connected in series with a miniDAWN TREOS light-scattering detector (Wyatt
Technology) and an OPTILAB rEX interferometric refractometer detector (Wyatt
Technology). Analytical size-exclusion chromatography was performed at 20° C using a
mobile phase containing 50 mM Tris.HCI1 pH 8.0, 150 mM NaCl and 0.1 mM EDTA. 100 uL
of purified SeBPL at 26 pM was injected into the column and eluted at a flow rate of 0.25

mL/min. Detector outputs were acquired using Astra software (Wyatt Technology).

Electromobility shift assay
The region of the bioO repressor bound by SaBPL was delineated bioinformatically by

Rodionov et al (3). Extension of this sequence allows for an imperfect inverted repeat: 5'-
CCTTAAATGTAAACTTATTAATTATAAAAGTTTACATTTAAGG-3' and 5-
AATCCAAATGTAAACTTTTATAATTAATAAGTTTACATTTAAGG-3’. Single stranded
DNA was ordered from Geneworks, and annealed together at 97°C for 5 minutes before
allowed to cool down slowly to room temperature. The resulting double stranded DNA was
labelled with a 3’ digoxigenin-11-ddUTP tag using the DIG-labelling kit (Roche). Apo or
biotinyl-5'-AMP holo SaBPL were incubated with the DIG-labeled DNA in the presence of
50 mM Tris-HCI pH 7.5, 50 mM NacCl, 5% (v/v) glycerol and 10 mM MgCl, for half an hour
on ice. The resulting protein-complex was fractionated on a 8% polyacrylamide-TBE gel for
20 minutes at 200 V, and then transferred onto a positively charged Nylon membrane
(Roche). Detection of DIG-labelled DNA bands was performed according to manufacturers
instructions. Quantitation of bands was carried out with ImageJ, and the percentage of
unbound DNA was determined by comparing the intensity of the unbound DNA band with

the total intensity of the unbound and bound DNA in each lane.
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Supplemental Results

Fig S1: SaBPL was purified in its apo form.

Two alternative biotinyl-transferase assays were performed to confirm biotinyl-5'-AMP did

not co-purify with apo SaBPL, as described in supplemental Experimental Procedures. The

biotinylated products from the reaction were detected by using either A) time-resolved

fluorescence with Europium-labelled streptavidin or B) Western-blot analysis with

streptavidin-horse radish peroxidase conjugate.

A) The biotinyl-transferase assay was

performed in the presence (black bars) or absence (white bars) of additional biotin with

varying concentrations of SaBPL. B) The biotinyl-transferase assay was performed with 1)
apo SaBPL alone, 2) holo SaBPL alone, 3) non-biotinylated SaPC90 alone, 4) biotinylated

SaPC90 alone, 5) apo SaBPL with SaPC90 and 6) holo SaBPL with SaPC90.
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Fig S2: SEC-MALS spectra for (A) wild-type SaBPL, (B) SaBPL-F123G, (C) SaBPL-F123R,
(D) Wild-type EcBPL and (E) EcBPL-R119F.
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Fig 3. DimPlot of S¢BPL homodimer surface.
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Fig S4. Overlaid circular dichroism spectra. (A) Wild-type SeBPL (red), SaBPL-F123G
(black), SaBPL-F123R (blue). (B) Wild-type EcBPL (red) and EcBPL-R119F (blue).
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Supplemental Tables

Table S1: Oligonucleotides employed in this study, with the mutated codons underlined.

Numbers in superscript designate position in the target gene sequence.

Construct Forward primer
SaPC90 (forward) 5' ATCTACGGATCC ™ AATGTGCATACAAATGCGAACGTTAAGC ™ 3
SaPC90 (reverse) 5' ATCTACGAATTCA™'GTCAGTTGCTTTTTCAATTTCG* 3'
SaBPL-F123G 5“CGAAAGGTCGTGGTCGACGTAATAGACATTGGAG-3’
SaBPL-F123R 5'- CGAAAGGTCGTGGTCGAGGTAATAGACATTGGAG -3’
EcBPL-FOR 5'- TCATGAAGGATAACACCGTGCCAC-3'
EcBPL-REV (His6-tag) | 5~ AAGCTTAATGATGATGATGATGATGTCCTTTTTCTGCAC-3'
EcBPL-R119F §-GGCCGTGGTCGCTTCGGTCGGAAATGG-3'
Table S2
Biotin MgATP
BPL kea (57) Kn(8M)  KadKn(s" M™) | keat 5™) Ko (mMM)  kadKn(s™ M)
x 10° x 10°
WT
SaBPL 0.45+0.09 1.01£0.16 450+14 0.36+0.07  0.18+0.03 2.00+0.20
SaBPL-
F123G 0.04+0.01 3.06+0.30 13.4+1.0 0.04+0.003 0.24+0.04 0.15+0.01
SaBPL-
F123R 0.04+0.01 3.11+0.39  11.6+0.8 0.03£0.01  0.26+0.04 0.12+0.01
WT
EcBPL 0.34+0.08 0.31£0.04 1100+24 0.29£0.06 0.42+0.04 690+17
EcBPL-
R119F 0.27+0.08 0.35+£0.04 770420 0.24£0.06  0.22+0.02 1090+26
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‘HUMANIZED’ BIOTIN PROTEIN LIGASE PROVIDES CLUES

ABOUT INHIBITOR SELECTIVITY
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Biotin protein ligase (BPL) is a ubiquitous enzyme involved in the attachment of
biotin onto biotin-dependent enzymes. Due to the pivotal role of biotin-dependent
enzymes in important metabolic pathways in bacteria, BPL has been proposed as a
novel antibiotic target. Bacterial drug targets that have a closely related human
homologue such as BPL represent a new frontier in antibiotic discovery. However, to
avoid potential toxicity to the host these inhibitors must have very high selectivity for
the bacterial enzyme. A triazole-based class of compounds has recently been shown to
inhibit Staphylococcus aureus BPL (SaBPL) but not the human enzyme. A number of
BPL crystal structures have been published but the structure of human BPL
(HsBPL), which would be useful in understanding the molecular explanation for
selectivity, is yet to be reported. Although the amino acid residues in the
biotin-binding site are highly conserved, the nucleotide pocket shows a high degree of
variability that can be exploited to create selective compounds towards BPLs from
pathogens. Here, we converted the seven variable amino acids in the nucleotide
binding site of SaBPL to the corresponding equivalents in human BPL. The resulting
‘humanized’ enzyme has similar kinetic and inhibitory properties to HsBPL but
importantly, can be purified at >20-fold greater yield. Crystal trials of this chimeric
protein have commenced as this structure may help us design species selective

compounds in future drug discovery efforts.
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Antibiotic resistant bacteria have become a major health problem worldwide (1). It is
imperative that we increase our efforts to develop novel antibiotic classes that are not
subject to known resistance mechanisms. A new frontier for antibiotic research is to target
essential enzymes that have mammalian equivalents. The challenge here will be to identify
compounds with exquisite specificity towards the bacterial target. Biotin protein ligase
(BPL) is one such example. BPL is responsible for the attachment of biotin onto the
biotin-dependent enzymes, which often play important roles in essential metabolic
pathways. Protein biotinylation is carried out in two steps (Scheme 1.0). In the first step,
the biotinyl-5"-AMP reaction intermediate is formed from biotin and ATP. In the second
step, the biotin moiety is covalently attached to ¢kemino group of a specific lysine
residue present in the conserved biotin domain of all biotin-dependent enzymes, resulting
in the release of adenosine monophosphate (AMP) (2). In many bacteria and other
organisms, protein biotinylation is essential for the activation of the biotin-dependent
enzyme acetyl-CoA carboxylase, which catalyzes the first committed step in fatty acid
biosynthesis. Genetic and pharmacological studies have shown that this metabolic pathway
provides a number of attractive drug targets for new antibiotics (1,3-8). Therefore BPL
inhibitors provide a new approach to the discovery of novel antibiotic classes required to

combat drug resistance.

