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ABSTRACT OF THE DISSERTATION

Elucidating the Molecular Basis of Protein and Polymer Display

in Gram-Positive Bacteria for Novel Antibiotic Development

by

Michele Diedre Kattke
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2017
Professor Robert Thompson Clubb, Chair

The emergence of multi-drug resistant bacteria has prompted novel antibiotic
development by targeting non-essential pathways, such as virulence factor production and
display during cell wall biosynthesis. Within Gram-positive bacteria, sortase transpeptidases
covalently attach proteins to the cell wall or assemble pili using class A-F enzymes.
Interestingly, class E sortases display proteins via recognition of a non-canonical LAXTG motif.
We have determined the first crystal structure of a class E sortase, the 1.93 A resolution structure
of SrtE1 from Streptomyces coelicolor. The SrtE1 enzyme possesses structurally distinct f3/p4
and B6/B7 active site loops that contact the LAXTG substrate. Furthermore, molecular dynamics
studies have identified a conserved tyrosine residue that likely confers substrate specificity for
class E sortases. A second anti-virulence target, the TarA glycosyltransferase (GT), is highly
conserved among Gram-positive bacteria and produces surface-anchored wall teichoic acid
(WTA) polymers. The WTA biosynthetic mechanism involving TarA and other membrane-
associated, enzymes is poorly understood due to a lack of structural characterization. We have



determined the 2.0 A resolution crystal structure of the TarA enzyme from Thermobacter
italicus, which adopts a structurally novel protein fold, termed class GT-E, and represents the
first structurally characterized member of the WecB-TagA-CpsF GT family. Sequence
conservation mapping onto experimentally observed TarA oligomer structures has identified
putative functional residues and suggests formation of a competent active site through
oligomerization, which will guide studies of substrate binding and catalysis. Furthermore, we
describe two target-specific, cell-based assays for the discovery of sortase and TarA inhibitors.
The first assay monitors sortase-dependent growth inhibition of wild-type and sortase-deficient
Actinomyces oris strains in the presence of small molecule inhibitors. A pilot screen of 1280
compounds returned a hit rate of 0.3%, which has prompted large-scale high-throughput
screening. The second assay utilizes a TarA-dependent morphological transition of a mutant B.
subtilis strain complemented with the TarA enzyme from S. aureus (TarA+) to replace the
endogenous enzyme activity. The drastic rod-shape to spherical morphological transition
provides a robust HTS platform with a Z-prime score of 0.76. Ultimately, these structural and
cell-based studies will promote the development of anti-virulence inhibitors to combat bacterial

resistance.
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Chapter 1

Introduction to the Gram-positive Bacterial Cell Wall

Architecture, Assembly, and Inhibition by Antibiotics



1.1 Overview

As multi-drug resistant bacteria rapidly emerge, the need for novel antibiotic treatments
has become exceedingly urgent. Traditional antibiotics were highly effective for the treatment of
bacterial infections as they inhibit essential processes, including cell wall biosynthesis,
DNA/RNA synthesis, and protein synthesis. However, bacteria are developing resistance to
circumvent these mechanisms of action, which has prompted novel strategies for antibiotic
development, such as preventing virulence factor display on the bacterial cell surface. My thesis
work focuses on structural characterization of protein targets that produce and display protein
and polymer virulence factors during cell wall biosynthesis in Gram-positive bacteria, as well as
cell-based, high-throughput screen assay development to facilitate novel inhibitor discovery.
This chapter provides a broad overview of the structure and assembly of the Gram-positive
bacterial cell wall, followed by detailed descriptions of the covalent surface display of proteins
by sortase transpeptidases and wall teichoic acid biosynthesis. Finally, an overview of antibiotic
discovery, current classes of antibiotics and their targets, antibiotic resistance concerns, and

current antibiotic development trends is provided.

1.2 Structure and assembly of the Gram-positive bacterial cell wall

Gram-positive bacteria are monoderm organisms that have cell walls consisting of a
single, thick peptidoglycan layer. The cell wall is a critical cellular structure that maintains
proper cell morphology, provides mechanical stability, and serves as a barrier from the
surrounding environment [1]. The Gram-positive cell wall also acts as a scaffold to display a
variety of proteins and polymers on the cell surface, including capsular polysaccharides, wall
teichoic acids (WTA), lipoteichoic acids (LTA), surface proteins, and pili. These surface-

exposed macromolecules allow Gram-positive bacteria to productively interact with their
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environment, promoting cell adhesion, nutrient acquisition, and host immune system evasion,
among other functions.

In Staphylococcus aureus, assembly of the peptidoglycan precursor can be divided into
three stages: 1) synthesis of Park’s nucleotide in the cytoplasm, 2) generation of lipid II in the
membrane, and 3) assembly of the muropeptide meshwork [2—4]. First, Park’s nucleotide (UDP-
MurNAc-L-Ala-D-iGlu-L-Lys-D-Ala-D-Ala) is synthesized in the cytoplasm through the
sequential action of the MurABCDEF synthases. Park’s nucleotide is then attached to the
membrane-embedded carrier molecule, undecaprenyl-pyrophosphate (C55-PP), by MraY to form
lipid I. The glycan-linked lipid is modified by MurG with an N-acetylglucosamine (GIcNACc)
moiety to produce lipid 11 (C55-PP-MurNAc-GIcNAc-pentapeptide). The pentapeptide stem
within lipid 11 is extended at position three with a penta-glycyl peptide branch by the peptidyl
transferases, FemA, FemB and FemX [5,6]. The final lipid I1-pentaglycyl product is flipped to
the outer leaflet of the cell membrane by the MurJ flippase for peptidoglycan polymerization.

The peptidoglycan meshwork is assembled largely by penicillin-binding proteins (PBPS)
at the extracellular face of the cell membrane. PBPs synthesize long glycan chains by utilizing
their glycosyltransferase activity to covalently link GIcNAc and N-acetyl-muramic acid
(MurNAc) moieties via B(1—4) glycosidic bonds [7]. The glycan strands are then crosslinked via
their pentapeptide stems by PBP transpeptidation activity. Although the chemical composition of
the pentapeptide stem varies among bacterial species, the terminal D-Ala-D-Ala motif is highly
conserved, as it is recognized by PBPs. Additionally, some bacteria complement or replace bi-
functional PBPs with shape, elongation, division and sporulation (SEDS) enzymes, which are
glycosyltransferases that interact with mono-functional PBPs containing transpeptidase activity

[8]. The resulting peptidoglycan layer is extensive in Gram-positive bacteria, spanning ~10-40



nm in contrast to ~5-10 nm in Gram-negative species, and acts as a molecular scaffold for
anionic polymers (i.e. teichoic acids and capsular polysaccharides) and surface proteins (i.e. S-

layer proteins and sortase-anchored proteins) [9].

1.2.1 Production and surface display of polymers in Gram-positive bacteria

Gram-positive bacteria decorate their peptidoglycan layer with diverse, anionic glyco-
polymers. Teichoic acid is a highly abundant cell wall component that is unique to Gram-
positive species. Two variations of teichoic acid exist: 1) wall teichoic acid (WTA), which is
covalently attached to the peptidoglycan, and 2) lipoteichoic acid (LTA), which is anchored to
the cell membrane. WTA represents the major species of cell wall polymer, accounting for >50%
of the total cell wall content [10]. WTA contains a conserved disaccharide linkage unit that is
extended with phosphodiester-linked polyol repeats of ribitol-phosphate (RboP) or glycerol-
phosphate (GroP); WTA polymer biosynthesis and export by TarOABDFGH in S. aureus is
described in detail below. WTA polymers are displayed by LCP ligases, which catalyze a
phosphodiester bond between the conserved linkage unit and the C6 hydroxyl of MurNAc within
the peptidoglycan [10]. WTA polymers are implicated in a range of bacterial functions, including
host cell attachment, cation homeostasis, cell morphology maintenance, and antibiotic resistance,
among others [10].

Conversely, LTAs are chemically diverse, glycosyl-phosphate polymers that are tethered
to the cell membrane via diacylglycerol (DAG) lipid. LTAs are classified into different types
based on their chemical complexity, ranging from unbranched, poly-GroP Type | polymers to
complex structures of Type 1I-1V LTA [11]. During synthesis of the best-characterized Type |

LTA in S. aureus, the YpfP glycosyltransferase first synthesizes a disaccharide glycolipid (Glc2-



DAG) anchor in the cytoplasm [12,13]. The glycolipid anchor is then transported to the
extracellular face of the membrane, presumably by the LtaA flippase, where it is extended with
GroP repeats generated from the head group of phosphatidylglycerol by LTA synthase (LtaS)
[14]. The LTA main chain can acquire varying D-alanyl or glycosyl modifications at the C2
hydroxyl of the GroP repeats [11]. LTA polymers play important roles in bacterial physiology,
specifically membrane homeostasis and virulence.

In most species, additional capsular polysaccharide polymers are covalently attached to
the cell wall to create an outer capsule. Capsular polysaccharides are chemically diverse,
containing multiple different sugars, glycosidic linkages and chain branching, and are
synthesized through either Wzy-dependent or synthase-dependent mechanisms (as described for
Streptococcus pneumoniae below) [15]. Wzy-dependent synthesis mechanistically resembles
peptidoglycan biosynthesis. First, a sugar-phosphate moiety is transferred from a UDP-activated
glycan to the undecaprenyl-phosphate (C55-P) lipid carrier at the cytoplasmic face of the
membrane by a serotype-dependent initiating glycosyltransferase (CpsE for glucose-utilizing
serotypes vs. Wcil, WcjG, or WcjH in serotypes that lack glucose) [15,16]. Additional
glycosyltransferases (CpsT, CpsF, CpsG, and Cspl) add subsequent sugars to the lipid-glycan
precursor to complete synthesis of the repeat unit, which is then transported to the extracellular
face of the membrane by the Wzx flippase [15]. The capsular polysaccharide chain is
polymerized in a non-processive manner by the Wzy polymerase, followed by covalent
anchoring to GIcNACc in the peptidoglycan or an alternate membrane acceptor by an unknown
enzyme. In synthase-dependent synthesis, a single enzyme catalyzes initiation, polymerization,
and transport of the polymer [15]. Upon addition of eight sugars, the lipid-linked oligosaccharide

becomes tightly associated with the synthase via a carbohydrate binding site to facilitate highly



processive synthesis of the polymer chain and transport across the cytoplasmic membrane [15].
Other Gram-positive bacteria use similar pathways to construct structurally diverse synthase-
dependent and Wzy-dependent capsular polysaccharides to mask the cell surface and prevent

complement-mediated opsonophagocytosis.

1.2.2 Surface display of proteins in Gram-positive bacteria

Proteins are secreted to the extracellular surface of the bacterial cell via the twin-arginine
translocation (TAT) system or the Sec secretion system. The TAT system exports folded proteins
(~25-70 A in diameter) across the cell membrane by recognizing an N-terminal signal peptide
containing a pair of adjacent arginine residues, termed “twin arginines” [17,18] A multi-subunit
complex (TatBC) located at the cell membrane binds the signal peptide, which triggers
recruitment and oligomerization of TatA protomers to form an active translocation site. The
folded protein substrate is actively transported using proton motive force, released from the
translocation site, and cleaved into its mature form by a signal peptidase. Conversely, unfolded
precursor proteins (~12 A in diameter) with an N-terminal signal peptide are secreted through the
Sec translocon [19]. The Sec translocon consists of a membrane-embedded translocation pore
(SecYEGQG) that recognizes the N-terminal signal peptide, as well as an ATPase (SecA) that
pushes substrates through the hydrophilic channel [20,21]. Protein substrates are maintained in a
secretion-competent state via either Sec- and signal recognition particle (SRP)-dependent
mechanisms [20]. In the SRP-dependent mechanism, SRP binds the signal peptide, which
temporarily arrests translation by the ribosome. The SRP-ribosome complex docks onto a
membrane receptor (FtsY), upon which the nascent polypeptide is transferred to the Sec

translocon for co-translational secretion [22]. In the Sec-dependent pathway, post-translational



secretion of fully synthesized proteins is mediated by secretion chaperone binding in the
cytoplasm.

Surface proteins, including S-layer proteins (SLPs) and sortase-attached proteins, are
anchored to the Gram-positive cell wall via non-covalent or covalent mechanisms. SLPs are
highly abundant glycoproteins that self-associate into two-dimensional (2D) crystalline arrays
that coat the bacterial cell, called S-layers [23]. SLPs non-covalently associate with cell wall
polysaccharides, such as secondary cell wall polysaccharide in Bacillus anthracis, through
surface layer homology (SLH) or cell wall binding 2 (CWB2) anchoring domains [23]. An
additional crystallization domain facilitates self-assembly of SLPs into a continuous 2D array.
SLPs can be O-glycosylated with glycan chains of diverse chemical composition. Construction
of SLP glycan chains resembles WTA polymer production, where glycan moieties are
transferred from nucleotide-activated sugars to a lipid carrier at the cytoplasmic membrane to
form a linkage unit, which is appended with glycan repeats to produce the main chain [23]. The
glycan chain is then transported to the extracellular surface by an ABC-transporter and appended
to SLPs by a ligase at the cell surface. SLPs and associated proteins perform many functions,
ranging from adhesion activity, binding defined ligands, maintenance of cell envelope integrity,
and construction of a permeability barrier, among others [23].

Surface protein precursors contain an N-terminal signal peptide and a C-terminal cell
wall sorting signal (CWSS), which consists of a semi-conserved LPXTG motif (where X is any
amino acid), followed by a hydrophobic stretch and cluster of positively charged residues. The
CWSS of surface proteins is recognized by sortase transpeptidase, which cleaves the
pentapeptide motif between the threonine and glycine residues and transfers the cleaved protein

to the amino group of the pentaglycl branch within lipid 11 (described in detail below) [19]. The



lipid Il-linked protein product is then incorporated into the peptidoglycan via PBP
transglycosylation and transpeptidation activity. Several classes of sortase anchor collections of
protein substrates that contain distinct sorting signal motifs; these substrates promoter a variety
of functions, including heme acquisition (class B), cell adhesion (class A), aerial hyphae
formation (class E), and sporulation (class D), among others [24]. Additionally, sortases (class

C) can also polymerize pili polymers, a process that is unique to Gram-positive bacteria [24].

1.3 Covalent surface protein display via sortase transpeptidases

Proteins displayed on the surface of bacterial pathogens play critical roles in the infection
process by promoting bacterial adhesion to host tissues, acquisition of essential nutrients, evasion
and suppression of the immune response and host cell entry [16, 17]. S. aureus and other Gram-
positive bacteria display virulence factors using sortase cysteine transpeptidase enzymes (Figure
1.9.1) [13-15, 18-22]. Sortases reside on the extracellular membrane where they covalently attach
proteins to peptidoglycan by catalyzing a transpeptidation that joins a C-terminal cell wall sorting
signal (CWSS) within their protein substrate to the cross-bridge peptide. This process is best
understood for the S. aureus sortase A protein and begins when a full-length, precursor protein
containing an amino terminal leader peptide is exported from the cytoplasm through the secretory
(Sec) pathway (Figure 1.9.1). The CWSS in sortase A substrates consists of a LPXTG-motif
(where X denotes any amino acid), followed by a segment of hydrophobic amino acids and a tail
composed primarily of positively charged residues. The C-terminal charged tail presumably
prevents export, positioning the protein for processing by the extracellular membrane associated
sortase enzyme. Catalysis occurs through a ping-pong mechanism that is initiated when the active

site cysteine residue nucleophilically attacks the backbone carbonyl carbon of the threonine



residue within the LPXTG-motif, breaking the threonine-glycine peptide bond to create a sortase-
protein complex in which the components are linked via a thioacyl bond [23, 24]. The protein is
then transferred by sortase to the cell wall precursor lipid 11, when the amino group in this molecule
nucleophilically attacks the thioacyl linkage to create a peptide bond-linked, protein-lipid 11
product. Transglycosylation and transpeptidation reactions that synthesize the cell wall then
incorporate this product into the peptidoglycan.

Alternatively, a second type of sortase, frequently called ‘pilin polymerases,” construct
surface pili by polymerizing pilin protein subunits. These pilin-assembling enzymes employ a
similar transpeptidation reaction as sortase A, but instead of using lipid 11 as a nucleophile to attach
proteins to the cell wall, a lysine amino group located within a protein pilin subunit is used as a
secondary substrate to attack the sortase-protein thioacyl intermediate [25-27]. Bacteria often
utilize multiple sortase enzymes with unique substrate specificities that enable microbes to non-
redundantly display or assemble distinct proteins on the cell surface. Sortase-mediated surface

protein display is reviewed in detail in Chapter 2.