(1) . i
0 NH o YNHH\\\
HE;{F; »\\vm)ko + ATP — HNJ&’; \%JK(;D@ o N/:;\( ",
HoS ° \ o \OAS_Z’ N\V\N
Biotin PP Biotinyl-5"-AMP H°  ©"
2)

A"/’?\/ :\vﬁ’w .
D) S’ W

Apo domain Holo domain (biotinylated protein)

Scheme 1.0: Two-step ordered BPL-catalyzed reaction.

BPLs can be divided into three structural classes (9). Class | enzymeBy@goccus
horikoshii, Mycobacterium tuberculosidave a two domain structure consisting solely of
the C-terminal and the catalytic domains. Class Il BPLs (&scherichia coli

Staphylococcus aureuscontain an additional N-terminal domain required for DNA
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binding. Class Ill BPLs (e.ddomo sapienandCandida albicanshave a large N-terminal
extension that bears no resemblance to any other protein sequence in the literature (9,10).
Deletion studies have shown that the minimal region requireld.feapiendBPL (HsBPL)

function consists of the C-terminal 349 residues (10). Although not essential for activity,
an N-terminal deletion of the first 165 residues resulted in protein instability (10). It has
since been shown that the region of the N-terminal domain between Leul66 and Tyr266 is
involved in recognition of the biotin domain substrate through an interaction with the
catalytic domain (10,11). This has been previously proposed for the Class Il yeast BPL
(12). Thus it is speculated that the N-terminal region possesses ‘proof-reading activity’ that
allows it to differentiate between various biotin-dependent enzymes and is involved in

stabilizing the enzyme: biotin domain complex.

Despite the high degree of similarity in the catalytic domain between BPLs, we have
recently identified a series of biotin-triazole molecules with selective inhibitory activity
againstS. aureusBPL (SaBPL) over the human equivalent (13). The biotin triazoles are
the first example of highly selective BPL inhibitors to be reported. The most potent
compound agains$aBPL from this series is BPL-068 (Figure 1B), resulting K aalue
againstSaBPL of 0.09 £ 0.01 uM and displaying >1100-fold selectivity forSH&PL

over the human homologue (13). Importantly, the biotin triazole inhibitors showed
cytotoxicity againstS. aureus but not cultured mammalian cells. The structure of the
SaBPL: BPL-068 complex reveals that the inhibitor adopts a ‘U-shaped’ geometry similar
to the intermediate biotinyl-5"-AMP. The triazole linker is stabilized by hydrogen bond
interactions with Arg125 and the highly conserved residues Argl22 and Aspl180. Argl25
has been shown to be a key determinant in the selectivity observed for BPL-068. Mutation
of Argl25 to an alanine or asparagine, the equivalent residi#sBifL, results in a
decrease in affinity foSaBPL by 50-fold (13). BPL-068 also makes a keyt stacking
interaction with the highly conserved Trpl127 residue, which is pre-required for molecules
to bind in the ATP pocket. The benzoxazolone ring in the nucleotide pocket is
accommodated by the hydrophobic region created byS#i@PL amino acid residues
Phe220, 1le224 and Ala228. Phe220 and Ala228 are non-conserved betw&zsBRhe

and HsBPL enzymes. The biotin-triazole molecules provide a novel pharmacophore for

future medicinal chemistry programmes to develop this new antibiotic class (Figure 1A).
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Figure 1: (A) Pharmacophore representing the biotin-triazole moi@y,Structure of

compound BPL-068.

A number of functional studies have been donédeBPL (10,11,14-19), but its structure

is yet to be reported. One of the major roadblocks to obtaining crystals of the full-length
human enzyme is the low yield of protein from recombinant expression/purification. A
molecular model of the catalytic domain BSBPL has been proposed (9) using the
publishedP. horikoshiiOT3 structure (20), with which it shares a 23% sequence identity.
A structure-based sequence alignment revealed the variant amino acids involved in
substrate binding between SaBPL and HBPL (Figure 2A). It is clear that there is a high
degree of conservation in the residues making contact with biotin. The biotin pocket is
relatively small and hydrophobic, which is required to accommodate the ureido and
thiophene rings of biotin. In contrast, the amino acid residues in the ATP binding site of
BPLs are divergent. Seven out of the nine residues that make contact with the nucleotide
are different inSaBPL compared téIsBPL: Argl25, His126, Serl28, GIn215, Phe220,
Arg227, Ala228 (highlighted in Figure 2B) are replaced by, respectively, Asn, Val, Leu,
Asn, lle, Leu and lle in HBPL.

Here we describe an alternative approach that could be used to increase our chances of
obtaining structural data aboutBRL. We have created a ‘humanized’ protein in which all
seven residues iBaBPL that are different to those found in the nucleotide pocket of the
human enzyme are replaced. Specifically, we have produced a ‘humafiaB&L
(hSaBPL) with the following mutations introduced to 8eBPL protein: R125N, H126V,

S128L, G215N, F2201, R227L and A228l. This ‘humanized’ protein exhibits similar

kinetic and inhibitory properties to the human enzyme and is readily purified.
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Figure 2: (A) Sequence alignment between SaBPL and HsBRlenotes residues that come into contact with hidtiare residues that
come into contact with the nucleotide a@dare those that make contact with both ligan@). The structure of SaBPL.: biotinyl-5"-AMP

complex, highlighting the position of the non-conserved residues between SaBPL and HsBPL that make contact with the nucleotide.



Experimental Procedures

Generation of hSaBPLThe DNA encoding h&PL was custom synthesized with codon
optimization for E. coli expression at Invitrogen (Australia). For overexpression of
recombinant hSaBPL i&. coli, the 1 kbp fragment liberated from pMK (hSaBPL) upon
digestion with Pcil and HindIll was ligated intoNcd- and Hindlll-treated pET16b
(Novagen). The resulting plasmid, pET (B%d.), was transformed int&. coli BL21
(DE3) for recombinant protein expression. The resulting construct was confirmed by DNA

sequencing (SA Pathology, Adelaide, Australia).

Expression of SaBPL, hSaBPL and HsBFhe expression of recombinant BPLs fr&n
aureus(21) andH. sapiens(11) were performed ik. coli as previously describedhe
hSaBPL was treated in the same manner as the wildSisiReL protein. All proteins were

engineered with a C-terminal hexa-histidine tag to facilitate protein purification.

Protein purification: All proteins were purified using immobilized metal ion
chromatography. The crude extract was loaded onto a 5 mL His-Trap HP column (GE
Healthcare) that had been equilibrated with 10 column volumes of 50 mfR®GtgH 8.0,

300 mM KCI and 5 mM imidazole. The column was first washed with 10 column volumes
of the same buffer followed by a wash with 50 mM 4@, pH 8.0, 300 mM KCI and 10

mM imidazole. The protein was eluted with 50 mM 4@, pH 8.0, 300 mM KCI and 250

mM imidazole. The eluted protein was then applied onto a HiTrap de-salting column (GE
Healthcare) that had been equilibrated with the storage buffer (50 mM Tris HCI pH 8.0, 1
mM DTT, 5 mM EDTA, 5% (v/v) glycerol) and routinely stored at “8D. Protein
concentrations were determined using the Bradford assay using bovine serum albumin as
standards (22).

In vitro biotinylation assaysQuantitation of BPL-catalyzetH-biotin incorporation into

the biotin domain substrate was performed as previously described (13).

Circular dichroism (CD) spectroscopiar—UV CD spectra were recorded af 20using a
Jasco CD J-185 spectrophotometer as described by Soares deetCalst§2012)(13).
Thermal unfolding of wild-typesaBPL, hSaBPL andHsBPL was also monitored by CD
spectroscopy. Melting curves were recorded at 222 nm betwe®erC 2énd 96 C,

collecting data every®IC and using a ramp rate df@/min.
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Size exclusion chromatography with multi-angle light scattering (SEC-MALSS:
instrument set-up used consisted of a Superdex 200 10/300 GL column (Amersham
Biosciences) connected in series with a miniDAWN TREOS light-scattering detector
(Wyatt Technology) and an OPTILAB rEX interferometric refractometer detector (Wyatt
Technology). Analytical size-exclusion chromatography was performed at 20° C using a
mobile phase containing 50 mM Tris HCI pH 8.0, 150 mM NaCl and 0.1 mM EDTA. 100
uL of purified h&BPL at 26 pM was injected into the column and eluted at a flow rate of
0.25 mL/min. Detector outputs were acquired using Astra software (Wyatt Technology).

Surface Plasmon Resonance (SPBPR was performed using a BlAcBfe T100
instrument (GE Healthcare) as described by Soares da Costa et al. (2012) (23).

Results and Discussion

Characterization of hSaBPL:

Wild-type SaBPL,HsBPL and hSBPL were recombinantly expresseddncoli. Each was

cloned with a C-terminal hexa-histidine tag to facilitate purification by a single metal ion
chromatography step as described in Experimental Procedures. The final yields of hSaBPL
and wild-typeSeBPL were comparable: 20 mg of protein per litre of culture (Figure 3A).
This was >20-fold greater than the amount of full-lerdg$BPL that was purified, 0.75 mg

per litre of culture, which is comparable to yields previously observed (11). CD spectra
confirmed thatSaBPL, HsBPL and hSBPL fold similarly in solution (Figure 3B). All
spectra are comprised of double minima at 208 nm and 222 nm, which is characteristic of a
predominantlya-helical structure and they confirm there are ncsgrperturbations in the
secondary structure of the hSaBPL. To examine the differences in stabilities between the
three enzymes in solution, thermal denaturation experiments monitored by CD
spectroscopy were conducted over the temperature range of 20d@igure 3C). All three
melting curves superimpose, indicating that all three proteins have similar melting

temperatures (~5CC).
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Figure 3. (A) SDS-PAGE following the purification of hSaBPL. Lanes: 1, Sigmamarker;
2, uninduced sample; 3, induced sample; 4, crude cell extract; 5, unbound fraction; 6,
eluant at 10 mM imidazole; 7, eluant at 250mM imidazole. Overlaid CD spectro&ppy
and thermal denaturatio{C) chromatographs for wild-type SaBPL (black), hSaBPL
(blue) and HsBPL (red).

The ‘*humanized’ construct was analyzed using SEC-MALS to confirm its oligomeric

structure. A single peak corresponding to a molecular weight of 38,240 £ 70 Da was
detected (Figure 4), confirming that this enzyme exists as a monomer in solution (expected
monomeric mass of 38,260 Da). This is in agreement with the oligomeric state of human
BPL (14). Interestingly, wild-typeSaBPL has been shown to exist in a monomer-dimer

equilibrium using analytical ultracentrifugation and SEC-MALS (Chapter 5). The seven

mutations introduced in the enzyme have abolished its ability to dimerize. Phel23 in
SaBPL has been shown to be a key amino acid involved in dimerization (Chapter 5).
However, this residue is still present in the *humanized’ construct so it cannot account for
this observation. These results imply that amino acids making contact with the nucleotide

pocket are also involved in oligomerization.
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Figure 4. SEC-MALS spectra of hSaBPL injected at 26 uM. Red corresponds to’the 90

light scattering profile, green corresponds to the UV absorbance data at 280 nm and blue

1-0.0002

25.0

corresponds to the differential refractive index data. The arrow indicates the peak
corresponding to hSaBPL. Debye plot of K*c/R(u) versus sin2(u/2) from a single
SEC/MALS analysis of hSaBPL is also included. Plot shows information from one data
slice within the designated peak boundaries. Plotted points correspond to the three light
scattering detectors. The y-intercept of the weighted regression line provides an estimate

of the reciprocal of the molecular weight for this protein.

The kinetic constants for biotin and MgATP were determined by steady-state kinetics
using tritium-labelled biotin and af®. aureugpyruvate carboxylase as the biotin domain
substrate. A comparison of the kinetic parameters for the ‘humanized’ construct with the
wild-type SaBPL andHsBPL enzymes is shown in Table I. For B&4., the turnover rates

(Kcap for both biotin and MgATP are ~0.1% of those obtained for wild-tp8PL and
HsBPL. Consistent with the high degree of conservation observed in the biotin-binding
pocket, all three enzymes had simikgy values for biotin. However, thi€,, for MgATP

was 3-fold lower for human BPL compared with wild-typa@BPL enzymeHsBPL 56 = 9

MM vs. SaBPL 180 + 30 uM). Interestingly, tlig, for this substrate for the ‘humanized’
construct was strikingly similar to the value fdsBPL (62 £ 11 uM, p > 0.05). This
kinetic characterization shows thaSaBPL andHsBPL have the same affinity for both
biotin and MgATP, despite the decreased catalytic activity of the mutant. These results
indicate that mutating the seven residues in contact with AISaBPL to those found in
HsBPL yields an enzyme that has the same binding properties as the human enzyme,
highlighting that the key differences in ligand binding comes from the variation in the

nucleotide pocket.
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Table I: Kinetic characterization of wild-type SaBPL, hSaBPL and HsBPL.