1.4 The wall teichoic acid biosynthetic pathway

WTA is the major species of anionic glyco-polymer displayed on the peptidoglycan in
Gram-positive bacteria, accounting for >50% of the cell wall content. WTA promotes a range of
functions within cell physiology, including cation homeostasis, maintenance of cell morphology,
resistance to antimicrobial peptides, biofilm formation, cell adhesion and pathogenicity [10,28].
In fact, WTA is thought to directly promote pathogenesis of Gram-positive organisms, as
disrupting WTA production renders S. aureus avirulent and re-sensitizes methicillin-resistant S.

aureus (MRSA) strains to B-lactam antibiotics [29,30]. Furthermore, S. aureus strains that are



devoid of WTA show significant defects in cell adhesion and virulence, indicating their promise
as an antibiotic target [29].

The WTA pathway is best characterized in B. subtilis 168, B. subtilis W23, and S. aureus,
which produce GroP polymers with Tag enzymes and RboP polymers with Tar enzymes.
Synthesis of the WTA polymer occurs through sequential action of several enzymes at the
cytoplasmic face of the cell membrane [31-33]. In S. aureus, a GIcNAc-ManNAc-GroP linkage
unit is first constructed through the activity of TarO, TarA, and TarB, a process that is highly
conserved across all Gram-positive bacteria. Specifically, the TarO glycosyltransferase catalyzes
transfer of GIcNAc from the UDP-activated sugar to the C55-PP carrier, lipid a, at the
cytoplasmic membrane [34]. Next, the TarA glycosyltransferase transfers ManNAc from UDP-
ManNAc to C55-PP-GIcNAC, or lipid B, to form a disaccharide-lipid product [35]. The TarD
cytidylyltransferase catalyzes transfer of L-alpha-Gro-3-P to CTP to produce CDP-Gro, which is
utilized as a substrate by TarB to transfer a single GroP to lipid  to produce C55-PP-GIcNAc-
ManNAc-GroP [36,37].

The conserved linkage unit is subsequently utilized as a scaffold for the polymerization
of GroP or RboP repeats and additional modifications in a process that diverges among bacterial
strains [29,34,37]. In S. aureus, TarF performs primase activity to transfer a single GroP unit to
the TarB product. Next, the combined activity of the Tarl cytidylyltransferase and TarJ alcohol
dehydrogenase produce CDP-Rbo, which is utilized as a substrate by the bifunctional primase
and polymerase, TarL, to transfer 40-60 RboP units to the growing main chain. An additional
bifunctional primase and polymerase, TarK, is present in S. aureus, which produces

electrophoretically distinct WTA polymer, called K-WTA. The resulting poly-RboP main chain

10



polymers can be further modified by the TarM glycosyltransferase, which catalyzes addition of
alpha-O-GIcNAc, and the TarS glycosyltransferase, which transfers beta-O-GIcNAc [38—41].

In B. subtilis W23, TarK acts directly on the TarB product as a primase, making TarF
dispensable [32]. TarL then acts as a polymerase to complete the poly-RboP main chain, which
is modified with B-Glc units by the TarQ glycosyltransferase [41,42]. In B. subtilis 168, TagF
utilizes polymerase activity to transfer 45-60 GroP units to the TagB product (homologous to
TarB in S. aureus and B. subtilis W23) and complete the polymer. The TagE glycosyltransferase
catalyzes transfer of a-Glc to the main chain polymer using UDP-GlIc as a donor substrate
[41,43]. Glycosylation of WTA affects its polymeric structure and has been shown to influence
susceptibility to antibiotics, likely through affecting interactions with other cell wall components
[42].

The completed WTA polymer, regardless of the chemical signature of the main chain, is
then transported across the cell membrane by the ABC transporter, TarGH, through recognition
of the conserved linkage unit [44]. Once outside the cell, the main chain polymer can be further
modified with D-alanine to tune its electrostatic properties [40,42,45,46]. First, DItA activates D-
alanine as an AMP ester and transfers the aminoacyl adenylate to DItC. A pantothenate cofactor
of DItC forms a thioester with D-alanine, after which both DItB presumably transports D-
alanine-charged DItC across the membrane where it can serve as a D-alanylation donor. DItD is
thought to provide editing function to remove D-alanine from mischarged acyl carriers through
hydrolase activity. Finally, the decorated WTA polymer is transferred to the cell wall by an LCP
ligase, which covalently attaches the anomeric carbon of GIcNAc within the linkage unit to the

C6 hydroxyl of the MurNAc within the peptidoglycan [47].
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1.5 Antibiotic development and the rise of resistance

The “Golden Age of Discovery” in the 1940s to 1960s initiated a revolution in the
treatment of bacterial infections [48]. In this era, bacterial and fungal species were screened for
production of metabolites with potent antimicrobial properties [49]. The prominent discovery
strategy utilized the Waksman platform, in which cultures of soil-dwelling bacteria (i.e.
streptomycetes) were systematically overlaid with susceptible test microorganisms and
monitored for zones of growth inhibition [49,50]. The whole-cell screening approach relied
entirely on phenotypic analysis and could be applied with no knowledge of the molecular target
or mode of action [49,50]. Although simple, the discovery platform was highly effective at
identifying a large arsenal of natural products (i.e. streptomycin) that possessed potent
bacteriostatic or bactericidal effects coupled with minimal off-target side effects [49,50].

After 20 years of discovery with the Waksman platform, success rates for identifying of
new scaffolds had diminished, and resistance towards natural products was apparent. The mid-
1960s ushered in the “Medicinal Chemistry Era,” in which scaffolds of existing natural products
were chemically modified to produce new synthetic entities [48]. These chemical derivatives
were analyzed for antimicrobial properties using whole cell screens and offered improvements,
including lower dosages, expanded spectrum of susceptible microbes, and most importantly, the
avoidance of resistance [48]. By the 1990s, several classes of antibiotics had been developed for
therapeutic use. These therapeutics inhibited bacteria through common mechanisms of action
(described in detail below): 1) cell wall biosynthesis, 2) protein synthesis, 3) RNA or DNA
synthesis, 4) folate synthesis, or 5) disruption of the cell membrane [48]. However, due to the

essential nature of the targeted molecular pathways, bacteria rapidly counterstriked with
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destruction of the antibiotic, overproduction of the molecular target, target modification, and
restriction of drug penetration or increased efflux [51-53].

The lapse in drug discovery during the 1960s to 1990s was met by a steady emergence of
bacterial resistance, which has prompted innovative antibiotic discovery approaches [53]. In the
current “Resistance Era,” target-based screening platforms have been applied over traditional,
whole-cell approaches [48,49]. Individual molecular targets are identified through high-
throughput, bacterial genome-wide essentiality screens. Notably, growth conditions during the
essentiality screen (i.e. nutrient levels, carbon source, or chemical perturbation, etc.) can
influence the dispensability phenotype of the bacteria, emphasizing the need to mimic the
nutrient-poor conditions encountered during host infection [48,54]. The identified essential genes
comprise a repository of protein targets that are purified and screened against large, chemical
libraries and monitored for in vitro inhibition. Further rational design of identified small
molecules is facilitated by protein structure determination (i.e. target-ligand co-crystallization, in
silico docking, etc.). However, two decades of target-based approaches have produced an
underwhelming number of viable therapeutics, as their physical and chemical properties are
frequently unsuitable (i.e. barrier impermeability, etc.) [53]; this is in contrast to natural product
antibiotics, which had been favorably engineered during millions of years of co-evolution with
bacterial species. Two notable drug successes using target-based approaches include the
oxazolidinone-class compound, linezolid, and the lipopeptide class drug, daptomycin.

Commercially available antibiotics inhibit essential molecular targets; however, these
once viable treatment options have been steady losing efficacy due to bacterial resistance
mechanism. Cell wall biosynthesis inhibitors, including B-lactams, glycopeptides and 3-

lactamase inhibitors, modulate the ability of PBPs to crosslink peptidoglycan strands [48]. The
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broad spectrum B-lactam class (i.e. penicillin, methicillin, etc.) irreversibly binds to PBPs to
prevent the transpeptidation reaction that covalently joins adjacent peptidoglycan strands [49].
Resistance to B-lactams has been acquired through the mecA gene, which encodes the protein
PBP2a that has low affinity for B-lactams, or by the presence of f-lactamases that hydrolyze the
pB-lactam ring and deactivate the antibiotic (i.e. AmpC, OXA, KPC, TEM/SHV, expanded
spectrum [B-lactamases (ESBL), etc.). Subgroups of the B-lactam class include cephalosporins
(i.e. cefepime, cefoxitin, etc.) and carbapenems (i.e. imipenem), which are less susceptible to -
lactamases and display stability against ESBLs, respectively; however, the versatile hydrolytic
capabilities of carbapenemases are rendering these compounds ineffective. Narrow spectrum
glycopeptides antibiotics, such as vancomycin and teicoplanin, bind and sequester the terminal
D-Ala-D-Ala dipeptide of the peptidoglycan peptide stem, preventing transpeptidation by PBPs.
Modification of glycopeptides by addition of lipophilic side-chains has produced next generation
lipoglycopeptide antibiotics (i.e. dalbavancin), which exhibit an extended half-life. Lastly, -
lactamase inhibitor and -lactam combination therapies offer protection of the therapeutic
compound against enzymatic hydrolysis.

Protein synthesis inhibitors prevent protein translation by binding the 50S or 30S subunits
of bacterial ribosomes [49]. The 50S ribosome inhibitors either prevent formation of the
initiation complex, as in the case of oxazolidinones (i.e. linezolid), or block translocation of
peptidyl tRNAs, as demonstrated by macrolides (i.e. erythromycin), streptogramins (i.e.
dalfopristin) and phenicols (i.e. chloramphenicol), which triggers release of the incomplete
peptide chain. The 30S ribosome inhibitors block access of aminoacyl tRNAs to the ribosome
(i.e. tetracycline) or promote mMRNA-tRNA mismatching, as with aminoglycoside antibiotics (i.e.

streptomycin). Resistance to protein synthesis inhibitors has been observed through several
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mechanisms, including reduced membrane permeability, mutation of the 50S or 30S ribosomal
subunits, increased drug efflux, and enzyme-catalyzed antibiotic modification.

DNA or RNA synthesis inhibitors prevent either DNA replication by binding DNA
gyrase or mRNA transcription by binding RNA polymerase [49]. Specifically, the quinolone
class of antibiotics and next generation fluoroquinolones (i.e. ciprofloxacin) bind to DNA gyrase
or DNA topoisomerase 1V to trap the DNA cleavage stage and prevent strand rejoining.
Rifamycins (i.e. rifampicin) binds p-subunit of RNA polymerase at initiation stage to prevent
RNA synthesis and downstream protein synthesis [55,56]. Resistance to quinolones,
fluoroquinolones, and rifamycins has been achieved through mutations in the molecular target
enzymes (DNA gyrase, DNA topoisomerase IV, or B-subunit of RNA polymerase), increased
drug efflux through mutation in regulatory genes that control expression levels, or
aminoglycoside-modifying enzymes.

Folate synthesis inhibitors and lipopeptide class antibiotics exploit unique mechanisms of
action to target bacteria [57]. Folate synthesis inhibitors target a bacterial-specific pathway that is
essential for DNA replication and cell division [49]. Inhibition of folate biosynthesis leads to
bacteriostasis and eventual results in bacterial cell death. The sulfonamide drug class (i.e.
sulfamethoxazole) competitively binds to dihydropteroate synthetase, which prevents addition of
para-aminobenzoic acid (PABA) as a constituent into the folic acid molecule. Sulfonamide
resistance is mainly achieved by increased production of the PABA substrate. In addition,
lipopeptides (i.e. daptomycin) insert into and disrupt the bacterial cell membrane, which causes
rapid depolarization and cell death. Resistance to lipopeptides has been achieved by altering the
cell wall architecture (i.e. increased D-alanylation of teichoic acids, cell wall thickening) and cell

membrane homeostasis.
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Antibiotic discovery efforts are shifting towards the development of narrow-spectrum
therapeutics and inhibition of in vivo essential targets [58]. The widespread use of broad
spectrum antibiotics has driven resistance across a range of bacterial species. This selective
pressure has produced multi-drug resistant pathogens, most notably, the ESKAPE pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebisiella pneumoniae, Acinetobacter
baumanii, Pseudomonas aeruginosa, Enteobacteriaceae), which have circumvented even our
last resort antibiotics. Next generation discovery efforts will utilize unconventional, whole-cell
screening approaches, such as target-based, whole-cell assays and cytological profiling, in
contrast to traditional bacteriostatic and bactericidal monitoring [54]. Molecular targets will be
re-prioritized to focus on in vivo essential targets, or genes that are required for growth during an
infection, as well as virulence factors that are required for host colonization and pathogenicity.
Furthermore, novel treatment strategies, specifically combinatorial approaches, will be powerful
towards re-sensitizing bacteria to established antibiotics and slowing the development of

antibiotic resistance in the future.

1.6 Scope of dissertation

The rapid evolution of multi-drug resistant bacterial strains has created an urgent need for
development of novel therapeutics. In contrast to targeting essential processes, next generation
antibiotics are shifting towards the inhibition of bacterial virulence factors. To aid rational design
and screening efforts, we have structurally characterized members of two classes of Gram-
positive virulence factors: 1) the first class E sortase transpeptidase, and 2) the structurally novel,
TarA WTA glycosyltransferase. First, we determined the 1.93 angstrom resolution crystal

structure of the soluble, extracytoplasmic domain of SrtE1 from Streptomyces coelicolor.
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Activity assays of SrtE1 indicated a marked preference to hydrolyze a unique LAETG sorting
signal motif over the canonical LPXTG motif. Molecular dynamics simulations of models of
stable SrtE1 thioacyl intermediates bound to LAET or LPET peptides revealed stabilizing
hydrogen bond contacts between a conserved tyrosine residue within an active site loop and the
backbone amine of the alanine residue in the peptide substrate; this stabilizing interaction is
disrupted by substrates containing a proline, which sterically clashes with the conserved tyrosine
and deforms the substrate binding pocket (Chapter 3). Secondly, we determined the 1.8 A crystal
structure of the extracytoplasmic domain of the TarA glycosyltransferase from
Thermoanaerobacter italicus. The TarA crystal structure revealed a novel glycosyltransferase
fold, one of five that is currently known, which I have termed “GT-E.” The enzyme forms dimer
and trimer species that contains highly conserved residues at the interface according to Consurf
sequence conservation analysis. Functional studies of the identified residues and C-terminal
membrane anchor are currently being tested in a B. subtilis strain that we have complemented
with the S. aureus TarA enzyme (Chapter 4).

To facilitate novel inhibitor discovery, we have developed whole-cell high-throughput
screens towards two validated, Gram-positive molecular targets, sortase and the TarA WTA
glycosyltransferase. The cell-based assays were scaled to 384-well microplates to validate
robustness and high-throughput suitability by calculating Z-prime scores. The cell-based sortase
assay measured differences in growth between a wild-type and mutant Actinomyces oris strain
that lacks its house-keeping sortase, which produced a Z-prime score of 0.67 with controls. With
a reliable dynamic range, the cell-based sortase assay was implemented in a pilot screen against
the New Prestwick chemical library, which contains FDA-approved pharmacologically active

compounds, and returned four hit compounds and a hit rate of 0.3%. Secondly, the cell-based
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TarA assay measured morphological differences between a S. aureus TarA-complemented B.
subtilis strain (rod-shape) and a mutant B. subtilis strain containing an endogenous tagA gene
deletion (spherical-shape). The drastic morphological shift between the complemented, wild-
type-like and mutant B. subtilis strains produced a Z-prime score of 0.76, indicating the

robustness of this screening platform.
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1.7 Figures
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Figure 1.7.1. Sortase-mediated anchoring of surface proteins. An N-terminal signal

peptide directs cell wall anchored proteins to the Sec pathway. The sortase substrate is retained in
the membrane by the cell wall sorting signal (CWSS). Sortase cleaves the LPXTG sequence within
the CWSS, and a thioester-linked acyl-enzyme intermediate is formed. Sortase catalyzes peptide
bond formation between the CWSS and the free amine group on lipid 11, and the protein-lipid 11
linked product is incorporated into the cell envelope via transglycosylation reactions that

synthesize the peptidoglycan.
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Figure 1.7.2. Biosynthesis of wall teichoic acid glyco-polymers in S. aureus.
Concerted action of conserved WTA biosynthetic enzymes, TarO, TarA, and TarB, results in
formation of a linkage unit, followed by polymerization of the WTA chain by TagF family
members (TarF, TarL) and transportation of the polymer to the exterior of the cell by the ABC

transporter, TarGH, where it is covalently attached to the peptidoglycan by the LCP ligase.
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2.1 Overview

Gram-positive bacteria use sortase cysteine transpeptidase enzymes to covalently attach
proteins to their cell wall and to assemble pili. In pathogenic bacteria sortases are potential drug
targets, as many of the proteins that they display on the microbial surface play key roles in the
infection process. Moreover, the Staphylococcus aureus Sortase A (SaSrtA) enzyme has been
developed into a valuable biochemical reagent because of its ability to ligate biomolecules together
in vitro via a covalent peptide bond. Here we review what is known about the structures and
catalytic mechanism of sortase enzymes. Based on their primary sequences, most sortase
homologs can be classified into six distinct sub-families, called class A to F enzymes. Atomic
structures reveal unique, class-specific variations that support alternate substrate specificities,
while structures of sortase enzymes bound to sorting signal mimics shed light onto the molecular
basis of substrate recognition. The results of computational studies are reviewed that provide
insight into how key reaction intermediates are stabilized during catalysis, as well as the
mechanism and dynamics of substrate recognition. Lastly, the reported in vitro activities of
sortases are compared, revealing that the transpeptidation activity of SaSrtA is at least 20-fold
faster than other sortases that have thus far been characterized. Together, the results of the
structural, computational, and biochemical studies discussed in this review begin to reveal how
sortases decorate the microbial surface with proteins and pili, and may facilitate ongoing efforts to

discover therapeutically useful small molecule inhibitors.