Biotin MgATP

Keat (S-l) Km (LM) Keat (S-l) Km (LM)

SaBPL 0.45+0.09 1.01+0.16 0.36+0.07 180 + 30

hSaBPL| 0.00039+0.00003 1.16 +0.22 0.00042+0.00003 62 +11

HsBPL 0.35+0.08 1.08 £+0.14 0.32+0.08 56 +9

Inhibition studies:

To evaluate the inhibitory sensitivity of hSaBPL, the enzyme was tested against our lead
inhibitor, compound BPL-068, alongsid&aBPL andHsBPL. As mentioned previously,

this compound does not inhibitsBPL at 200 uM. Arg125 has been shown to play a key
role in the selective inhibition by this compound and other biotin triazoles, with its
substitution to alanine or asparagine (the equivalent residi#sBifPL) resulting in an
increase irK; value by 50-fold13). Whilst Arg125 is a key determinant of selectivity, it
cannot fully explain the >1100-fold selectivity f@aBPL overHsBPL observed with
compound BPL-068. In order to highlight the contribution from the R group of BPL-068 to
the potency, not only Arg125, BRL-R125N was also tested against this compound.

Our hypothesis is that the selectivity observed comes from the differences in the residues
in contact with the compound in the nucleotide pocket. Interestingly, the X-ray crystal
structure ofSaBPL in complex with BPL-068 shows that the R group does not many any
hydrogen bond contacts with the protein. However, it makes a number of hydrophobic
contacts with non-conserved residues in3a8PL ATP pocket including Phe220, lle224

and Ala228. Phe220 and Ala228 were replaced by isoleucine residues in the ‘humanized’
protein.The inhibition assay results in a¥alues of 0.10 £ 0.02 uM and 4.5 + 0.80 uM for
wild-type SaBPL andSaBPL-R125N respectively, which are in agreement with previously
reported values (13) (Figure 5). The mutation of all seven residues in the SaBPL nucleotide
pocket to those found iRSBPL completely abolished inhibition by compound BPL-068

(Figure 5). This was consistent with the data obtained wiBPHs
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Figure 5. Inhibition assays. BPL activity was measured in vitro with varying
concentrations of BPL-068. The assays were performed using recombinant BPL from S.
aureus (black), SaBPL-R125N (green), H. sapiens (red) and ‘humanized’ S. aureus (blue).

Percentage activity is based on 100% activity with no inhibitor.

Surface plasmon resonance studies:

SPR was subsequently used to further probe the bimolecular interaction between BPL-068
and the enzyme. All three BPLs were immobilized onto discrete channels of the same CM5
chip using standard amine coupling chemistry, leaving one channel blank to take into
account non-specific binding. The concentration of BPL-068 injected across the surface
was 10 uM (~100 X;). This resulted in similar association rates for all three enzymes
(Figure 6). However, the most noticeable differences were observed with the dissociation
rates. BPL-068 dissociated slowly from wild-tyBeBPL. This allowed the curve to be
fitted to a 1:1 ligand binding model, resulting irkavalue of 2.6 x 18 s In contrast,

rapid off-rates were observed for both hSaBPL lHe8PL that were outside the range for
quantitative evaluation. Interestingly, the curves for binding of BPL-068sBPL and
hSaBPL are superimposable (Figure 6), and are consistent with the observation that both
enzymes were not subject to inhibition by the compound. High occupancy rates for

inhibitors on bacterial targets are a desirable property for antibacterial discovery.
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Figure 6. SPR profiles of 10 uM of BPL-068 binding to wild-type SaBPL (black),
hSaBPL (blue) and HsBPL (red). The buffer only control is shown in green.

Conclusions

Compound BPL-068, which displays >1100-fold selectivity 8BPL over HSBPL,

shows that targeting the more divergent ATP pocket of BPLs could provide a way to
improve selectivity over the human enzyme. A number of attempts to purify suitable
amounts of full-length human enzyme by recombinant expression in bacteria and in yeast
resulted in low yields of soluble protein and proteolytically degraded products. Shortened
protein forms of the predicted structural domains have also resulted in insoluble protein.
Here, we created a ‘humanized’ BPL enzyme by introducing seven mutations in the SaBPL
enzyme.The chimeric BPL protein was characterized using SPR, CD, SEC-MALS, kinetic
and inhibition studies. Interestingly, the mutations resulted in a decreggon MgATP

to 62 + 11 uM and no inhibition by BPL-068, which is consistent with what is observed
with HSBPL. Importantly, the chimeric protein yields >20-fold more protein from
recombinant expression than the full-length human enzyme. Crystallization trials are now
underway in the laboratory of our collaborators. The crystal structure of the ‘humanized’
SaBPL enzyme may help us understand the molecular mechanism of binding and
selectivity of the biotin-triazole molecules. A similar approach of using an enzyme from a
surrogate system has proven invaluable for structure-based drug design of human
acetyl-CoA carboxylase inhibitors (24). The structure of hSaBPL could also be a valuable
tool in docking studies to identify novel moieties that can bind selectively iSdB&L

ATP site to allow further optimization of the biotin-triazole pharmacophore.
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Chapter 8:
Final Discussion
&

Future Directions



8.1 Final discussion

In this section, a summary of the biophysical, mutagenic and kinetic analyses described in
the experimental chapters is included and how this information can provide insights into

the differences between BPLs and thus help the development of potent and selective
inhibitors. 1 will also highlight recently published work with relevance to my findings and

discuss future directions that might be useful in elucidating some unanswered questions.

8.1.1 Understanding the differences between BPLs

A number of studies have recently been published highlighting the differences in the
mechanism of self-association of BPLs. Class | BPLs fkdmuberculosigMtBPL) and

A. aeolicusAaBPL) exist as monomers in apo, biotin and biotinyl-5"-AMP liganded forms
(1,2). P. horikoshiiBPL (PhBPL), also a class | BPL, constitutively exists as a dimer
regardless of its liganded state (3,4). Clask.llcoli BPL (EcBPL) only forms a dimer

upon ligand binding (5). Class Ill BPLs fro. cerevisiag(SBPL) and H. sapiens
(HsBPL) have been reported to be monomeric (6,7). Dimerization is not a pre-requisite for
enzymatic activity but it is required for repressor function of the Class Il transcriptional
repressor BPLs (8,9) and for thermal stability as proposedPfBPL and other
thermophiles (3,10). Interestingly, analytical ultracentrifugation experimen& anreus

BPL (SeBPL) suggest that this enzyme exists in a protein concentration dependent
monomer-dimer equilibrium in its apo form at low micromolar concentrations. This has
not been observed for any other Class Il isozymes (Chapter 5). The existence of apo
dimeric SaBPL might be due to its more complex biology comparedd®PL. TheE. coli
enzyme biotinylates one biotin-dependent enzyme, ACC, and has one known target gene,
bioO. Thus it is able to utilize biotin as well as synthesize it upon cellular derS8aBdPL
biotinylates two biotin-dependent enzymes (namely ACC and PC) and is proposed to
regulate the expression of the biotin transporter gpgméin addition tobioO (11). Hence,
SaBPL can control not only the synthesis but also the import of biotin into the bacteria.
This extra layer of complexity may require more tightly regulated control of gene
expression, subsequently allowisg aureusto sample and respond quickly to different
environments. This function may alld®v aureudo adapt to fluctuating biotin availability,
which is especially important during infection. A recent study has highlighted the

importance of biotin in nutritional immunity in the Gram-negative bactérancisella
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tularensis The protein FTN_0818, which has previously been shown to be essential in
virulence, also plays a key role in biotin biosynthesis and rapid escape from the
Francisella-containing phagosome. Addition of biotin rescued an attenuated FTN_0818
mutantin vitro andin vivo, supporting the proposal that biotin may be a limiting factor
during infection (12). Similarlyde novo biotin synthesis has also been shown to be
essential forM. tuberculosisto establish and maintain a chronic infection in a murine
model of tuberculosis (13). Understanding how bacteria adapt their metabolism to their

habitat will be critical for extending our understanding of bacterial pathogenesis.

The strength of the dimers formed by Class Il BPLs also varies depending on the ligand
involved. In EcBPL, formation of biotinyl-5-AMP is a pre-requisite for stable
dimerization in solution. Equilibrium sedimentation studies show that the binding of the
intermediate increases the stability of the dimer by 3.7 kcal/mol relative to biotin alone
(14). In this thesis, sedimentation velocity experiments carried oS&8RAL have shown

that biotin alone does not shift the equilibrium towards dimer formation compared to the
apo enzyme (Chapter 5). This was explained by the fast on and off-rates observed with
biotin binding toSaBPL (Chapter 3). Variable dissociation constants for biotin have been
documented foECBPL (4.5 x 1¢ M) (15), AaBPL (3.5 x 1¢° M) (2) andMtBPL (~1 x

10° M) (1) despite the high degree of conservation of amino acids within the biotin pocket.
However, when a tight binding biotin analogue was usedKghior SaBPL dimerization

was 6-fold tighter compared to apo and biotin-bound forms of the enzyme (Chapter 5). Our
hypothesis is that a long lived enzyme: ligand complex is required to strengthen dimer
formation and clamp down on the DNA. This would lead to a functional swit§aBPL

from acting as a ligase to a transcriptional repressor. Class | monofunctional BPLs have
been shown to have lower affinities for biotinyl-5"-AMP comparede¢BPL (1). Tight
binding of ligands may be required for Class Il BPLs to perform the repressor function.

Apart from oligomerization, the order of substrate binding also differs between BPLs. In
this study, surface plasmon resonance was employed to determine that biotin binds to
SaBPL first, followed by ATP binding (Chapter 2) (16). This ordered substrate binding has
previously been observed iEcBPL (17) and MtBPL (1) and is related to the
disordered-to-ordered transition of the biotin and adenylate-binding loops (18). Structural
data supports this mechanism since the ATP site is formed as a consequence of ordering of
specific loops triggered by biotin binding. On the other h&aBPL (2) andPhBPL (4)
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can bind ATP in the absence of biotin, althoughAaBPL the process is co-operative.
Here the loops are pre-organized in the ligand-free form for both these enzymes, resulting
in a well-defined ATP-binding pocket. Thermophile proteins have been shown to have less
flexibility compared to their mesophile homologues (19). Natural selection could have
resulted in these proteins adopting more ordered structures in order to survive and function

at higher temperatures, thus increasing their stability.

As mentioned previously, the biotin-binding loop is highly conserved due to its essential
role in heterodimerization and/or biotin transfer. Two residues found in this loop were
examined in this work: Argl22 and Phel23. The arginine at position 132BRL is
absolutely conserved in all BPLs. Mutation of this amino acid to a glycine resulted in
unalteredK, values for biotin and MgATP, which is also observed with the equivalent
mutant in MtBPL (20). This is in contrast to what is observedEeBPL, where the
equivalent mutation (R118G) resulted in a decrease in the affinity for biotin by 100-fold
(21). Not surprisingly, the catalytic efficiency o8aBPL-R122G was severely
compromised, highlighting the critical role of this residue in the reaction mechanism. Like
EcBPL (21), SaBPL-R122G also has the ability to biotinylate non-target proteins in a
non-specific manner (Chapter 4). The equivalent mutant in the Cheai3FL, R40G, can

also biotinylate non-specifically but to a lesser extent thHaBPL-R118G and
SaBPL-R122G (2). This is likely to be a consequence of the elevated temperature of the
reaction with the thermostable enzymes as biotinylation with biotirfVP is
proximity-dependent (21). Thus, the lifetime of AMP mixed anhydrides in aqueous
solution will be significantly shorter at 65° C, reducing the amount of intermediate left to
modify another protein (20). The mutation of the equivalent residue in CIi¢$BRL,

Arg69, to an alanine resulted in a protein that was unable to biotinylate non-specifically
(20). This was reasoned to be due to a loss of enzyme activity and ATP binding upon

mutation.

The second amino acid examinedSaBPL was Phel23, which is the position of most
variability in the biotin-binding loop. The equivalent residudsBPL, Arg119, has been
shown to play a key role in dimerization but has no involvement in biotin or MgATP
binding (15). Mutation of Phel23 to a glycine or arginine, the equivalent residue in
EcBPL, abolished the ability $aBPL to dimerize (Chapter 5). The mutants retained 10%
of the catalytic efficiency of the wild-type enzyme and biotin affinity decreased by 3-fold,
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while ATP binding remained the same. The reduction in activity due to the inability to
dimerize may suggest a role for the dimer in catalysis. Oligomerization has been shown to
increase thermal stability and optimization of enzyme catalysis by reducing flexibility
(22,23). Interestingly, Phel23 plays a role in the selective binding of biotin acetylene to
SaBPL. The arginine mutation increased thedfue by >20-fold, resulting in an inhibition
constant similar to that obtained for wild-tygeBPL. The reverse effect was observed
when the arginine residue ECBPL was replaced by a phenylalanine, demonstrating the
importance of this residue in ligand affinity. Thus, Phel23 plays a dual r@&eBiAL

which has not been observed in other BPLs.