2.2 Introduction

Bacteria display a variety of proteins on their surface that to enable them to effectively

interact with their environment. Gram-positive bacteria use sortase cysteine transpeptidase
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enzymes to covalently attach proteins to their cell wall, and to assemble pili. Sortases in pathogenic
bacteria are frequently important virulence factors, as many of the proteins that they display have
key roles in the infection process, such as promoting bacterial adhesion, nutrient acquisition, and
the evasion and suppression of the immune response [1]-[5]. As a result, a significant amount of
effort has been put forth to elucidate the mechanism of sortase-mediated catalysis and to discover
small-molecule sortase inhibitors that could function as potent anti-infective agents [1], [6]-[9].
Moreover, sortases have been developed into valuable biochemical reagents to ligate distinct
biomolecules together via a covalent peptide bond. This in vitro transpeptidation activity has been
harnessed for a variety of useful applications, including among others, covalently attaching
proteins to cells, attaching fluorophores or drugs to antibodies, cyclizing proteins, and

immobilizing peptides on solid surfaces [10]-[15].

Sortases perform two distinct functions in bacteria: 1) attach proteins directly to the cell
wall or, 2) assemble pili, long proteinaceous fibers that project from the microbial surface (Figure
1). Both reactions are mechanistically related and operate on secreted proteins that contain a C-
terminal cell wall sorting signal (CWSS). The CWSS contains a five residue sortase recognition
motif, frequently LPXTG, that is followed by a hydrophobic domain and a positively charged
cytoplasmic anchor that retains the protein substrate in the membrane [16]. The Sortase A enzyme
from Staphylococcus aureus (SaSrtA) has been studied in detail and is archetypal [17], [18].
SaSrtA attaches surface proteins to the cell wall by recognizing an LPXTG motif within the CWSS
of its protein substrate (Figure 2A). Catalysis begins when SaSrtA’s active site cysteine residue
nucleophilically attacks the carbonyl carbon in the peptide bond between the Thr and Gly residues
in the sorting signal (Figure 2A, step 1) [7], [19]. This generates a tetrahedral intermediate that

quickly collapses to form a semi-stable thioacyl intermediate in which sortase is covalently linked
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via its cysteine residue to its protein substrate (Figure 2A, step 2). SaSrtA then recognizes a second
substrate, the cell wall precursor, lipid Il (Figure 2A, step 3) [20], [21] and catalyzes a reaction in
which the N-terminal primary amine group within the cross-bridge peptide nucleophilically attacks
the carbonyl carbon atom within the thioacyl bond. This second transient tetrahedral intermediate
resolves into the protein-lipid Il product in which the components are joined via a peptide bond
(Figure 2A, step 4) [21]-[23]. The lipid Il-linked protein is then incorporated into the
peptidoglycan via the transpeptidation and glycosylation reactions that synthesize the cell wall. In
contrast to attaching proteins to the cell wall, a second type of sortase, frequently called ‘pilin
polymerases,” construct bacterial pili by polymerizing pilin protein subunits (Figure 2B) [4], [5],
[24]-[27]. These pilin-assembling enzymes employ a similar transpeptidation reaction as SaSrtA,
but instead of using lipid 11 as a nucleophile to attach proteins to the cell wall, a lysine amino group
located within a protein pilin subunit is used as a secondary substrate to attack the sortase-protein
thioacyl intermediate (Figure 2B, steps 3 and 4). This reaction constructs pili by covalently linking
protein subunits together via lysine-isopeptide bonds. Both types of sortase-catalyzed processes
occur on the extracellular membrane, where the enzyme and its substrate are membrane-associated

[4], [28], [29].

At present, 3,330 gene sequences encoding sortase enzymes have been identified within
1,098 species of bacteria [30]. Sortases are primarily found in Gram-positive bacteria, but are also
present to a lesser extent in some species of Gram-negative and archaebacteria. Based on their
primary sequences, most sortase homologs can be classified into six distinct sub-families, called
class A to F enzyme [4], [31]. Class A, B and D enzymes are prevalent in bacteria within the
Firmicutes phylum, while class E and F enzymes predominate in Actinobacteria. Class C enzymes

are found in both Firmicutes and Actinobacteria. Similar to SaSrtA (a class A enzyme), all sortases
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contain a His-Cys-Arg catalytic triad [32]-[34], and their primary sequences harbor a highly
conserved TLXTC motif that contains the catalytically essential cysteine residue [7]. All sortases
characterized to date catalyze a transpeptidation reaction that joins an LPXTG-like sorting signal
within the CWSS of their protein substrate to an amino nucleophile. However, their sorting signal
and nucleophile substrate specificities can vary substantially. These distinct specificities enable
microbes to utilize more than one type of sortase to elaborate their surface, with each sortase

operating non-redundantly to display or assemble distinct proteins on the cell surface [35], [36].

A number of excellent reviews have been written that describe the overall function of
sortases in bacteria, their development as biochemical reagents, and efforts to discover
therapeutically useful sortase inhibitors [1]-[15]. In this chapter, we review what is known about

their atomic structures and the molecular basis of substrate recognition and catalysis.

2.3 Structural biology: enzyme structure and class specific variations

2.3.1 The archetypal SaSrtA enzyme

The NMR structure of SaSrtA determined by the Clubb and Schneewind groups was the
first reported structure of a sortase enzyme [34] (Figure 3A). The primary sequence of this class A
enzyme exhibits features that are generally conserved in other sortases. It has three components:
(i) an N-terminal signal sequence that enables it to be transported across the membrane through
the Sec translocon, (ii) a non-polar segment of amino acids that embed the enzyme in the bilayer,
(iii) and a conserved, water-soluble C-terminal catalytic domain that contains the His-Cys-Arg

triad [32], [33]. The structure of the catalytic domain was determined, residues 60-206 of SaSrtA
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(SaSrtAaso). This structure revealed the now canonical “sortase fold” that contains a closed eight
stranded f-barrel architecture (Figure 3A). The atomic coordinates of SaSrtAaso were precisely
defined, with the exception of a 19 amino acid flexible loop that connects strands 56 to £7 (the
6157 loop). Subsequently, a crystal structure of SaSrtAase was determined at 2.0 A resolution that
is very similar to the solution structure; the Ca coordinates in structurally ordered parts of the
crystal and NMR structures have an RMSD of 1.97 A [37]. In both structures, residues in the His-
Cys-Arg triad are positioned adjacent to one another within the active site (His120, Cys184 and
Argl197 in SaSrtA). As described in detail later, subsequent studies revealed that the LPXTG
sorting signal substrate of SaSrtA binds to a pocket that is positioned adjacent to the active site
cysteine (Figure 3B) [38]. The base of the pocket in SaSrtA is formed by residues in strands 4
and g7, while the walls are formed by surface loops that connect strand £6 to 7 (56/57 loop),
strand $3 to p4 (53/p4 loop), and strand 52 to helix H2 ($2/H2 loop). All sortases are thought to
utilize similarly positioned sorting signal binding grooves. Interestingly, SaSrtA requires Ca?* for
efficient catalysis, as the removal of this ion reduces activity 5-fold [34], [39]; other divalent
cations also affected enzyme activity, but to a lesser extent. NMR chemical shift mapping and
biochemical studies revealed that Ca?* binds to a pocket located between the $3/p4 and p6/57
loops, where it is likely coordinated by the sidechains of Glu105, Glu108, Asp112, Glul71 and a
backbone carbonyl from Asn114 [34], [39]. NMR dynamics experiments indicate that Ca®*
binding alters the mobility and structure of the p6/47 active site loop, thereby allosterically
regulating the enzyme’s affinity for the sorting signal. Interestingly, this mechanism of metal-
dependent regulation appears to be unique to SaSrtA, as no other structurally characterized

member of the sortase-superfamily contains a structurally similar Ca* binding pocket.
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2.3.2 Class-specific variations

Structures of class A, B, C, D and E sortases have been reported, revealing unique class-
specific variations that likely impact function and modulate substrate specificity. Table 1 lists the
structures of sortases that have thus far been determined, and Figure 4 displays representative class
A to E structures for comparison. As expected, all types of sortases contain a conserved catalytic
domain that adopts a sortase-fold (Figure 4, blue). However, there are significant class-specific
variations that are localized to four distinct structural foci: (i) the N-terminal segment that precedes
the catalytic domain (red), (ii) the loop between strands £6 and 57 (the £6/57 loop) (green), (iii)
the loop between strands A7 and 48 (the 7/58 loop) (yellow), and (iv) the C-terminal polypeptide
segment that follows the catalytic domain (Figure 4). Below, we discuss these differences and

highlight their functional implications if they are known.

2.3.2.1 Class A housekeeping enzymes: variable active site loops and N-termini may

modulate substrate recognition

These enzymes are typified by the aforementioned SaSrtA sortase (Figure 4A). They have
been proposed to perform a housekeeping role in the cell by anchoring a large number of
functionally distinct proteins to the cell wall [35]. Bioinformatics and biochemical analyses
indicate that they recognize sorting signals that contain an LPXTG consensus, where X is any
amino acid. In addition to SaSrtA, class A enzyme structures have been reported for Streptococcus
pyogenes [40], Bacillus anthracis [41], Streptococcus agalactiae [42], and Streptococcus mutans
[43]. A common feature is the presence of a short helix within the f6/87 loop, which has been

shown to contact the sorting signal upon substrate binding [38], [44]. However, the dynamics of
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the loop can vary substantially. In the apo-form of SaSrtA, the loop is structurally disordered and
mobile, therefore, lacking the p6/57 helix [34], [39]. However, sorting signal binding triggers a
disordered-to-ordered transition, resulting in helix formation and helix-substrate interactions in the
holo-enzyme (described below) [38]. In contrast, all other class A enzyme structures contain a pre-
formed binding pocket for the sorting signal in which the £6/57 loop adopts an ordered state that

contains the short helix.

Interestingly, class A enzymes exhibit structural variations near their catalytic histidine
residue, causing some structures to contain a second groove that leads into the active site. This
structural variation was first highlighted in the crystal structure of S. pyogenes SrtA (SpySrtA)
[40]. Its catalytic domain adopts the same canonical eight-stranded f-barrel sortase fold typified
by SaSrtA, but the positioning of its Cys-S sulfhydryl group differs. In SpySrtA, this sulfhydryl
group points towards the active site His-oN and is separated by a distance of 5.4 A, whereas in
SaSrtA it points away from His-oN such that they are separated by 6.5 A. These differences are
illustrated by Figures 3B and 3C, which show the structures of SaSrtA and SpySrtA, respectively.
The side chain positioning in the SpySrtA structure results in the formation of a unique groove that
leads into the active site; the walls are defined by residues in helix H1 and the £7/48 loop, and the
base is defined by residues in the p4/55 loop (Figure 3C, yellow). This groove is positioned
adjacent to the active site, opposite the sorting signal binding groove, providing a potential binding
site for amino acids located C-terminal to the LPXTG motif in the protein substrate, or for the lipid
Il substrate. In contrast, this groove is partially masked in the structure of apo-SaSrtA because of
interactions between residues in the £7/58 loop and helix H1. The structure of the S. agalactiae
SrtA (SagSrtA) has also been determined, and like SpySrtA, contains the same secondary groove

adjacent to the active site. The SagSrtA structure is unique for the conformation of its £6/57 loop;
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however, it seems likely that this difference may be a byproduct of the buffer used to crystallize
the protein, as residues in the loop coordinate a Zn?* ion in conjunction with an adjacent protein

in the asymmetric unit [42] .

Some class A enzymes contain a flexible, N-terminal appendage that may modulate
substrate binding. In the NMR structure of the B. anthracis SrtA (BaSrtA) sortase, the appendage,
formed by residues Asp®’ to Val’®, wraps around the body of the protein to contact the enzyme’s
active site (Figure 4A, colored red) [41]. The first eight residues, Asp®’ to Pro®, adopt an extended
conformation and partially shield the active site His*?® residue from the solvent, while the
remainder of the appendage contains a short alpha helix and wraps around the surface of the
catalytic domain to contact helix H2 and the f2/H2 loop. Recent studies suggest that the N-terminal
appendage modulates substrate access to the enzyme, possibly increasing the efficiency of protein
display by reducing unproductive hydrolytic cleavage of enzyme-protein covalent intermediates
that form during the cell wall-anchoring reaction [44]. Conformational plasticity in a related N-
terminal segment has also recently been observed in the structure of the class A sortase from S.
mutans SrtA (SmSrtA) [43]. The SmSrtA crystal structure reveals a dimer in which an extended
N-terminal helix preceding the catalytic domain interacts with residues in the active site of a
symmetry-related molecule. Although these intermolecular interactions may be an artifact of
crystallization, they highlight the proclivity of amino acids preceding the catalytic domain to
interact with the enzyme’s active site, which has now been observed in BaSrtA and several class
C enzymes (described below). NMR studies also revealed that the SaSrtA and BaSrtA enzymes
exhibit distinct active site conformational dynamics even though they recognize sorting signals
that contain an LPXTG motif [34], [39], [41]. In BaSrtA, the £6/57 and 57/58 loops adopt rigid

and mobile states prior to engaging the sorting signal, respectively; however, these loop dynamics
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are reversed in SaSrtA (the £6/47 and p7/58 loops are mobile and structured, respectively). The
coordinates for the class A enzyme from Streptococcus pneumoniae (SpnSrtA) have also been
deposited in the PDB, but its biological significance is unclear as the protein adopts an unusual /-

strand-swapped dimer and a paper describing this structure has not been published.

2.3.2.2 Mixed function class B enzymes: an extended P6/p7 loop is used to recognize non-

canonical sorting signals

Class B enzymes have diverse functions, with members of this sub-family either anchoring
proteins to the cell wall or acting as pilin polymerases that assemble pili [45]-[47]. The sorting
signals recognized by class B enzymes vary, but are predicted to have a NPX[T/S][N/G/S]
consensus instead of LPXTG [35]. Five crystal structures of class B sortases have been reported.
When compared to the canonical SaSrtA structure, two major differences are apparent as class B
enzymes contain: (i) additional helices located N-terminal to the catalytic domain (Figure 4B,
colored red), and (ii) a much longer $6/57 loop that contains an additional a-helix (Figure 4B,
colored green). Structures of class B enzymes that attach proteins to the cell wall were determined
first. In 2004, structures of the S. aureus SrtB (SaSrtB) enzyme bound to several non-specific
sulfhydryl modifiers were elucidated [48]. As described below, subsequent studies of SaSrtB
bound to its signal peptide revealed that the extended £6/57 loop is involved in recognizing its
distinct NPQTN sorting signal substrate [49]. The role of the additional N-terminal helices remains
unknown, but they may be important for dictating this class B enzyme’s preference for anchoring
substrates to buried, uncrosslinked portions of the cell wall [50], [51]. The apo-structures of SaSrtB
and B. anthracis SrtB (BaSrtB) were also reported in 2004 and are structurally similar (C,

coordinate RMSDs 3.2A) [52]. These structures differ in that a portion of the 57/48 loop in BaSrtB
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appears to be dynamic, as electron density for this region is missing. Minor conformational
variations also occur in the p6/47 loop and the short loop that connects helices H1 and H2 in these
enzymes. A structure of BaSrtB bound to a aryl (beta-amino)ethyl ketone inhibitor has also been
determined, revealing only small structural differences with apo-form of the enzyme [53]. Very
recently the atomic structure of the SrtB enzyme from Clostridium difficile (CdSrtB) was
determined by X-ray crystallography [54] and is nearly identical in structure to SaSrtB (RMSD =
1.93 A for all C, atoms). Interestingly, unlike the SaSrtB and BaSrtB proteins that attach heme-
binding proteins to the cell wall, CdSrtB appears to play a more generalized function, as a genetic
analysis has predicted that it attaches seven proteins to the cell wall, none of which are thought to

be involved in iron acquisition [54].