The mutagenic work described so far has focused on the first partial reaction, i.e., binding
of biotin and ATP. Another area of interest is the second partial reaction involving the
transient protein: protein interaction with the biotin domain substrate. Mutational studies
have helped provide insights into the molecular basis of the genetic disorder multiple
carboxylase deficiency. This disease is linked to a number of mutatioksBRL,
including the commonly occurring Arg508 to tryptophan mutation, which maps to Argl122
of SaBPL. Apart from mutations in the catalytic domain, mutations in the N-terminal
domain have also been linked to the disease. The N-terminal domain is completely distinct
to that found in Class Il BPLs. While the removal of the first 57 residues of the human
BPL resulted in no differences in substrate binding or catalytic efficiency (7), deletion of
the first 159 N-terminal amino acids resulted in attenuated enzymatic activity and
implicated the involvement of these residues in making contacts with the biotin domain
(24). In this thesis, mutations in the N-terminal domain identified in MCD patients resulted
in a >15-fold increase in dissociation rate from the biotin domain substrate compared to
wild-type HSBPL (Chapter 7) (25). It is proposed that this enhanced dissociation rate is too
fast to allow the biotinyl-transferase reaction to proceed, resulting in non-biotinylated
enzymes. Together, these data suggest a previously unknown function for the N-terminal
extension in stabilizing the enzyme: substrate complex during catalysis. It is proposed that
the N-terminal region may also possess ‘proof-reading activity’ that allows it to
differentiate between the five human carboxylases. In biotin starvation conditions, only
some of these enzymes may be maintained. These studies have elucidated a distinct

function of Class Ill BPLs not present in Class | and 1l BPLs.
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8.1.2 Inhibitor design

Antibacterial drug targets that have a closely related human homologue, such as BPL,
represent a new frontier in antibiotic discovery. One of the main objectives of this thesis
was to provide proof of concept thaeBPL could be selectively targeted over the human
homologue. One of the targets®@BPL is ACC, which catalyzes the first committed step

in the fatty acid biosynthetic pathway. This pathway is essential in Gram-negative bacteria
due to the requirement f@rhydroxy-fatty acids to assemble the lipid A comeisture of

outer membrane polysaccharides (26). Supplementation of exog@roydroxy-fatty

acids is ineffective in replacinge novo fatty acid biosynthesis highlighting its essential
function (27)However, there has been some debate lately on the effectiveness of targeting
the fatty acid biosynthetic pathway in Gram-positive bacteria (26,28-31). There has been
evidence to suggest that inhibition of this pathvimyStreptococcus agalactiaean be
suppressed by the uptake of fatty acids from exogenous sources lvitio andin vivo

(28). It has also been reported tlgataureuscan incorporate exogenous fatty acids into
membranes (30). However, Balemagisal. showed that serum fatty acids could not
overcome the effect of fatty acid biosynthesis inhibitorsSinaureus(29). Recently,
Parsonset al. concluded that whilé&. aureuscan uptake exogenous fatty acids, this can
only support 50% of the phospholipid synthesis (31). To further support this, there have
been a number of reports highlighting the efficacy of fatty acid synthesis inhibit&s in
aureusinfection models in mice (32-36). One of these studies included the discovery of
inhibitors of biotin carboxylase, a subunit of ACC, using whole-bacterial cell screen of a
library of pyridopyrimidines, derived from a eukaryotic tyrosine protein kinase inhibitor
pharmacophore (36). This differential ability in the incorporation of exogenous fatty acids
between Gram-positive bacteria highlights important differences in this metabolic
pathway. For examples. aureussynthesizes branched chain, saturated fatty acids which
are vital for membrane function, but are not found in mammals and therefore unlikely to
circumventde novosynthesis (26). All this evidence supports the idea that targeting fatty
acid synthesis by inhibiting BPL can result in the development of novel antibacterial

therapeutics against S. aureus

SinceSaBPL has an ordered reaction mechanism with biotin binding first, two strategies
were employed in this thesis to develop novel inhibitors of this enzyme: 1) Target the

biotin pocket only and 2) Perform a fragment-based approach to target both the biotin and
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nucleotide pockets. Chapter 3 describes a series of chemical analogues based on biotin that
were designed and tested for enzyme inhibition and antimicrobial activities against
clinically relevant strains db. aureusThis approach resulted in highly potent compounds

(Ki < 100 nM) with antibacterial activity against methicillin resistant strains (MIC = 2 - 16
pg/mL). However, only moderate selectivity over the human enzyme (10 - 20 fold) was
observed (37). A series of azide and alkyne derivatives of biotin have been previously
screened against a number of BPLs and were shown to act as substrates for BFELs from
horikoshiiandS. cerevisia®nly (Figure 8.1) (38). These studies highlight the difficulties

in altering the biotin structure so that the resulting molecule can still be accommodated in
the biotin pocket of BPLs.

Q i [+]
N N HN” TNH HN}\N/\%
d‘tﬂm’" N,)_tﬁ;m’” Q'ﬁ‘”‘”
1 2 cis3 Probes Tested
biotin azide biotin
(OTB-Az) (cis-PB) Species of biotin ligase 112|3|4|5|6|7 |8
o *NH; Human el=-]=-]=]-]|=-]|-]-
Ve N o WA e S. cerevisiae (yBL) |-+ |-]-|-|-]-
o "8 e Cjﬂ;""’“ B. sublilis s1-1-1-[-{-1-1-
trans 3 4 5
biotin iminobiotn diaminobiotin P. acnes ¢#l=l=-1=-1=-1=-1=-1-
NS 0 L. mesenteroides +|=-1-]-1-1-1-]-
HNJ‘NH HNJ‘NH T. cruzi ¢l=]l=]=]=]=]=]=
NH H
o H;)OZH CT T s A M. jannaschii +-|-]-1-|-]-]-
ivcbenzexadiazsie T 8 P. horikoshii (PhBL) +le|e|=-|=-1=-|-]-

Figure 8.1: Biotin analogues screened against a range of BPLs for their potential to be
substrates. Formation of product is indicated by a ‘+'. Figure adapted from Slavoff et al.
2008 (38).

Developing analogues of the intermediate biotinyl-5"-AMP could provide a means to
achieve selectivity by exploiting the more variable nucleotide pocket. Not surprisingly, the
non-hydrolyzable analogue of the reaction intermediate, biotinol-5"-AMP, has been shown
to be a pan inhibitor. A bi-substrate inhibitor Mt tuberculosisBPL has recently been
characterized, where the highly labile phosphodiester bond was replaced by a more stable
sulphonamide linker. This compound displayed sub-nanomolar enzyme inhibition and had
antibacterial activity against a range of multi-drug resiskntuberculosisstrains (39),
although it also showed some toxicity against cultured mammalian cells. Chapter 2
describes a novel class of 1,2,3 biotin triazoles that were identified by targeting both biotin

and ATP-binding pockets, which show cytotoxicity agaiSstaureusbut not cultured
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mammalian cells (16). The most potent inhibitor from the biotin-triazole sdjes 90

nM) displayed >1100-fold selectivity for tHe. aureusBPL over the human homologue

(16). The molecular basis for the selectivity was identified using mutagenesis studies. A
key arginine residue in the biotin-binding loop was identified as being necessary for the
selective binding of the triazole linker (Chapter 2). Furthermore, the mutation of all seven
non-conserved amino acids in the ATP-binding siteSeBPL to those found in the
equivalent positions irRsBPL, resulted in a chimeric protein that is no longer inhibited by

our lead compound (Chapter 6). These studies opened the doors for alternative bioisosteres
to the phosphodiester in biotinyl-5"-AMP to be further investigated.

Since a class of triazole molecules has been identified as selective inhibBeBPaf, we
reasoned that this enzyme would provide an ideal candidate for perfonmamtgy click
chemistry. Novel ways of improving the situ click approach so it can be more widely
used have recently been published (40-44). A novel avenue for generating agonists and
antagonists for ligand-gated ion channels has been proposed using a subunit interface
binding region of the multi-subunit protein acetylcholine binding proteins as template
surrogates for nicotinic acetylcholine receptors (43,44). The use of itenatsitu click
chemistry and the one-bead-one-compound method for the creation of a peptide library
have enabled the fragment-based assembly of selective high-affinity, tri-ligand capture
agents against carbonic anhydrase Il (40). This approach has been extended to synthesize a
high specificity branched tri-ligand capture agent/inhibitor against Akt kinase by
developing two novel strategies: 1) Use of a pre-inhibited form of the protein to allow
screening of an allosteric site inhibitor, 2) Development of a quantitative PCR-based
method to detect the amount of product formed from iterative on-beasitu click
chemistry (41). The direct detection of products in crude samples has resulted in the
identification of new inhibitors against glucocerebrosidase (42). In this work, a novel
method for improving the detection of triazole products generated was employed by using
the ‘leaky’ mutantSaBPL-R122G, which results in a 40-fold increase in the rate of product
formation relative to the wild-type enzyme (Chapter 4). This enabled our target enzyme to
selectively form detectable levels of the most potent binder from a library of building
blocks in a single reaction mixture. This is only the second example of an enzyme that can
perform a multi-componerih situ click reaction, thus demonstrating the potential wider

applicability of this approach to drug discovery.
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From our SAR series, some conclusions can be drawn about which features are necessary

for designing inhibitors of SaBPL.

1. Bulky substituents are not tolerated on the bicyclic ring of the biotin structure. The
valeric acid tail, however, that binds between three hydroplblteets and the
hydrophobic portion of the biotin-binding loop, is amenable to derivatization.

2. The triazole linker provides selectivity betweaBPL andHsBPL due to a key
hydrogen bond interaction with a non-conserved Arg125 in SaBPL.

3. A 1, 4 triazole linkage between the biotin and the secondary site analogue is
favoured over a 1, 5 linkage.

4. The optimum tether length between the biotin and the triazole is 5 carbons.

5. The ribose ring on the adenosine has been shown to be dispensable.

6. The adenine ring can be replaced with groups that structurally do not resemble

ATP, resulting in improved potency.

The aim now is to optimize the biotin-triazole scaffold represented by pharmacophore X
(Figure 8.2). Pharmacophore X has been identified as a key lead structure in order to
produce potent and selective inhibitorsSEBPL, while offering significant advances in

ease of synthesis and derivatization. Building up a chemically diverse library of molecules
with this pharmacophore will help to overcome problems that might be encountered in the
developmental process that could halt the progress of turning these hit compounds into

lead structures.

° NH H
HN@" \/\/\(\IN/\
H S N=N R

Figure 8.2: Pharmacophore representing the biotin-triazole moiety.
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8.2 Future directions

8.2.1 In situ click chemistry

The in situ click approach has been shown to be feasible usin§aBlL system. The
enzyme can select a pair of fragments to form the most potent binder from five building
blocks that are concurrently present in a single reaction mixture (Chapter 4). Interestingly,
the triazole containing molecules do not inhibd#sBPL at solubility limiting
concentrations. As there are a number of commercially available azides, the next step
would be to expand the library of compounds screened aggaBBtL. This work is now

continuing.

Argl125 inSaBPL has been found to make a hydrogen bonding interaction with the triazole
linker which is important for selectivity (Chapter 2). This amino acid is variable amongst
BPLs, althoughMtBPL and some other bacteria also have an arginine at the equivalent
position. Interestingly, a number of triazole molecules have recently been shown to inhibit
BPL from M. tuberculosiswvith low micromolar potencyMiss A. Paparella, University of
Adelaide, unpublished). These results suggest that target-catatysidalclick chemistry

may be used to identify high-affinity, selective inhibitordMiBPL and possibly of BPLs

from other pathogens.

The in situ click approach could also be extended to other enzymes that employ an
adenylated reaction intermediate, forming a linker between the carboxyl group of the
organic acids and the alpha-phosphate of ATP. Examples include the t-RNA amino-acyl
synthetases (45), indole-3-acetic acid synthetases (46) and lipoyl ligases (47), amongst
others. Designing small molecule inhibitors of these enzymes by mimicking the adenylated
intermediate, where the labile linker is replaced by a more stable isostere such as the

triazole linker, could prove to be useful.

8.2.2 Discovering novel scaffolds to refine the biotin-triazole pharmacophore

The SAR series from the compounds described in Chapters 2 and 3 demonstrated that
although alterations in the biotin fragment result in poor inhibitors, the ATP pocket of

SaBPL can accommodate fragments that do not resemble the nucleotide. The crystal
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structures of hol&@aBPL as well as SPR experiments described in Chapter 2 demonstrate
that the pre-formation of the enzyme and biotin complex enhances binding in the
nucleotide pocket. This suggests that when screening for inhibitors of the secondary site,
the biotin pocket must be filled first. One way to identify potential binders of the
nucleotide pocket is to perform am silico docking screen of a commercially available
‘fragment’ library. Constraints can be placed in the library to refine the screen. AMP can
be used as a positive control for the docking studies. Candidates with calculated binding
energies lower than the positive control can be short-listed, purchased and then be tested
for binding using SPR. Biotin acetylene, which has been shown to be the tightest binding
analogue (Chapter 3), can be added at a saturating concentration first to induce the
formation of the nucleotide pocket. Results from this study could be employed to refine the
docking and scoring functions to increase our hit rate before testing and purchasing a larger
number of compounds. Multiple docking programmes should be employed to re-screen the
compound library to allow a consensus score to be determined across all programmes and
facilitate short listing of the most likely candidates. Related hit compounds can then be

bundled into hit classes.

A pilot study has been conducted to show whether this approach can successfully be used
to find fragments that are better binders than AMP. A library of 12,000 compounds from
the ZINC library (M, < 300 Da, rotatable bonds3, clogP< 3 (48)) was screened against
SaBPL using Autodock VINA (Assoc. Prof. G. Booker, University of Adelaide,
unpublished). From the twelve compounds purchased, four resulted in a binding response
at 100 uM (Figure 8.3). SPR binding assays showed that these four compounds have lower
Kp values than AMP (Soares da Costa, unpublished). None of these fragments bound to the
enzyme in the absence of biotin acetylene, further confirming the ordered substrate binding
mechanism. For this to be an efficient lead identification approach, these fragments need to

be appropriately linked to biotin.
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Figure 8.3: Hit compounds identified using in silico docking and SPR from a 12,000

compound ZINC library.