Some members of the class B sub-family function as pilin polymerases, instead of attaching
proteins to the cell wall. Structures of two polymerizing class B sortases have been determined, S.
pyogenes (SpySrtB) and S. pneumoniae (SpnSrtB) (also referred to as SrtG-1) [45], [55]. This
work revealed that class B enzymes that attach proteins to the cell wall or assemble pili adopt
generally similar tertiary structures. However, the polymerizing enzymes are unique because they
contain an additional short helix and g-strand within the extended p6/57 loop (Figure 4B,
SpySrtB). The latter alteration adds an uncommon 9™ g-strand to the protein that is not inserted
into the conserved p-barrel core, but instead paired with a portion of strand 6 on the protein’s
surface. Understanding how class B sortases can have similar structures yet distinct functions is a

major unresolved question.
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2.3.2.3 Class C pilin polymerases: an N-terminal “lid” regulates sorting signal substrate

access

Class C sortases can function as polymerases that link pilin proteins together via lysine-
isopeptide bonds to construct pili (Figure 2) [24]. In some instances, a single class C enzyme can
also perform double duty, acting as both a pilin polymerase and a cell wall anchoring sortase that
attaches proteins to the peptidoglycan. Members of this class recognize proteins with sorting
signals that contain the consensus [L/IJPXTG [35]. Because of their unique polymerizing function,
class C enzymes have been actively studied with a total of 15 structures being reported to date.
Interestingly, nearly all of these enzymes contain a “lid” structure, an elongated N-terminal region
that occludes the active site (Figure 4C, red) [4], [26], [56], [57]. Members of this group also
harbor a unique C-terminal nonpolar helix that is important for function and likely embedded in

the membrane [28], [29].

The first class C enzymes to be structurally characterized were SrtC-1 and SrtC-3 from S.
pneumoniae (SpnSrtC1 and SpnSrtC3) by Manzano and coworkers in 2008 [56]. This work
revealed the presence of an N-terminal lid that contains a conserved DP(F/W/Y) motif. The
aspartic acid residue in the lid motif favorably contacts the conserved active site arginine residue
in the His-Cys-Arg triad. The lid is also bound to the active site via sulfur-aromatic interactions
between the active site cysteine and aromatic residues in the lid (Phe, Trp, or Tyr depending upon
the enzyme). Due to these key interactions, the Asp and aromatic residues in the lid motif are
referred to as “anchors” [56], [57]. Interestingly, the B-factors for residues comprising the lid are
elevated, suggesting that they are mobile in solution and transiently detach from the enzyme’s
active site. Subsequent structures of class C sortases from S. agalactiae [29], [58], [59], A. oris

[60], and S. pneumoniae [61] supported this idea, revealing similar patterns of elevated B-factors
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or stretches of missing electron density in regions flanking the lid anchor residues. Several other
class C structures have been determined, which reveal only small shifts in lid positioning or subtle

differences in the amount of electron density that define their lids.

It has been proposed that the lid regulates enzyme activity [56], [57] (add refs [47], [48].
When it adopts the closed state observed in nearly all crystal structures, the lid occludes the binding
site for the sorting signal and holds the enzyme in an inactive state. The enzyme can then become
activated by partial dislodgement of the lid, enabling binding of the sorting signal and formation
of the enzyme-substrate thioacyl intermediate. This notion is compatible with modeling studies of
the sortase-signal complex, as well as in vitro data that has demonstrated that mutants harboring
alterations in the lid exhibit increased rates of sorting signal hydrolysis [29] and, in some instances,
reduced stability [57]. However, the role of the lid in catalysis is not fully understood, since cellular
studies of pilin polymerases containing mutations that should presumably dislodge the lid exhibit
wild-type transpeptidation activity in vivo [28], [29]. Moreover, structural data has shown that the
lid does not completely block access to the enzyme active site, since the crystal structure of S.
agalactiae SrtC-1 (SagSrtC1) shows the enzyme bound to the non-specific sulfhydryl modifier

(MTSET) despite adopting a closed-lid state [58].

Recent NMR and computational studies of SpnSrtC1 suggest that the lid in class C
enzymes prefers to adopt a closed and rigid state [62]. This work revealed that the lid in SpnSrtC1
adopts a rigid conformation in solution that is devoid of large magnitude conformational
excursions that occur on mechanistically relevant timescales. Additionally, point mutations in the
lid were shown to induce dynamic behavior that correlates with increased hydrolytic activity and
sorting signal substrate access to the active site cysteine. These results support the notion that the

lid in this class C enzyme has a negative regulatory function, and imply that a significant energetic
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barrier must be surmounted to dislodge it from the active site and initiate pilus biogenesis.
Presumably, an as of yet unidentified factor(s) must pry the lid open to hold the enzyme in a

catalytically active state that can assemble pili.

One structure of the SagSrtC1 enzyme appears to have captured the lid in an “open”
conformation, providing insight into the mechanism of lid-opening that is expected to precede
binding of the sorting signal (Figure 4C, compare left to right) [58]. The structure of SagSrtC1 was
determined from multiple crystalline forms, and one of these structures, solved in space group C2,
showcases the lid in an “open” conformation. The enzyme maintains the typical sortase fold and,
excluding the N-terminal extension preceding the S-barrel core, is extremely similar to SagSrtC1
structures previously solved in space groups P212:2; and P3:2 with an average backbone RMSD
of 0.72 A [58]. However, in space group C2, residues A38-E71, which typically form the lid
structure, instead form an extended helical structure with the aromatic lid anchor residue of the
conserved DP(F/W/Y) motif (Y51) displaced from the active site by over 30 A to a position where
it stacks against the backbone of helix H2. An additional crystal structure of S. suis SrtC-1
(SsSrtC1) also maintains a similar “open” conformation of the lid, with the same extended helix
replacing what was expected to be a closed lid [63]. As nearly all structures of class C enzymes
possess a closed lid, which NMR and computational studies suggest is immobile, it is tempting to
speculate that the unique open structure observed for SagSrtC1 and SsSrtC1 arose from the solvent
conditions used to obtain this crystal form of the protein. Finally, when regions outside of the lid
are compared in other class C structures, perhaps the most significant deviation from the norm is
the addition of a short C-terminal a-helix opposite the active site in the structure of SpnSrtC3;

however, its functional importance has not been determined [56].

42



2.3.2.4 Class D enzymes: specialized sortases that attach cell wall proteins that contain an

LPXTA sorting signal

Class D sortases predominate in Bacilli species and recognize an unusual LPXTA motif
consensus, in which an alanine (underlined) replaces the canonical glycine residue [35]. Currently,
only two structures of class D enzymes have been reported. In 2012, the NMR structure of the B.
anthracis SrtD enzyme was published (BaSrtD, and also previously referred to as SrtC) [64].
BaSrtD anchors proteins required for efficient sporulation to the surface of the cell wall. The
catalytic domain of BaSrtD adopts the conserved eight-stranded s-barrel sortase fold (Figure 4D).
Structurally, it is most similar to members of the class A subfamily as it contains an ordered 310
helix within the £6/47 loop and lacks the elongated $6/57 loop and lid that are found in class B
and C enzymes, respectively (Figure 4). Interestingly, ultracentrifugation studies indicate that
isolated BaSrtD forms a dimeric structure with a Kp of 89 uM [64]. Based on resonance line
broadening effects observed in its NMR spectrum, BaSrtD dimerization is potentially mediated by
residues in the structurally disordered $2/43 and 4/H1 surface loops that are positioned adjacent
to the active site histidine residue. It has been suggested that this disordered surface may mediate
interactions with lipid Il or other factors on the cell surface, but this has not been demonstrated
experimentally. Recently, the structure of the Clostridium perfringens SrtD (CpSrtD) sortase was
determined at 1.99A [65]. Similar to BaSrtD, CpSrtD adopts a s-barrel sortase fold that contains
a short helix within the 6/ p7 loop. However, CpSrtD also contains two alpha helices at its N-
terminus, and unlike BaSrtA, its 2/$3 and p4/H1 loops are structurally ordered (the 52/43 loop
also contains a two-turn alpha helix). Furthermore, CpSrtD exists as a monomer according to
crystallographic and dynamic light scattering studies. Interestingly, CpSrtD exhibits catalytic

activity in vitro that is enhanced in a magnesium-dependent manner, making it one of only two
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known sortases (the other being SaSrtA) whose activity is modulated by metal ions. The origin of
this stimulatory effect is not known in CpSrtD, but in SaSrtA, metal binding increases enzyme

activity by modulating the structure and dynamics of the p6/p7 loop (described below).

2.3.2.5 Class E enzymes: a novel LAXTG sorting signal for anchoring of surface proteins in

Actinobacteria

Class E enzymes predominate in soil and freshwater-dwelling Actinobacteria and have not
been studied extensively. Bioinformatic predictions suggest that members of this group recognize
an unusual LAXTG sorting signal motif in which the highly conserved proline residue is replaced
with alanine (underlined) [35]. Two class E sortases from Streptomyces coelicolor, ScSrtE1 and
ScSrtE2, have been shown to display chaplin proteins to promote aerial hyphae development [66].
In vitro studies indicate that ScSrtE1 and ScSrtE2 can hydrolyze LAETG- and LAHTG-containing
peptides, cleaving the peptide bond after the threonine residue. The enzymes exhibit promiscuous
activity, as they also cleave an LAETG peptide at a secondary site following the alanine [66]. Very
recently, we reported the first crystal structure of a class E sortase, the 1.93 A resolution structure
of ScSrtE1 (Figure 4E) [67]. The structure is similar to class A enzymes, as its 56/47 loop contains
a single 310 helix. However, variations in the conformation of its #3/4 and $6/57 loops are evident.
ScSrtE1 contains a 21 amino acid insertion immediately following the 310 helix in the p6/57 loop.
This long insertion is similar in length to that observed in class B sortases, but is distinctly devoid
of secondary structure, whereas class B sortases contain an additional alpha helix. In the ScSrtE1
structure, the active site is bound to a tripeptide that is presumably a proteolytic protein fragment
that was present in the crystallization buffer. The coordinates of the tripeptide and computational

modeling with substrate mimics suggest that ScSrtE1 and other members of this group may use a
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class E-specific tyrosine residue present within their f3/54 loops to recognize the alanine backbone
within the LAXTG substrate. It is possible that the tyrosine participates in a hydrogen-bond with
the amide nitrogen of the alanine residue within the signal, an interaction that is not possible in
substrates containing a proline at this position. However, the role of the conserved tyrosine in
dictating substrate specificity was not experimentally determined because single amino acid
mutants of ScSrtE1 that altered this position in the protein were unstable. Class F enzymes are also

prevalent in Actinobacteria, but they have not been structurally or biochemically characterized.

2.4 Structural biology: molecular basis of substrate recognition

All sortases characterized to date catalyze a transpeptidation reaction that joins an LPXTG-
like sorting signal within the CWSS of their protein substrate to an amino nucleophile (Figure 2).
However, depending upon the type of sortase, the chemical structure of these substrates can vary
substantially. For example, biochemical and bioinformatics analyses suggest that class A, B, C, D
and E enzymes have evolved specificities for distinct LPXTG, NPX[T/S][N/G/S], [L/I|PXTG,
LPXTA and LAXTG sorting signals, respectively (unambiguous differences from LPXTG are
underlined) [35]. In addition, they can either recognize nucleophiles that originate from lipid Il
(sortases that anchor proteins to the cell wall), or a lysine residue located within another protein
(sortases that function as pilin polymerases) (Figure 2). Typically, microbes encode genes for more
than one sortase enzyme [36]. Their distinct substrate specificities enable multiple sortases to non-
redundantly operate, with different types of sortases “sorting” distinct proteins to the cell surface
or assembling pili. Below, we summarize what is currently known about the molecular basis of

substrate recognition.

45



2.4.1 Sorting signal recognition

The sorting signal recognized by sortases is located within the CWSS of the protein
substrate, which in turn is embedded in the bilayer via its hydrophobic domain (Figure 1) [16].
Our structural studies have shed light onto how class A and B enzymes recognize LPATG and
NPQTN sorting signals, respectively [38], [44], [49]. Since sortases can hydrolyze their cognate
sorting signals and bind to them weakly in vitro, these structural studies made use of a substrate
analog developed by the Jung group in which the threonine moiety contains a sulfhydryl group in
place of its carbonyl atom [68]. The analog (hereafter called T*), mimics the threonine residue in
the native sorting signal substrate, but forms a disulfide bond with the active site cysteine residue.
This leads to the production of a stable enzyme-substrate complex that is suitable for structural

studies.

Using T*-containing sorting signal analogs the atomic structures of three sortase-substrate
complexes have been determined by the Clubb group: the class A SaSrtA-LPXT* (Figure 5A),
class B SaSrtB-NPQT* (Figure 5B), and class A BaSrtA-LPAT* (Figure 5C) complexes [38],
[44], [49]. To facilitate a discussion of the binding interactions that govern signal recognition, we
henceforth refer to residues in each sorting signal in relation to their positioning relative to the
scissile bond. Residues in an L-P-X-T-G sorting signal are referred to as P4-P3-P2-P1-P1’ and

their corresponding binding sites on the enzyme as subsites S4-S3-S2-S1-S1°, respectively.

2.4.1.1 Sorting signal recognition by class A enzymes

The NMR structure of the SaSrtA-LPAT* complex provided the first insight into the

molecular basis of sorting signal recognition [38] (Figure 5A). In the structure of the complex, the
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peptide substrate binds to a pocket adjacent to the active site cysteine whose base is formed by
residues located in strands $4 and £7, and whose walls are formed by surface loops that connect
strand f6 to 57 (56/47 loop), strand A3 to p4 (53/54 loop), and strand f2 to helix H2 (52/H2 loop).
The location of this binding site is consistent with chemical shift mapping studies [69]. Binding of
the signal to SaSrtA causes a major reorganization of the active site, including a disordered-to-
ordered transition of the 6/57 loop to create a short 310 helix that contacts the signal, as well as
displacement of the £7/48 loop. The latter change may have a regulatory role, exposing the active
site histidine to the solvent and possibly facilitating the binding of the secondary lipid Il substrate
only after the sorting signal has first bound to the enzyme. Additional °N relaxation analyses
revealed that the 6/47 loop, which is highly dynamic in the unbound state, rigidifies upon peptide
binding [38], [39]. The peptide binding mode in the SaSrtA-LPAT* complex differs substantially
from a previously reported crystal structure of SaSrtA non-covalently bound to a LPETG peptide
[37]. In the crystal structure, the peptide is presumably non-specifically bound, which is not
surprising as the sorting signal substrate binds to SaSrtA with very weak affinity (Km = 7.33 mM)

[70].

The structure of the SaSrtA-LPAT* complex reveals how class A enzymes recognize the
P4 and P3 residues within the LPXTG sorting signal, Leu and Pro, respectively [38]. The P4
leucine side chain is positioned within a large hydrophobic S4 pocket that is formed by residues
V161, V166, V168, and L169 in the reordered £6/47 loop, and 1199 on strand 8. The P3 Pro
residue plays a key architectural role, forming a kink in the sorting signal that enables it to adopt
an ‘L-shaped’ structure in which the C-terminal end is positioned towards the active site cysteine.
Numerous hydrophobic contacts to the proline are formed by the S3 site. Surprisingly, in the

structure of the SaSrtA-LPAT* complex, the positioning of the P1 and P2 side chains is
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incompatible with biochemical and bioinformatics data [35], [71], [72]. Subsequent structural and

computational studies revealed the origin of this discrepancy and are described in section [2.1.C].

The recently determined structure of the class A BaSrtA-LPAT* complex revealed a
generally similar binding mode for the LPXTG sorting signal, but also indicated fundamental
differences in the conformational dynamics and structure of the active site [44]. Similar to SaSrtA,
the peptide adopts an L-shaped conformation in the BaSrtA-LPAT* complex by virtue of a kink
at position P3, and the £6/47 loop is instrumental in building the S4 site that dictates specificity.
However, four significant differences in the binding mechanism are apparent. First, in contrast to
SaSrtA, the p6/p7 loop in BaSrtA is structured in the absence of substrate [41] and only
experiences modest changes upon signal binding (the coordinates of the Ca-backbone atoms in the
loop in the apo- and signal-bound forms of BaSrtA have an RMSD of 0.76 A). Thus, the 6/57
loop forms a pre-formed binding pocket for the P4 residue in BaSrtA, whereas in SaSrtA, the loop
is flexible prior to signal binding [38], [39]. Second, the £7/58 loop, which was disordered in the
unmodified BaSrtA structure, undergoes a disordered-to-ordered transition as a result of binding
to the substrate. A comparison of the apo- and bound-forms of BaSrtA reveals that the active site
cysteine residue is displaced ~7 A upon peptide binding [41], [44]. This movement allows the
L7158 loop to form new intra-protein interactions with residues within the £4/45 loop, which
presumably stabilize the 57/68 loop and cause it to become ordered. In contrast, the 57/48 loop of
SaSrtA is structurally ordered in the apo-state and is displaced when the signal binds. Third, unlike
SaSrtA, the BaSrtA enzyme contains an N-terminal appendage that partially encapsulates the
sorting signal [38], [44]. The N-terminal appendage precedes the catalytic domain in the primary
sequence and wraps around the body of the protein to contact the active site. The side chain of

Ile61 in the appendage forms extensive contacts with the active site histidine, while the hydroxyl
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group of Ser59 is positioned to form a hydrogen bond with the backbone carbonyl oxygen of the
proline residue in the bound peptide. Interestingly, NMR and in vitro kinetics data suggest that the
appendage transiently detaches from the isolated enzyme when the sorting signal is bound. A
model of the thioacyl intermediate constructed from the coordinates of the complex suggests that
the N-terminal appendage may obstruct nucleophile access to the active site, potentially increasing
the efficiency of protein display by reducing the unproductive hydrolytic cleavage of enzyme-
protein covalent intermediates. A fourth difference between the BaSrtA-LPAT* and SaSrtA-
LPAT* complexes is the positioning of the P1 and P2 side chains, which are described in section

[2.1.C].

2.4.1.2 Sorting signal recognition by class B enzymes

The structure of the SaSrtB-NPQT* complex provided the first-ever insight into signal
recognition by class B enzymes [49], which binds an NPQTN sorting signal in the case of SaSrtB
(Figure 4B) [47]. SaSrtB uses a rigid pocket to bind to the ‘L’ shaped peptide. Specifically, the P4
asparagine residue is primarily recognized by contacts to the 6/57 loop. However, as compared
to class A enzymes, the P4 residue is more solvent exposed, concordant with the more hydrophilic
nature of the asparagine sidechain. The binding mode of the sorting signal in class A and B
enzymes is compatible with biochemical data from the McCafferty group. This data demonstrated
that replacement of the 6/47 loop in SaSrtA with the corresponding loop from SaSrtB resulted in
a chimeric protein that could recognize the SaSrtB-specific NPQTN sorting signal motif [73]. The
P3 proline residue also appears to have the same function as in the BaSrtA-LPAT* and SaSrtA-
LPAT™ structures, altering the trajectory of the peptide so that its C-terminal end points towards

the active site. As with BaSrtA, the #6/57 loop in SaSrtB forms a rigid, pre-formed binding pocket
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for the sorting signal; the structures of BaSrtA in the free- and bound-states are nearly identical
(the C,, coordinates have an RMSD = 0.44 A). Moreover, within the BaSrtA-LPAT* and SaSrtB-
NPQT* complexes, the P1 and P2 side chains in the bound substrates adopt similar positions
relative to the enzyme active site that are distinct from their positioning observed in the structure

of the SaSrtA-LPAT* complex (see section [2.1.C]).

2.4.1.3 Sorting signal conformational heterogeneity: Thr-in versus Thr-out

A comparison of the structures of the SaSrtA-LPAT* and SaSrtB-NPQT* complexes
revealed that there were major differences in the conformation of the P1 and P2 residues of the
bound sorting signals [49]. In particular, the P2 glutamine residue in the SaSrtB-NPQT* complex
rests along the wall of the pocket and points out towards the solvent, while in the SaSrtA-LPAT*
structure, the analogous P2 residue (alanine) points towards the base of the active site. The P1
threonine residues in these complexes also adopt fundamentally distinct conformations. In the
SaSrtB-NPQT™* structure, the threonine is buried in the active site (Thr-in position) where it forms
two hydrogen bonds with the active site arginine residue, whereas in the SaSrtA-LPAT™* structure,
it is projected toward solvent and hydrogen bonds with the active site histidine residue (Thr-out
position). Interestingly, an inspection of the recently determined structure of the BaSrtA-LPAT*
complex reveals a P1 and P2 positioning that is similar to what is seen in the SaSrtB-NPQT*
substrate complex; the P1 threonine side chain adopts a Thr-in conformation in which it is buried
within the active site. Thus, the Thr-in conformation of the peptide can be adopted by signal

peptides bound to both class A and B enzymes.
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Several lines of evidence suggest that the Thr-in conformer observed in the structures of
the BaSrtA-LPAT* and SaSrtB-NPQT* complexes represents the catalytically active form of the
bound substrate. First, in these structures, the side chain of the P2 residue projects into the solvent
and is not recognized. This makes sense as the P2 residue within the sorting signals, also called
the ‘X’ position, is not recognized by sortases according to bioinformatics [35] and biochemical
data [72]. This is in contrast to the SaSrtA-LPAT* complex in which the peptide adopts the Thr-
out conformer and the side chain at the P2 *X’ position projects into the active site where it contacts
A118 and 1182. Second, the high degree of sequence conservation at site P1, which contains a
threonine residue in ~95% of predicted sorting signals, suggests functional relevance of the Thr-
in sorting signal conformer observed in the BaSrtA-LPAT* and SaSrtB-NPQT* complexes. This
is in marked contrast to the Thr-out conformer observed in the SaSrtA-LPAT* complex that
projects into the solvent and is not recognized by the enzyme. Finally, as described in section [3],
computational modeling of sortase reaction intermediates indicates that the Thr-in conformer
likely facilitates the creation of an oxyanion hole for substrate stabilization during thioacyl

intermediate formation.

2.4.2 Nucleophile recognition

Unlike the mechanism of sorting signal recognition, sortase binding to their secondary
substrate, the amino nucleophile to which the sorting signal is joined, remains poorly understood.
Depending upon the type of sortase, cell wall-anchoring versus pilin polymerizing, the nucleophile
can either originate from a lipid Il molecule or a lysine residue within a pilin protein substrate,

respectively. Thus far, only lipid Il recognition by sortases has been explored, but the mechanism
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of binding still remains enigmatic. Experimental studies have investigated how the SaSrtA enzyme
interacts with poly-glycine peptides that mimic the penta-glycine cross-bridge peptide moiety
within the intact S. aureus lipid Il molecule, as large quantities of the intact, water-soluble portion
of lipid Il are difficult to obtain. NMR chemical shift mapping of the SaSrtA-LPAT* complex
using a tri-glycine peptide titrant revealed a low affinity, continuous interaction surface on the
enzyme that contains portions of the 57/48 loop, p4/H2 loop, and an N-terminal segment of helix
H1 [38]. The mapping data coarsely defines the interaction surface, but does not provide specific
details about tri-glycine-enzyme interactions. Interestingly, significant chemical shift changes are
not observed when apo-SaSrtA is titrated with the tri-glycine peptide, but only when added to the
SaSrtA-LPAT* complex. This observation is compatible with the proposed bi-bi mechanism of
catalysis [70], [74] and suggests that LPXTG sorting signal binding may direct catalysis forward
by causing alterations in the £7/48 loop that unmask the binding surface for lipid II. Crystals of
SaSrtB modified with a small molecule sulfhydryl modifier were soaked with a tri-glycine peptide,
and the structure was determined by molecular replacement. In this complex, the N-terminal amine
of the tri-glycine peptide is 6.4 A from the active site histidine, which is occluded from solvent by
a closed £7//58 loop [48]. While the binding mode of the tri-glycine peptide to SaSrtB is generally
compatible with the NMR chemical shift data from the SaSrtA-LPAT* complex, it does not fit the
accepted view of the mechanism that would have the incoming nucleophile deprotonated by the

active site histidine residue.

Interestingly, other class A sortases appear to contain a pre-formed binding site for the
cross-bridge peptide in lipid II. In the crystal structures of the SpySrtA, SagSrtA, and SmSrtA
sortases, their 57/58 loops are displaced in the absence of the sorting signal, creating a surface-

exposed groove adjacent to the active site histidine and cysteine residues (Figure 3C, yellow) [40],
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[42], [43]. Recent docking studies of BaSrtA highlight a potential binding site for the amino
component of lipid 11 in B. anthracis (diaminopimelic acid) [44]. This site is positioned adjacent
to the active site histidine, between the 57/58 and £4/H3 loops, and would position the nucleophile
near the electrophilic carbonyl carbon atom in the thioacyl bond. Interestingly, exposure of this
site requires partial displacement of the N-terminal appendage, which has been postulated to mask
the acyl-linked reaction intermediate from hydrolysis. Conclusive determination of the molecular
basis of amino nucleophile selectivity will require structure determination of sortases bound to
their secondary substrates. The mechanism of pilin protein substrate recognition by pilin

polymerases also remains to be determined.

2.5 Computational studies

2.5.1 The Thr-in conformation enables sortases to employ a substrate-stabilized

active site

Computational studies have leveraged the experimentally determined structures of sortase-
substrate complexes to gain insight into the mechanism of catalysis. Jacobitz et al. generated an
energy minimized model of the thioacyl intermediate using the coordinates of the SaSrtB-NPQT*
complex [49]. The model of the thioacyl intermediate is shown in Figure 6 and reveals that the
Thr-in conformation adopted by the highly conserved P1 threonine residue (see section (2.1.C])
enables it to hydrogen bond to the active site arginine residue. This interaction positions the active
site arginine proximal to the thioacyl bond, where it presumably can stabilize the two high-energy

tetrahedral oxyanion intermediates that form during catalysis [49]. In this capacity, threonine-
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arginine interactions facilitate the formation of an oxyanion hole in which the arginine neutralizes
the negative charge of the oxyanion. Further stabilization of the oxyanion is achieved by
interactions from the backbone amide of E224 that is located immediately C-terminal to the active
site cysteine. This novel “substrate-stabilized oxyanion hole” presumably increases substrate
specificity for a threonine residue at position P1 and is compatible with biochemical studies that
have shown that the enzyme is unable to utilize sorting signals that contain conservative mutations
at the P1 position (e.g. Ser or Val instead of Thr) [49]. A similar computational strategy was used
to model the structure of the BaSrtA thioacyl intermediate using the experimentally determined
coordinates of the BaSrtA-LPAT* complex [44]. This model displayed an analogous hydrogen
bonding interaction between the P1 threonine residue and the active site arginine. As in the SaSrtB
model, the P1 threonine carbonyl atom in the thioacyl bond is in close proximity to the active site
arginine guanidino group, suggesting that both enzymes employ related substrate-stabilized
oxyanion holes to facilitate catalysis [44]. However, it should be noted that the active site
conformations of the two models differ slightly, since in the model of the BaSrtA thioacyl
intermediate, the active site arginine adopts a more extended structure that allows it to form an

additional hydrogen bond to the P3 proline residue.

2.5.2 Sorting signals bound to SaSrtA can interchange between Thr-out and

Thr-in conformers

As described in section [2.1.C], a comparison of the experimentally determined structures
of the SaSrtA-LPAT*, SaSrtB-NPQT* and BaSrtA-LPAT™* revealed fundamental differences in

the positioning of the P1 and P2 residues in the bound sorting signal [38], [44], [49].
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To rectify the discrepancies between the SaSrtA-LPAT* Thr-out and SaSrtB-NPQT* Thr-
in conformations, Jacobitz et al. performed molecular dynamics (MD) simulations for three
thioacyl intermediate systems: SaSrtA-LPAT, SaSrtB-NPQT, and SaSrtB-NPAT [49]. Through
the use of umbrella sampling calculations, the free energy landscape of transitions between the
Thr-out and Thr-in states was mapped for each complex. These studies indicated that SaSrtA-
LPAT could adopt both the Thr-in and Thr-out states with equal probability, while for both NPQT
and NPAT substrates, SaSrtB could only sample the Thr-in state. Based on these results, it appears
as if the Thr-in conformation is likely the more evolutionarily conserved state, and that the inherent
flexibility of SaSrtA allows for the Thr-out conformation with an LPAT substrate that was

captured by Suree et al. [38].

2.5.3 Dynamic sorting signal recognition by SaSrtA

MD studies of SaSrtA have provided additional insight into the sorting signal recognition
process. By performing conventional and accelerated MD simulations of both the sorting signal
free and bound states, Kappel et al. proposed that sorting signal binding is a mixture of
conformational selection and induced fit mechanisms [75]. For example, the p6/57 loop appears
to follow the conformational selection paradigm: it sampled a range of stable conformations in the
apo-state, some of which were relatively close to the bound configurations. In contrast, the 57/58
“open” state from the NMR structure was only stable in the presence of a bound sorting signal,
suggesting an induced fit mechanism. In addition, analysis of the sorting signal-bound
conformations showed that an allosteric network runs throughout the protein, linking the calcium

ion, sorting signal, and proposed lipid-11 binding regions to one another. In a complementary study,
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Moritsugu et al. used the multiscale enhanced sampling method to probe the allosteric effects of
the calcium ion and sorting signal [76]. Simulations of each combination of bound states showed
that binding of both molecules is required to stabilize the p6/47 and p7/48 loops in conformations
observed in the NMR-LPAT™ structure. Overall, these simulations point towards a mechanism in
which calcium, sorting signal, and potentially lipid Il binding are modulated by a dynamic network

that includes the 6/47 loop region in SaSrtA.

Other aspects of the SaSrtA recognition and catalytic processes have also been explored
by computational studies. Biswas et al. used a hybrid MD and biochemical experimental approach
to probe the roles of the conserved sorting signal Leu and Pro residues in substrate binding [77].
Comparative simulations with LPAT, APAT, and LAAT substrates demonstrated that contacts
between the leucine sidechain and SaSrtA contribute to stabilize the 6/57 loop, whereas the kink
that is induced by the proline appears to be essential for recognition. In another study, Tian and
Eriksson performed simulations in which His120 and Cys184 were in their zwitterionic and neutral
forms [78]. Their results showed that Argl197 adopts distinct conformations based upon the
charged state of the protein, which helps to stabilize the catalytically active form. It should be
noted that each of these studies was performed with the sorting signal in the Thr-out state.
Although the global effects of the Thr-in and Thr-out states on the induced fit/conformational
selection process, allosteric networks, and recognition processes are likely similar, subtle

differences may exist that influence some of the fine details that resulted from these simulations.
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2.6 Catalytic mechanism

The current model of the molecular mechanism of the SaSrtA enzyme is presented in
Figure 7. Kinetic studies indicate that catalysis occurs through a ping-pong mechanism that begins
when the sortase recognizes the CWSS of a membrane anchored protein [70], [74]. The LPXTG-
type sorting signal within the CWSS binds to a groove on the sortase whose base is formed by
residues in the 6/47 loop, strands p4, 57, 8, and whose walls are formed by residues in the 52/53
and p3/44 loops (Figure 4D). Here the sorting signal’s L-shaped structure dictated by the highly
conserved proline residue at P3 (>90% conserved) orients the residue P4 for recognition in subsite
S4 on the #6/47 loop, as the C-terminal end of the sorting signal is directed towards the active site
[38]. In order for catalysis to proceed, the enzyme must contain a properly charged active site in
which the cysteine and histidine residues are in their thiolate and imidazolium forms, respectively.
Based on pKa measurements of their active site residues [70], [79], [41], when removed from the
cell surface, in isolation less than 1% of the SaSrtA and BaSrtA sortases possess an appropriately
charged active site that can perform catalysis. This explains why sortases in isolation catalyze
reactions very slowly, as presumably only a small fraction of these enzymes are active (section
[5]). The notion that the active site is predominantly dormant is substantiated by structural analyses
of SaSrtA, which revealed that its active site cysteine and histidine residues are not close enough
to form a thiolate-imidazolium ion-pair (the Cys-S-His-oN distance is 6.5 and 7.6 A in the NMR
and crystal structures, respectively) [34], [37]. In the rare instance that the cysteine and histidine
residues are appropriately ionized, the cysteine thiolate nucleophilically attacks the carbonyl
carbon on the P1 residue (Figure 7B). This leads to the formation of the first tetrahedral
intermediate, which is likely stabilized by an oxyanion hole that is formed by the active site

arginine residue and a backbone amide in the 57/58 loop [49]. In nearly all sorting signals a
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threonine occurs at the P1 position, which based on structural and MD simulations helps to
stabilize the oxyanion hole by forming a hydrogen bond to the active site arginine [49] (Figure 7C)
The first oxyanion is a transient intermediate, and quickly collapses to form a semi-stable thioacyl
intermediate as the scissile peptide bond is broken. In the thioacyl intermediate the substrate’s P1-
Thr and the active site cysteine are joined via a thioacyl bond (Fig. 7, d) [80]. This process is
presumably assisted by the conserved active site histidine residue, which may act as a general acid
to protonate the amino leaving group. Beyond stabilizing the oxyanion intermediate, the side chain
of the active site arginine residue may orient the substrate in the active site by forming a hydrogen
bond to the backbone carbonyl atom in the P2 residue [38], [44], [78]. In the next step of the
reaction, a secondary substrate bearing an amine group enters the active site and is presumably
deprotonated by the active site histidine residue to facilitate its nucleophilic attack on the thioacyl
bond (Figure 7E). A second tetrahedral intermediate then forms which may also be stabilized by
an oxyanion hole that is constructed with the assistance of the sorting signal’s P1 residue (Figure
7F). The second tetrahedral intermediate then quickly collapses to form the peptide bond linked
product. Sortases that anchor proteins to the cell wall join the protein substrate to the cell wall
precursor lipid Il, whereas pilin polymerases join the protein to a lysine amine located within
another pilin protein. These enzymes are believed to use a similar mechanism to catalyze

transpeptidation.