Another way of identifying novel scaffolds that can bind in the nucleotide pocket is by
high-throughput screening. Natural products still present the best sourcing pool of novel
drugs. Our collaborators from the Institute of Microbiology at the Chinese Academy of
Sciences have created a library of 23,000 samples from fermentation products of various
marine microbes. Thirty hits againEtBPL have been identified that have antibacterial
activity againstE. coli in culture. The ability of these compounds to bindSaBPL has

been analyzed using SPR. A 13% success rate agzaBf?L was observed, with four
compounds being identified as binders in a biotin dependent manner (Soares da Costa,
unpublished). They have been docked againsSHBPL structure using Autodock VINA

to predict a mode of binding aig values have been calculated using steady-state affinity
(Figure 8.4) (Soares da Costa, unpublished). These natural products still need to be tested
against culture®. aureusells. A BPL knock down strain &. aureusvould be useful to
investigate off-target effects.
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(A) (B)

ID [ Kp (M) | Chi?

4 142.3 0.254

5 262.3 | 0.0693

12 173.6 0.167

13 316.6 | 0.0121

Figure 8.4: Hit compounds identified against SaBPL using a natural compound library
screen(A) Docking of hits to SaBPL structure using Autodock VI(8AKp values of hits
calculated using a steady state affinity model in the presence of saturating concentrations

of a biotin analogue.

8.2.3 Biotin transporter

A thorough understanding of the mechanism of uptake of the BPL inhibitors should aid our
current drug design efforts. It is reasonable to propose that our biotin analogues cross the
bacterial cell membrane via the biotin transporter. Surprisingly, little is known about the
mechanisms behind biotin uptake. Although many bacteria, certain Archaea and plants can
synthesize biotin from its precursors or metabolic intermediates, uptake from the
environment is energetically favoured (49). Comparative genomics analysis suggested that
bioY is most likely to encode the biotin transporter in bacteria and Archeons and it is often
clustered with biotin metabolism genes. There has been great progress made in recent years
to characterize the bioY protein. The bioY transporter belongs to the energy coupling
factor (ECF) family and it actively moves biotin across the bacterial cell membrane in an
ATP-dependent manner. It differs from the classical ABC transporters in terms of subunit
architecture and mechanism (Figure 8.5) (50). BioY in the absence of the ECF module is a
monomer, with high affinity fon-biotin but unable to transport the substrate orovws

(51). Homologues for thbioY gene have not been identified in the genome sequences of
many proteobacteria however, includiBgcoli (11). Active transport was observed tor

coli K12 over 30 years ago (52). The biotin transporter was specific for an intact ureido
ring, where compounds with altered side chains or tetrahydrothiophene ring have little

effect. It has been shown that biotinylated peptides with chain lengths up to 31 amino acids
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can be taken up bE. coli and other Gram-negative bacteria (53). In mammalian cells,
biotin is transported across the plasma membrane by a sodium-dependent multivitamin
transporter and, in some tissues, by monocarboxylase transporter 1 (54). It is important that
BPL inhibitors developed have the desirable chemical properties so that they can be
recognized and imported by the transporters. Identifying the features in biotin that are
important for recognition and/or interactions with the transporter are crucial. A way of
improving MIC values for the compounds developed would be to find ways to up-regulate
thebioY gene to ensure the biotin analogues can be taken in. Alternative transport proteins
could also exist irs. aureusThe differences in biotin uptake mechanisms between various
species could potentially be exploited to design biotin analogues with greater selectivity for
pathogenic bacteria. Thus more work needs to be done in this area to probe the

biochemical and physiological function of the transporter proteins in cells.

SBP
Extracellular
™ | ™ Y
Intracellular @@ M @\
ATP ADP + P ATP ADP + P ATP ADP + P
ABC importer Class | ECF-biotin Class Il ECF-biotin

transporter transporter

Figure 8.5: Structures of ABC and ECF biotin transporters. The ABC importers consist
of two transmembrane (TM) domains, two ATP-binding (A) proteins and one solute
binding protein (SBP). The Class | ECF transporters for biotin contain two specific
ATP-binding (M) proteins and two TM domains that determine their solute specificity (Y)
and complex stability (N). Similar to the Class | ECF-biotin importers, the Class I
ECF-biotin importers also have a substrate specificity TM (S component) but share their

ECF (A, Aand T) with other vitamin importers.
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8.2.4 Transcriptional regulation

As discussed in section 8.13aBPL is proposed to control transcriptiorbadY andbioO

in response to the supply and demand for cellular biotin (11,55). The functional switch
between acting as a ligase or a repressor is somewhat controversial and has been proposed
to result from two competing protein: protein interactions (55) or to be dependent on the
cellular concentration of biotinyl-5"-AMP (56). Understanding the complex network of
transcriptional regulation is. aureuds important. Crystal structures of BPL in complex

with DNA could provide us with important clues abbigY andbioO regulation, but these

are yet to be reported. In order to increase the probabilities of obtaining co-crystal
structures, super-represd6eBPL mutant strains have recently been isolated that retained
normal activity for growth (56). Chromatin immunoprecipitation assays could be used to
capture a snapshot of the DNA-BPL interaction in living cells by treating the cells with
formaldehyde or other crosslinking reagents in order to stabilize the interactions for
downstream purification and detection. These assays require an antibody against the target
protein and PCR primers for the DNA sequence of interest. Reporter assays could also
provide a real timén vivo read-out of translational activity for the promoterdiofO and

bioY. Upon activation of the promoter, the reporter gene can code for a protein with
detectable properties such as Renilla or firefly luciferase resulting in a colour change that
can be spectroscopically monitored. The signal from the reporter gene is then used as an
indirect determinant for the translation of endogenous proteins driven from the same
promoter. Proteomics can also be used to provide insights into the changes in levels of

protein expression once BPL forms a complex with DNA.

While SaBPL has been proposed to regulbigy and bioO transcription, noin vivo
evidence has been presented to confirm this. With the use of microarray and subsequent
validation techniques, not only can the regulatiobiofD andbioY expression by BPL be
confirmed, but other possible DNA targets of BPL transcriptional regulation can also be
identified. By comparing mRNA levels frons. aureuswith wild-type BPL and a
transcriptional repressor deficient BPL in a microarray analysis, differences in gene
expression due to the loss of transcriptional repression ability can be identified. Chromatin
immunoprecipitation-PCR and quantitative real time PCR can then confirm the microarray
results by identifying direct targets and the extent of transcriptional regulation by BPL,

providing further understanding of gene regulation by this enzyme. Recent advances in
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sequencing technologies also allow us to analyze entire transcriptomes within a population

of cells via deep sequencing (57).

8.3 Conclusions

It is clear that there is an urgent need to replenish the antibiotic discovery pipeline as fast
evolving bacteria are constantly becoming resistant to existing drugs. A detailed
understanding of the target enzyme and function is essential for advancements in research
and discovery of new medicines. This study provided new insights iBBLSand the first
evidence that high-affinity and pathogen-specific bidentate BPL inhibitors can be
identified. We envisage that these enabling technologies will allow the chemical

optimization of a new class of antibiotics against the superbug Staphylococcus aureus
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