2.7 In vitro transpeptidation activity

Many sortase enzymes exhibit in vitro transpeptidation and/or proteolytic activity. In vitro

activity was first demonstrated for the prototypical SaSrtA enzyme by Ton-That and coworkers
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[17]. Their assay utilized FRET-based detection of activity using a reporter LPXTG sorting signal
peptide that contained donor and quencher fluorophores at each end. Cleavage of this peptide by
SaSrtA, liberates the donor from the quencher enabling enzyme activity to be detected as an
increase in fluorescence. Initial studies demonstrated that SaSrtA catalyzes an in vitro
transpeptidation that joins two peptides, one that contains an LPXTG sorting signal motif and a
second peptide that contains N-terminal glycine residues [81], [74]. Studies using this assay also
demonstrated that the active site histidine, cysteine and arginine residues are important for
catalysis [32], [33]. Although the FRET-based assay is easy to employ, inner filter effects can
occur at high substrate concentrations leading to inaccurate measurements of the enzyme’s kinetic
parameters [82]. Subsequent development of a medium-throughput HPLC enzyme assay enabled
more accurate measurement of the kinetic parameters and revealed that transpeptidation occurs
with a keat = 0.28 + 0.02 5%, and K values for its LPXTG and secondary Glys peptide substrates
of 7.33 £ 1.01 mM and 196 + 64 uM, respectively [70]. In the absence of the Glys peptide SaSrtA
acts as a protease, hydrolytically cleaving the sorting signal between the threonine and glycine
residues with a keat = 0.086 + 0.015 s, As hydrolysis occurs much slower than transpeptidation, it
can be largely avoided when the Glys peptide is in excess. As described in section [4], when sortase
is purified and removed from the cell surface only a small fraction (~0.06%) contains a properly
ionized active site that can catalyze transpeptidation. This small subpopulation is much more
enzymatically active with an estimated kea/Km greater than 10° M [70]. On the cell surface the
transpeptidation reaction catalyzed by membrane associated SaSrtA may occur at a rate that is
faster than the rate of the reconstituted in vitro transpeptidation reaction that employs short peptide
substrates. This is because pulse-chase labeling experiments using intact cells indicate that the

reaction is complete in <3 min, and it is likely that individual sortase enzymes attach several
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proteins to the cell wall during this time [16]. The increased in vivo rate may result from the fact
that the sortase and both of its substrates are embedded in the membrane. It is also possible that
there exists yet to be identified factors on the cell surface that facilitate sortase association with its

substrates and/or the conversion of its active site into the properly ionized state.

Since the original work on SaSrtA, the in vitro enzymatic activities of several other sortases
have been characterized (summarized in Table 2). Interestingly, none of these enzymes are as
active as SaSrtA and in many instances only their proteolytic activity has been demonstrated.
Generally, their activities have not been rigorously characterized as only the amount of product
generated by the sortase has been measured after a specific incubation time. At present, only the
SaSrtA, SpySrtA and SaSrtB sortases have been shown to catalyze a transpeptidation reaction that
joins two peptides together via a peptide bond. The native SaSrtA enzyme -catalyzes
transpeptidation ~20-500 fold faster than the other enzymes making it a useful bioconjugation
reagent. Moreover, the activity of SaSrtA has been improved using directed evolution approaches,
resulting in tetramutant enzyme that is ~140 fold more active than the native SaSrtA [83].
Additional rate enhancements have been achieved by altering the reaction conditions and by fusing
the nucleophile substrate to SaSrtA [84]. The reader is referred to a number of excellent reviews

describing the use of sortase as a bioconjugation reagent [85]—[87].

2.8 Conclusions

Sortase enzymes are ubiquitous in Gram-positive bacteria where they attach proteins to the
cell wall and construct pili. Their important role in displaying virulence factors makes them

promising drug-targets [1], [6]-[9], while their ability catalyze in vitro transpeptidation has made
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them useful bioconjugation reagents [10]-[15], [87]-[89]. Considerable effort has been put forth
to elucidate the molecular mechanism of catalysis, class-specific structural features that dictate
function, and the molecular basis of substrate recognition. Structural and computational studies of
three sortase-peptide complexes have provided insight into the initial steps of catalysis -- binding
of the sorting signal to the active site and formation of the first tetrahedral and thioacyl
intermediates [38], [44], [49]. This work has shown that class A and B sortases recognize their
sorting signal substrates in a similar manner. The side chains of the P1, P3 and P4 residues are
recognized. The bound signal adopts an L-shaped conformation as a result of kink introduced at
the proline P3 residue, positioning the side chain of the P4 residue within a pocket formed by the
6147 loop, and directing the P1 and P2 residues towards the active site cysteine. The positioning
of P1 and P2 exhibit conformational heterogeneity, with substrate assisted catalysis occurring
when the threonine P1 side chain contacts the active arginine residue to stabilize the oxyanion hole
[49]. Other classes of sortases may bind their sorting signals in a generally similar manner, with
class C pilin polymerases requiring unlatching of a lid structure to enable signal access [56], and
class E enzymes using a unique surface to recognize alanine at position P3 instead of proline [67].
The second-half of the transpeptidation reaction remains poorly understood -- nucleophilic attack
of the thioacyl enzyme-substrate intermediate by an amine group and peptide bond formation. No
conclusive evidence has emerged to pinpoint the location of the secondary substrate binding site
for lipid Il or pilin proteins in cell wall anchoring or pilin assembling sortases, respectively.
Deciphering how some sortases function as polymerases, while others attach proteins to the cell
wall will require the development of robust biochemical assays to monitor pilus assembly and
novel substrate analogs to visualize nucleophile recognition. Finally, although many small

molecule sortase inhibitors have been identified, they have yet to be developed into a drug to treat

61



bacterial infections. Given the rising prevalence of antibiotic resistant bacteria, pressure to develop
viable sortase inhibitors as therapeutics is growing and will undoubtedly lead to the discovery and

characterization of more potent and specific compounds.
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2.9 Figures
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Figure 2.9.1 Sortase enzymes attach proteins to the cell wall and assemble pili.

Overview of anchoring and pilus assembly reactions. A protein that is to be displayed (blue)
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contains an N-terminal secretion signal and a C-terminal cell wall sorting signal (CWSS). The
CWSS contains an LPXTG-like sorting signal sequence that is processed by the sortase, a non-
polar polypeptide segment (black), and a C-terminal segment of positively charged residues (+).
After secretion through the Sec translocon, the protein remains embedded in the lipid bilayer via
the non-polar segment within the CWSS. The sortase enzyme then cleaves between the threonine
and glycine residues to form a sortase-protein thioacyl intermediate in which the active site
cysteine is covalently linked to the carbonyl carbon atom of the threonine. There are two basic
types of sortases: 1) cell wall anchoring sortases that attach protein to the cross-bridge peptide of
the cell wall, and 2) pilin polymerase sortases that covalently link pilin subunits together via
lysine isopeptide bonds. In both cases, the enzymes function as transpeptidases. Some sortases
are capable of performing both functions, attaching proteins to the cell wall and polymerizing

pili.
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A Sortase-mediated Cell Wall Anchoring

3RS

3

Figure 2.9.2 Mechanism of cell wall protein anchoring and pilus assembly.
Sortases perform two basic functions in bacteria: 1) attach proteins to the cell wall, and 2) join
proteins together to construct pili. (A) In the cell wall anchoring reaction, the sortase and
substrate are both membrane bound. The reaction occurs via four distinct steps. Sortase first

recognizes a sorting signal motif within the CWSS and nucleophilically attacks the threonine’s
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carbonyl carbon atom via its active site cysteine residue (for demonstration purposes the LPXTG
sorting signal recognized by class-A type enzymes is shown, step 1). The LPXTG sorting signal
is then cleaved to produce sortase-substrate thioacyl intermediate (step 2). Next, the cross-bridge
peptide from a lipid II molecule nucleophilically attacks the thioacyl intermediate (step 3).
Lastly, a new peptide bond is formed between the lipid Il molecule and surface protein to
produce a protein-lipid II intermediate that is incorporated into cell wall by the
transglycosylation and transpeptidation reactions that synthesize the peptidoglycan (step 4). (B)
In the pilus assembly reaction, steps 1-2 produce a sortase-substrate thioacyl intermediate,
similar to the cell wall anchoring reaction. In this reaction, the sortase recognizes a pilin protein
that contains a CWSS. However, a lysine residue within the pilin motif from an adjacent pilin
protein performs the nucleophilic attack on thioacyl intermediate (step 3). A new protein-protein
isopeptide bond is formed that covalently links the pilin proteins (step 4). This assembly process
is repeated to build an isopeptide-linked pilus shaft that contains multiple pilin proteins.
Depending on the type of pilus, distinct tip and base pilin proteins can be located at the ends of
the pilus shaft, which are incorporated through a similar mechanism and involve covalent
linkages via lysine-derived isopeptide bonds. Finally, the intact pilus is attached to the cell wall
via sortase-catalyzed attachment of the pilus to lipid II, similar to cell wall protein display. Some
sortases are capable of performing both functions, attaching proteins to the cell wall and

functioning as pilin polymerases.
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Figure 2.9.3 Structure and transpeptidation reaction of representative class A

sortases. (A) S. aureus SrtA (SaSrtA) NMR structure (cartoon), showcasing an eight-stranded

[-barrel with active site His120, Cys184 and Arg197 residues (sticks). (B) SaSrtA NMR structure
(green surface) with active residues Arg (blue) and Cys (orange). The active site His is occluded
by a closed £7/48 loop, and there is no obvious groove for a full length peptide to exit the active
site. (C) S. pyogenes SrtA (SpySrtA) structure (green surface) with active site Arg (blue), Cys
(orange), and His (cyan) residues. An open £7/f8 loop creates a clear channel that can be seen
running between active Cys and His residues, indicating the potential exit channel (yvel/low) for the

full-length peptide substrate. (D) In vitro, SaSrtA catalyzes a reversible transpeptidation reaction
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(top, indicated by solid arrows) in which it joins LPXTG and (Gly)s peptides. In the absence of
glycine oligopeptide, SaSrtA acts a protease and cleaves the LPXTG peptide between its threonine
and glycine residues (bottom, indicated by a dashed arrow). In this spurious pathway, a water
molecule, instead of lipid 11, performs the second nucleophilic attack to cleave the thioacyl bond
between sortase and substrate, thereby hydrolyzing the peptide. On the cell surface, hydrolysis is
presumably undesirable, as proteolysis separates the protein from its membrane anchor, releasing
it from the microbe. Transpeptidation occurs faster than the rate of proteolysis in vitro, making
SaSrtA a valuable bioconjugation reagent (kcat = 0.28 + 0.02 and 0.086 + 0.015 s, respectively).
Although all sortases are thought to catalyze transpeptidation reactions on the cell surface, this
activity has only been reconstituted in vitro for a few sortases in addition to SaSrtA (listed in Table

2).
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SpnSrtCi1 SagSrtCi BaSrtD ScSrtE1

Figure 2.9.4 Structural variation by class of sortase. Sortases representative of the

major themes seen for each class are displayed (cartoon) with active site residues (sticks). The
hallmark sortase S-barrel (blue) and major sources of structural variability are highlighted,
including N-terminus (red), f6/f7 loop (orange), and f7/58 loop (green). Panels A to E show

representative class A to E enzymes, respectively.
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Figure 2.9.5 Sorting signal recognition. (A) The SaSrtA-LPAT* complex. (B) The

SaSrtB-NPQT* complex. (C) The BaSrtA-LPAT* complex, shown with N-terminal appendage
removed from view for clarity. Enzymes are shown as surface representations with SrtA types in
light green and SaSrtB in light blue, Substrate mimics are shown as grey sticks. Active site Cys
and Arg residues are shown as gold and blue surfaces, respectively. (D) Conserved recognition
sites for sortase enzymes. Left, SaSrtA shown as a transparent surface representation with
recognition subsites determined from the combination of sortase structures color coded as follows:
S4 is shown in red, S3 in orange, S2 in green, and S1 in magenta, and active site Arg in blue, Cys
in gold, and His in cyan. Right, Cartoon diagram of SaSrtA with secondary structure elements that

contribute to substrate binding labeled for clarity.
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Figure 2.9.6 The substrate-stabilized oxyanion hole. The energy minimized model of

the SaSrtB-NPQT thioacyl intermediate displayed with SaSrtB (light blue cartoon), residues in the
active site and oxyanion hole (sticks), and NPQT substrate (grey sticks). The sidechain hydroxyl
of the substrate’s P1 Thr residue and backbone carbonyl participate in a hydrogen bonding network
with the active site Arg, and the backbone amide of Glu224 that together build an oxyanion hole
to stabilize the high energy tetrahedral reaction intermediates. Reproduced from Jacobitz et al.

2012.
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Figure 2.9.7 Molecular mechanism of sortase enzymes. The active site of sortase

consists of a His-Cys-Arg triad, and in its active form, the His and Cys residues form a thiolate-
imidazolium ion pair (a). The reaction begins with recognition of an appropriate sorting signal
(here, the LPXTG sorting signal for SrtA types is shown), and the active site Cys residue performs
nucleophilic attack on the carbonyl carbon at the substrate’s P1 position (b). An oxyanion
tetrahedral intermediate is stabilized by the nearby Arg residue that is likely oriented by
interactions with the side chain of the substrate’s P1 residue, which is a threonine in over 95% of
all substrates (c). The active His residue concomitantly donates a proton to the leaving group, and
the tetrahedral transition state then collapses to form a semi-stable, thioacyl intermediate between
the substrate’s P1 residue and the active site Cys (d). Next, the secondary substrate, (here, shown

as lipid II used by cell wall anchoring sortases) enters the active site, where its terminal amine is
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deprotonated by the active His residue before performing nucleophilic attack on the carbonyl
carbon in the thioacyl bond (e); this second tetrahedral intermediate (f) collapses to form a peptide
bond between the two substrates, and the product is finally released to leave the regenerated active

site (a).
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2.10 Tables

Table 2.10.1 Structurally characterized sortase enzymes.

Organism and Sortase PDB Bound Ligands or Substrates Method
Class A

S. aureus SrtA (SaSrtA) 1A N/A NMR
S. aureus SrtA-C184A 1T20 N/A Xray
(SaSrtA)

S. aureus SrtA (SaSrtA) 1T2P N/A Xray
S. aureus SrtA (SaSrtA) 1T2W LPETG Xray
S. aureus SrtA (SaSrtA) 2KID Cbz-LPAT*, Ca?* NMR
S. aureus SrtA (SaSrtA) 2MLM  benzo[d]isothiazol-3-one based inhibitor NMR
B. anthracis SrtA (BaSrtA) 2KW8 N/A NMR
B. anthracis SrtA (BaSrtA) unpub Cbz-LPAT* NMR
S. pyogenes SrtA 3FN5 N/A Xray
S. pyogenes SrtA 3FN6 Cys in suflphenic acid form Xray
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. pyogenes SrtA

. agalactiae SrtA

. pneumoniae SrtA

. pneumoniae SrtA-C207A

. mutans SrtA

. aureus SrtB (SaSrtB)

. aureus SrtB (SaSrtB)

. aureus SrtB (SaSrtB)

. aureus SrtB (SaSrtB)

. aureus SrtB (SaSrtB)

. anthracis SrtB

. anthracis SrtB

. anthracis SrtB

. pyogenes SrtB

. difficile SrtB

3FN7

3RCC

408L

408T

4TQX

ING5

1QWZ

1QX6

1QXA

4FLD

1RZ2

20QW

20QZ

3PSQ

4UX7

N/A

Zn%*

N/A

N/A

chalcone

Class B

N/A

MTSET

E-64

Glys

Cbz-NPQT*

N/A

AAEK1

AAEK?2

Zn**, CI

N/A
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Xray

Xray

Xray

Xray

Xray

Xray

Xray

Xray

Xray

Xray

Xray

Xray

Xray

Xray



A. oris SrtC-1

S. pneumoniae SrtC-1

S. pneumoniae SrtC-3

S. pneumoniae SrtC-1-H131D

S. pneumoniae SrtC-2

S. pneumoniae SrtC-2

S. agalactiae SrtC-1Pilus

Island-2a

S. agalactiae SrtC-1 Pilus
Island-1

“Type I1I”

S. agalactiae SrtC1- Pilus
Island-1 C184A; KDPYS to

IPNTG

S. agalactiae SrtC-1 Pilus
Island-1

“Type II”

S. agalactiae SrtC1 Pilus

Class C

2XWG Ca?*
2W1J glycerol
2W1K N/A
2WTS alanine
3G66 N/A
3G69 S04~
300P N/A
3RBI N/A
3RBJ N/A
3RBK N/A
3TB7 N/A
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Xray

X-ray

Xray

Xray

X-ray

Xray

Xray

Xray

Xray

Xray

Xray



Island-1

“Type I”” - open lid

S. agalactiae SrtC-1 Pilus

Island-1

S. agalactiae SrtC-2 Pilus

Island-1

S. agalactiae SrtC-1 Pilus

Island-1

S. suis SrtC-1

B. anthracis SrtD

C. perfringens SrtD

S. coelicolor SrtE-1

3TBE

4G1H

4G1J

3RE9

2LN7

4D70

SCUW

Class D

Class E
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MTSET

Ca®*

N/A

N/A

N/A

none

N/A

Xray

Xray

Xray

Xray

NMR

Xray

Xray



Table 2.10.2. Activity of sortase enzymes in vitro.

Sortase Primary Substrate Secondary Cleavage Transpeptidation
(Km mM) Substrate  Kcat (1) Keat (S71)
(Km M)
Class A
SaSrtAa24[70] Abz-LPETG-Dap(Dnp) Glys 0.086 0.28 £ 0.02
(7.33 +1.01) (196 +64)  0.015
SaSrtAa24[82] Abz-LPETG-Dap(Dnp) Glys NR 0.27
(5.5 mM) (140)
SaSrtAa24[88] Abz-LPETGG-Dap(Dnp) Glys NR 1.10+£0.062
(8.76 + 0.78)2 (NR)
SaSrtAsse[83] Abz-LPETGK-(Dnp) Glys NR 1.5+0.2
(7.6 £0.5) (140 + 30)
SaSrtAaso Abz-LPETGK-(Dnp) Glys NR 48+0.8
Evolved (0.17 +0.03) (4800 +
tetramutant[83] 700)
SpySrtAasi[40]  Abz-LPETGG-Dap(Dnp) Ala; NR 0.0136 + 0.0011
(0.83 £ 0.11) (NR)
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BaSrtAass[41]

BaSrtAase[44]

BaSrtAaes[44]

SmutSrtAa4e[43]

SaSrtBaxz[73]

SaSrtBasi[49]

BaSrtBa37[89]

CdSrtBa26[90]

Abz-LPETG-Dap(Dnp) m-DAP*
(0.038 + 4)*
Abz-LPETG-Dap(Dnp) m-DAP*
(0.306 + 0.023)
Abz-LPETG-Dap(Dnp) m-DAP*
(0.173 + 0.011)
Dabcyl-QALPETGEE- NR
Edans
(0.0904 + 0.0047)"
Class B
Abz-KVENPQTNAGT- Glys
Dap(DNP) (NR)
(7.8+2)
SNKDKVENPQTNAGT Glys
(1.8) (NR)
Abz -KTDNPKTGDEA- NR
Dap(DNP)
KIVKSPKTGDETQLMK  Glyas or

KPPVPPKTGDSTTIGK  Ala-p-Glu-

79

DAP

0.0004 *
0.0001%
36+0.2
x10°
5.7+0.2x
10°

Yes

NR

NR

Yes

NR

NR

5.4 +0.5x10*

1.010*

NR

NR



SpnSrtClay-
228[56]
SagSrtClasz-2s4

from P1-2a[29]

SagSrtClaz-30s

from PI-1[59]

SagSrtC242-283

from PI-1[59]

Class C

IPQTG in RrgBso-633

Dabcyl-
KKVTIPQTGGIGT-
Edans

(0.0138)

Dabcyl-
RPPGVFPKTGGIG-
Edans
(0.01358 + 0.00063)
Dabcyl-RPSIPNTGGIG-
Edans
(0.03100 + 0.00462)
Dabcyl-
RGGLIPKTGEQQ-Edans
(0.01639 + 0.00250)
Dabcyl-
RPPGVFPKTGGIG-

Edans

80

YPKN in

RrgBzo-633

NR

NR

NR

NR

NR

No

Yes

1.16 +

0.044 x10°

3

1.77

0.101 x10°

3

0.77 +

0.038 x10°

3

1.04 +

0.058 x10°

3

Yes

NR

NR

NR

NR

NR



(0.006385 + 0.00142)

Dabcyl- NR 4.36 £ NR
RGGLIPKTGEQQ-Edans 0.256 x10°
(0.02733 % 0.00435) 4
Dabcyl-RPSIPNTGGIG- NR 5.56 + NR
Edans 0.174 x10°
(0.05715 + 0.00354) 3
Class D
BaSrtDass[64] VQGEKLPNTASNN m-DAP Yes NR
(NR)
BaSrtDass[91] Abz-GEKLPNTASNN- m-DAP Yes NR
Dnp (NR)
CpSrtDaz3- Ap116-LPQTGS NR Yes NR

187[65]

Sorting signals for all substrates are highlighted in bold
Errors are reported where published
“Yes” indicates the reaction was performed in vitro but kinetics parameters were not reported
NR — Not Reported
m-DAP — meso-diaminopimelic acid
4These values calculated assuming a hydrolytic shunt mechanism
+ Values reported from fluorescence assay and subject to inner filter effect and are likely
underestimates of true parameters

* The enzyme reportedly does not perform this reaction in vitro
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Chapter 3

Crystal Structure of the Streptomyces coelicolor Sortase E1
Transpeptidase Provides Insight into the Binding Mode
of the Novel Class E Sorting Signal
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3.1 Overview

Many species of Gram-positive bacteria use sortase transpeptidases to covalently affix
proteins to their cell wall or to assemble pili. Sortase-displayed proteins perform critical and
diverse functions for cell survival, including cell adhesion, nutrient acquisition, and
morphological development, among others. Based on their amino acid sequences, there are at
least six types of sortases (class A to F enzymes); however, class E enzymes have not been
extensively studied. Class E sortases are used by soil and freshwater-dwelling Actinobacteria to
display proteins that contain a non-canonical LAXTG sorting signal, which differs from 90% of
known sorting signals by substitution of alanine for proline. Here we report the first crystal
structure of a class E sortase, the 1.93 A resolution structure of the SrtE1 enzyme from
Streptomyces coelicolor. The active site is bound to a tripeptide, providing insight into the
mechanism of substrate binding. SrtE1 possesses f3/B4 and f6/B7 active site loops that contact
the LAXTG substrate and are structurally distinct from other classes. We propose that SrtE1 and
other class E sortases employ a conserved tyrosine residue within their B3/B4 loop to recognize
the amide nitrogen of alanine at position P3 of the sorting signal through a hydrogen bond, as
seen here. Incapability of hydrogen-bonding with canonical proline-containing sorting signals
likely contributes to class E substrate specificity. Furthermore, we demonstrate that surface
anchoring of proteins involved in aerial hyphae formation requires an N-terminal segment in
SrtE1 that is presumably positioned within the cytoplasm. Combined, our results reveal unique
features within class E enzymes that enable them to recognize distinct sorting signals, and could

facilitate the development of substrate-based inhibitors of this important enzyme family.
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3.2 Introduction

Gram-positive bacteria productively interact with their environment via surface displayed
proteins anchored by sortase enzymes [1-10]. These cysteine transpeptidases modulate the
functionality of bacterial surfaces by affixing proteins that perform a variety of functions,
including cell adhesion, nutrient acquisition, immune evasion, aerial hyphae development and
sporulation, among others [3,4,9,11]. Understanding the mechanism of catalysis and substrate
recognition is of prime interest, as small molecule sortase inhibitors could have potent, anti-
infective properties against pathogenic microbes by preventing them from displaying virulence
factors [12-17]. Moreover, sortase-mediated protein ligation is an emerging biotechnology tool to
modify and immobilize proteins, and a greater understanding of how these enzymes recognize
their substrates could facilitate their rational engineering [18-27].

The catalytic mechanism of the Staphylococcus aureus sortase A enzyme (SaSrtA) has
been characterized in detail and is paradigmatic [2]. SaSrtA, a class A enzyme, covalently anchors
proteins to the cell wall by catalyzing a transpeptidation reaction that joins its protein substrate to
the crossbridge peptide present in lipid 11 [28-30]. An N-terminal transmembrane (TM) segment
positions SaSrtA at the cell membrane where it recognizes protein substrates via their C-terminal,
cell wall sorting signal (CWSS). The CWSS consists of a LPXTG pentapeptide sorting signal
motif (where X is any amino acid), followed by a hydrophobic segment that is embedded in the
bilayer and a C-terminal cluster of positively-charged amino acids [28]. A conserved catalytic triad
(His120, Cys184, Argl97) is required for transpeptidation activity in SaSrtA,; this reaction is
catalyzed through a ping-pong mechanism in which its active site cysteine residue nucleophilically
attacks the backbone carbonyl carbon of the threonine residue within the LPXTG motif. Cleavage

of the scissile T-G peptide bond forms a long-lived, sortase-protein thioacyl intermediate [31,32].
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The thioacyl bond is then nucleophilically attacked by the amino group located in lipid 11, creating
a peptide bond-linked, protein-lipid 1l product [29,30,33]. The transpeptidation product is
subsequently incorporated into the peptidoglycan via the conventional transglycosylation and
transpeptidation reactions that synthesize the cell wall. All sortases are believed to catalyze
transpeptidation reactions through a similar mechanism.

At present, over 1,800 gene sequences encoding sortase enzymes have been identified
within ~600 species of bacteria [34]. Members of the sortase superfamily are predominantly found
in Gram-positive bacteria and are grouped into distinct classes based on their amino acid sequences
(class A to F enzymes) [3,35,36]. Biochemical and bioinformatics analyses suggest that class A,
B, C, D and E enzymes have evolved specificities for LPXTG, NPXTN, LPXTG, LPXTA and
LAXTG sorting signals, respectively (differences from LPXTG underlined). Most microbes
express more than one type of sortase, which function non-redundantly to “sort” distinct proteins
to the cell surface by recognizing their class-specific sorting signals. At present, atomic structures
of class A, B, C, and D enzymes have been reported, revealing class-specific structural features
[6]. Several studies using substrate analogues have also revealed how class A and B enzymes
recognize their sorting signals [37—40]. However, the structure of a class E enzyme, or the
mechanism though which it recognizes the unique LAXTG sorting signal substrate is not known.

Class E sortases are prevalent in soil-dwelling and aquatic actinobacteria (e.g.
Corynebacterium and Streptomyces genera) [36]. Streptomyces coelicolor is one of the best-
studied members of the Actinobacteria and uses two Class E enzymes to decorate its surface
[11,41]. It exhibits a complex life cycle that has three morphologically distinct stages: vegetative
hyphae, aerial hyphae, and spores. S. coelicolor is predicted to encode an astounding seven sortase

enzymes: two class E and five class F enzymes. The class E enzymes in S. coelicolor (called SrtE1
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and SrtE2) anchor chaplin proteins to the cell surface (ChpA, ChpB and ChpC) that function to
promote the transition from vegetative growth to aerial hyphae formation. Strong evidence
supports the notion that they recognize an unusual LAXTG sorting signal, as Duong et al. showed
that SrtE1 and SrtE2 selectively cleave LAXTG-containing peptides in vitro and that they attach
the ChpC protein bearing this motif to the cell wall [11,42]. These recognition events play a critical
role in the lifecycle of this microbe as a srtE1srtE2- double mutant is delayed in aerial hyphae
formation, is unable to sporulate, and fails to display chaplins on its aerial surfaces. Here we report
the first atomic structure of a class E sortase, SrtE1 from S. coelicolor. The crystal structure,
combined with biochemical, computational and cellular studies, provides insight in the mechanism

of LAXTG sorting signal recognition.

3.3 Results and discussion

Actinobacteria display proteins on their cell surface using class E sortase enzymes that are
distinct from other classes of sortase and have not been structurally characterized. To gain insight
into their function, we investigated the class E enzymes from S. coelicolor, SrtE1 and SrtE2. We
explored the importance of a unique cytoplasmic region in SrtE1 function and conducted structure-

function studies of its catalytic domain to learn how it recognizes the novel LAXTG sorting signal.

3.3.1 Regions within the cytoplasmic tail of SrtE1 are important for its

function in vivo

SrtE1 and SrtE2 contain a conserved C-terminal sortase catalytic domain (CAT) that is
connected by ~30 non-polar amino acids (N) to a putative transmembrane (TM) helix (Fig 1A-B).

The sequence of SrtE1 also contains an N-terminal extension that presumably resides within the
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bacterium’s cytoplasm (CE in Fig 1A). SrtE1 homologues of other actinobacteria in the
streptomycetes genus also contain the cytoplasmic extension, which varies in length from ~100-
200 amino acids (e.g. Actinobacteria bacterium and Actinospica acidophila) (S1 Fig). Notably,
the CE segment is absent in nearly all other types of sortase enzymes, including the prototypical
SaSrtA enzyme. While the sequence of the N-terminal CE segment in SrtE1 and its homologues
varies considerably, two regions contain amino acids with similar physiochemical properties (S1
Fig). In SrtE1, the first conserved region corresponds to a short segment that is enriched for acidic
amino acids (D50-E60) (enclosed in red box in S1 Fig), while a second region comprises a ~10
residue segment that is enriched with basic amino acids (R82-R92) (enclosed in blue box in S1
Fig). In addition, the ~25 residues that immediately precede the TM helix are also well conserved.

To probe the importance of the SrtE1 N-terminal cytoplasmic extension, we employed a
mutagenic strategy to investigate its function. We first removed the nucleotides specifying residues
G14-K113 of the S. coelicolor SrtEl-encoding gene (A14-113), which encompassed both the
conserved acidic and basic patches (Fig 1A). This srtE1 deletion variant was introduced into a
strain lacking both srtE1 and srtE2 to test its ability to complement the sortase mutant phenotype
(wild type srtE1 alone can restore aerial development and sporulation). Interestingly, loss of this
region results in a failure to promote sporulation in the sortase mutant, suggesting that it contains
segments important for SrtE1 function (Fig 1C). As the basic patch is the most conserved sequence
within this region, we set out to determine whether it is a critical functional determinant. We
deleted residues R82-R90 (including five positively charged residues) and introduced the resulting
construct into our sortase mutant (A82-90) (Fig 1A). This construct effectively restores aerial
development and sporulation, suggesting this positively charged region is not important for

function (Fig 1C). Finally, we created a third deletion variant lacking residues D15-G79, which
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included the acidic, negatively charged region (A15-79) (Fig 1A). This SrtE1 variant is unable to
function in place of wild type SrtE1 when introduced into the sortase mutant strain. Instead, it
produces a phenotype that is indistinguishable from that of a complete null mutant, suggesting that
segments within the first ~80 amino acids are important for SrtE1 function (Fig 1C). While we
cannot rule out the possibility that this region merely contributes to the stability of SrtE1 (we were
unable to generate a functional, tagged SrtE1 fusion protein in vivo to follow by immunoblotting),
we speculate that this cytoplasmic tail, and particularly the negatively charged region, may

promote interaction with other proteins in the membrane or cytoplasm.

3.3.2 The crystal structure of SrtE1 reveals unique class E features

We determined the 1.93A resolution crystal structure of the C-terminal region of SrtE1
(SrtE12N, residues T162-S352), which contains the conserved extracellular catalytic domain and a
~30 amino acid N-terminal linker segment that connects this domain to the putative TM anchor.
Crystallization of SrtE1*N was challenging as the protein irreversibly precipitated at low
concentrations (~7 mg/ml) within a few days of storage at 4 °C. However, for one condition in our
screen, diffracting crystals formed after ~3-4 weeks from a dense precipitate and proteinaceous
skin within the hanging drop. Attempts to reproduce crystal growth for structural characterization
of enzyme-substrate complexes proved unsuccessful. SrtE12N crystallized in the C222; space
group, with a single protein molecule in the asymmetric unit. The structure was determined by
molecular replacement, and is well-defined by continuous electron density for residues forming
the catalytic domain (P193-V351) (Fig 2). However, no density was observed for the ~30 amino

acids in the N-terminal linker segment that precedes the catalytic domain (T162-E192), except for
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residues A168-A170 (described in detail below). Complete data collection and structural statistics
are provided in Table 1.

SrtE12N is monomeric and adopts a classical sortase-like -barrel fold, but contains unusual
B3/B4 and B6/B7 loops, as well as several accessory helices (Fig 2A). The catalytic domain starts
with strand B1 (residues G196-1202), followed by a short helix H1 (residues P203-D206). The
chain then forms a turn such that residues in the following strand 2 (residues V207-E213) interact
with the B1 strand in an antiparallel manner. A 13-amino acid loop with an ordered helix H2
(residues V220-G224) then leads into strand B3 (residues V226-H228), which lays parallel to
strand f2. A 16-amino acid loop precedes strand B4 (residues G244-A249), which interacts in an
antiparallel manner with strand B3. The conserved active site histidine residue, His251,
immediately follows strand f4 and is located on a long segment intervening between 4 and B5
that contained helix H3 (residues Y261-L.265). Strand B5 (residues P270-E274) then aligns with
strand B1 in an antiparallel manner, followed by a short turn that directs strand 6 (residues K278-
T291) towards the active site. An extended, 26-residue loop containing an ordered 310 helix H4
(residues N295-D300) leads into strand B7 (residues R313-T321), which interacts in a parallel
manner with strand p4. The conserved catalytic cysteine residue (C320) is positioned at the end of
the B7 strand, followed by a loop that reverses the direction of the polypeptide chain to lead into
strand B8 (residues Y328-P341). The B8 strand contains a conserved active site arginine residue
(R329) and is positioned antiparallel with respect to strands p6 and 7. Two short helices, H5
(residues S343-G345) and H6 (residues P347-V351), complete the structure.

During protein structure refinement, positive difference density within the active site
clearly outlined the shape of a tripeptide. The sequence Ala-GIn-Ala (AQA) fit the density well

(Fig 2B). This sequence assignment is consistent with residues Alal68-Alal70 in the N-terminal
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linker of SrtE12N that precede the catalytic domain. Alal68 in the tripeptide is positioned farthest
from the active site near the B3/p4 and B6/B7 loops (Fig 2C). The remainder of the tripeptide
projects towards the active site with the side chain of GIn169 contacting hydrophobic residues in
the B6/B7 loop (P293 and V298) and B7 strand (I1331), and the side chain of the C-terminal Alal70
pointing towards the $2/H2 loop where it engages in hydrophobic interactions with Ala249 located
in strand 4. Two potential enzyme-peptide hydrogen bonds are possible: the active site Arg329
side chain may form a hydrogen bond to the backbone carbonyl oxygen of Glu169 (N-O distance
3.4 A), and the side chain hydroxyl oxygen of Tyr229 located in the B3/B4 loop may form a
hydrogen bond to the backbone amine of Ala170 (O-N distance 3.4 A). Unlike the AQA tripeptide,
electron density for residues GIn171-Glu192 that separated Alal68-Alal70 from the structured
catalytic domain was not observed. The notion that these residues in the N-terminal linker are
structurally disordered or undergo exchange between two or more distinct conformational states,
consistent with a “lid” function observed for class C enzymes, is supported by a two dimensional
(2D) 'H-'*N heteronuclear single quantum coherence (HSQC) spectrum of SrtE12Y, which lacks
cross peaks for ~30 residues (S2 Fig). However, more conclusive NMR evidence could not be
obtained as the protein construct was unstable, making it difficult to obtain sequence specific
resonance assignments. The elevated B-factors of the tripeptide suggest that the peptide may not
be bound at full occupancy throughout the crystal, possibly due to incomplete proteolytic cleavage
to produce the tripeptide, or constraints of crystal packing. However, the contacts observed appear
chemically reasonable, suggesting a degree of biological relevance. Interestingly, the amino acid
sequence of the tripeptide is present in many SrtE1 enzymes (S1 Fig), but not conserved in SrtE2

or other class E enzymes (Fig 1B).
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SrtE1 contains two active site loops that are structurally distinct from class A, B, C, and D
sortases. Structures of representative class A, B, C and D enzymes have been determined
previously [6]. As shown in Fig 3A, a phylogenetic comparison to these enzymes reveals that the
sequences of the class E sortases from S. coelicolor, SrtE1 and SrtE2, differ substantially.
Furthermore, a detailed structural comparison reveals that the conformation of the B3/B4 and B6/B7
loops in SrtE1 are distinct (Fig 3B). Based on our previously determined structures of class A and
B enzymes bound to their substrates, these loops in SrtE1 are presumably part of the binding site
for the LAXTG sorting signal [37-39,44]. In Fig 3B, the structures of these loops in SrtE1 are
compared to the corresponding loops of the class A and B enzymes from S. aureus, which we have
structurally characterized bound to their sorting signals [37,38]. It is readily apparent that the B6/37
(blue) and B3/p4 (green) loops in SrtE1 are positioned closer to one another, resulting in a more
confined binding site for the sorting signal (Fig 3B). Notably, the B3/B4 loop in SrtE1 is slightly
longer than in other sortase enzymes, and as described below, contains a conserved tyrosine
residue that may enable class E enzymes to recognize LAXTG sorting signals. Furthermore, the
B6/B7 loop in SrtE1 contains a 21 amino acid insertion relative to class A enzymes that
immediately follows a 310 helix positioned adjacent to the active site cysteine (yellow) (Fig 3B).
This long insertion is similar in length to that observed in class B sortases, but is distinctly devoid

of secondary structure, whereas class B sortases contain an additional alpha helix.

3.3.3 A distinct subsite on SrtE1 enables it to accommodate an alanine residue

at position P3 in the sorting signal

Previously, we demonstrated that SrtE1 attaches proteins to the cell wall that contain a

novel LAXTG sorting signal [11]. All sortases characterized to date recognize protein sorting
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signals that contain a conserved PXT motif at their core (i.e. LPXTG for class A enzymes).
Following convention, residues in the sorting signal are numbered based on their positioning
relative to the scissile Thr-Gly peptide bond, where residues in the sequence L-P-X-T-G sorting
signal are referred to as P4-P3-P2-P1-P1’, respectively (sites on the enzyme that recognize these
residues are referred to as S4-S3-S2-S1-S1°, respectively). The P3 site within the sorting signal is
important for substrate recognition by other sortase enzymes, as biochemical studies have shown
that mutation of this residue to alanine disrupts the ability of class A and B sortases to process their
substrates [38,46]. Interestingly, the sorting signals recognized by SrtE1 are highly unusual as they
contain an alanine at position P3, which contrasts ~90% of all known sorting signals that contain
a proline. The distinct substrate specificity of SrtE1 appears to be a hallmark of class E enzymes,
as comparative genome analyses predict that they also attach proteins to the cell that contain
sorting signals with an alanine residue at position P3 [36]. To explore SrtE1’s selectivity for
alanine, its ability to cleave peptides containing the sequence LPETG or LAETG was determined.
Each peptide was incubated with the enzyme separately, and the reaction products were separated
by HPLC [42,47]. Interestingly, SrtE1 is capable of cleaving both peptides at the T-G peptide
bond, as verified by MALDI (data not shown), but it exhibits a 2-fold preference for alanine at site
P3 as compared to proline (Fig 4). This promiscuity is unique, as similar studies using the class A
SaSrtA enzyme revealed that it could only hydrolyze the peptide containing a proline at position
P3, whereas the alanine containing peptide was enzymatically inert (Fig 4) [46]. The selectivity of
SaSrtA for proline is not surprising, as a structure of the enzyme bound to its sorting signal reveals
that this residue enables the peptide to adopt an ‘L’-shaped conformation that is complementary

to the enzyme’s active site [37,39].
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To gain insight into SrtE1’s unique ability to preferentially recognize sorting signals
containing alanine at position P3, we computationally modeled how it binds to its LAETG and
LPETG substrates. This work leveraged our experimentally determined structure of the class A
sortase from B. anthracis (BaSrtA) bound to an analog of its sorting signal that contains a proline
at position P3 (the BaSrtA-LPAT* complex) [39]. We modeled the SrtE1l-substrate thioacyl
complexes formed by these peptides, as it is a long-lived reaction intermediate that forms
immediately after cleavage of the T-G peptide bond; in the reaction intermediate, the threonine
carbonyl atom in the sorting signal was joined to the active site cysteine residue in SrtE1 via a
thioacyl bond. Details of the modeling procedure are presented in the Methods section. Briefly,
modeling involved positioning the peptide in the active site of SrtE1 using ligand docking and
peptide coordinates derived from the structure of the BaSrtA-LPAT* complex, in silico
construction of the thioacyl linkage, and solvated molecular dynamics (MD) and energy
minimization calculations. Fig 5 shows the models of the SrtE1-LAET (Fig 5A) and SrtE1-LPET
(Fig 5C) thioacyl intermediates. In both models, the bound sorting peptide adopts an ‘L.’ shape as
aresult of a kink at the P3 residue. The non-polar side chains of either the alanine or proline residue
at position P3 packs against Ala249 in the underlying -sheet, as well as 1le215 and Leu221 within
the B2-H2 loop. As observed in BaSrtA-LPAT (Fig 5B), the proline residue in the peptide of SrtE1-
LPAT adopts a trans conformation producing an inherent kink that redirects the chain (Fig 5D),
whereas in the LAET peptide, the kink occurs when the alanine residue adopts semi-favorable -
57.9° phi and 173.6° psi torsional angles (Fig 5A). In both peptides, the kink causes the leucine P4
side chain to project into a hydrophobic S4 subsite on SrtE1 that is formed by residues located on
the B7 (T318) and B8 strands (I331), as well as the N-terminal end of the f6/37 loop (T291, P293,

S294, N295, V296, V298, and L299). Specifically, the P4 leucyl side chain packs against the non-
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polar side chains of Val296, Val298 and Leu299 in the 310 helix H4, as well as the side chain of
Thr291 and a-protons of Pro293, Ser294 and Asp295 in the B6/B7 loop. Not surprisingly, the
overall conformation of the bound peptide and the positioning of the P3 and P4 residues in the
SrtE1-peptide models are generally similar to the sorting signal positioning observed in the
experimentally determined structures of the BaSrtA, SaSrtA and SaSrtB enzyme-substrate
complexes [37—-39]. However, in the case of the SaSrtB, a hydrophilic threonine residue (T177) is
present within the 6/B7 loop to coordinate the polar asparagine at position P4 within its NPQTN
sorting signal, whereas in the SrtE1-peptide models, the S4 subsite is non-polar so as to interact
with the leucine side chain in the LAETG and LPETG sorting signals (Fig 5A and 5C).

The S3 subsite of SrtE1 contains a conserved tyrosine residue that may enable it to
preferentially recognize alanine instead of proline at site P3 in the sorting signal. The tyrosine
residue, Tyr229, is located in the B3/B4 loop and, along with the side chain of Ile215 in the f2/H2
loop, forms a unique SrtE1-specific ridge in the S3 subsite. In the energy minimized models of the
SrtE1-LAET and SrtE1-LPET complexes, the S3 subsite can readily accommodate the methyl and
pyrrolidine ring side chains of their respective sorting signals (Fig 5E and 5F, respectively). In
particular, the S3 subsite forms hydrophobic contacts to these side chains via its 1le215, Leu221
and Ala249 residues, while the active site arginine residue (R329) donates a hydrogen to the
acceptor carbonyl oxygen of the P3 residue via its guanidino group (Fig 5E-F), forming a hydrogen
bond. These interactions have also been observed in the experimentally determined structures of
sortases bound to their substrates [37-39]. Intriguingly, the tyrosine residue in the S3 subsite
appears to preferentially stabilize the alanine-containing sorting signal. As shown in the energy
minimized model of the SrtE1-LAET complex (Fig 5E), the backbone amide nitrogen of the P3

residue is positioned to donate a hydrogen to the acceptor Tyr229 hydroxyl, forming a hydrogen
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bond. This hydrogen bond may preferentially stabilize binding to the alanine containing peptide,
as a proline residue at this site would contain a nitrogen atom that would be unable to act as a
hydrogen bond donor. Notably, the binding mode of the peptide in the SrtE1-LAET model is
similar to that of the AQA tripeptide in the crystal structure of SrtE1, suggesting that it is a
biologically accessible conformation (Fig 2C). Unfavorable enzyme-substrate steric interactions
involving the tyrosine residue may also further discourage binding of sorting signals that contain
a proline residue at P3. This is demonstrated in Fig 5B and 5D, where we compared the
experimentally determined structure of the BaSrtA-LPAT* complex and a model of SrtE1-LPAT
complex in which the peptide had been simply placed into the enzyme active site in an identical
manner as in BaSrtA without any energy refinement (SrtE1-LPAT model). Unlike the LPAT
peptide bound to BaSrtA, which is complementary to the enzyme’s active site, the P3 proline
residue in the non-energy minimized SrtE1-LPAT model sterically clashes with ridge atoms within
the S3 subsite of SrtE1 (Fig 5D). These unfavorable contacts can only be alleviated by energy
minimization of the atomic coordinates (Fig 5C). Interestingly, even though energy minimization
enables the proline residue to properly fit into the S3 subsite, the P4 leucine side chain is not fully
ensconced within the hydrophobic S4 subsite. Together, the modeling data suggests that steric
hindrance and hydrogen bonding imparted by the tyrosine residue in the S3 subsite may cause
SrtE1 to preferentially recognize sorting signals that contain an alanine residue at position P3.
Several indirect lines of evidence support the notion that class E enzymes like SrtE1 use a
conserved tyrosine residue to recognize sorting signals that contain an alanine at position P3. First
and foremost, an amino acid sequence alignment reveals that the tyrosine residue at this position
is highly conserved in class E enzymes that are predicted to recognize LAXTG sorting signals,

while it is frequently absent in other types of sortases [3,35,36] (S3 Fig). Second, several
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biochemical studies of A, B and D sortases that do not contain the analogous tyrosine residue in
their S3 subsites have revealed that they are unable to process signals containing alanine at site P3
[38,46,52]. Interestingly, these studies have shown that even conservative mutation of the tyrosine
residue may disrupt alanine recognition. In particular, recent studies of the Clostridium perfringens
SrtD enzyme (CpSrtD) that contains a phenylalanine (F92) instead of tyrosine residue have shown
that it preferentially cleaves the sequence LPQTGS motif, but does not process an LAETG sorting
signal [35,52]. Notably, CpSrtD was originally classified as a class E enzyme, but was later re-
classified using hidden Markov models to be a class D enzyme [35,36]. This is consistent with our
assertion that tyrosine plays an important role in signal recognition, as CpSrtD also lacks the class
E specific tyrosine residue within its S3 subsite. Third, the results of directed evolution studies of
the class A SaSrtA enzyme are compatible with the proposed substrate specificity determinant role
of the conserved tyrosine residue in SrtE1. Specifically, Dorr et al. observed a marked shift in the
specificity of evolved SaSrtA enzymes to preferentially cleave LAETG over LPETG substrates
once a mutation was acquired within the $3/B4 loop at an analogous site to Y229 in SrtE1 (SaSrtA
A104H mutation) [53]. These observations suggest that selectivity for an alanine at the S3 subsite
could be mediated by the presence of a residue with a bulky, aromatic side chain and a hydrogen
bond acceptor group within the B3/B4 loop; these features would partially exclude proline from the
active site and stabilize the peptide backbone amide or carbonyl groups of substrates containing a
residue with a small, nonpolar side chain. Unfortunately, our attempts to experimentally probe the
dependence of substrate specificity on the tyrosine residue were unsuccessful, as SrtE1 proteins
containing single amino acid mutations that change its Tyr229 residue to either phenylalanine or

alanine are unstable (data not shown).
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In conclusion, work presented in this paper has revealed unique class E sortase features
within the catalytic domain of the SrtE1 enzyme from S. coelicolor and highlighted the functional
importance of N-terminal cytoplasmic residues. Our biochemical studies indicate that SrtE1 can
recognize sorting signals that contain either alanine or proline at position P3. Based on models of
its reaction intermediates, we propose that SrtE1 and other class E sortases recognize unique
alanine containing sorting signals by employing a conserved tyrosine residue within their 33/B4
loops. The tyrosine presumably biases recognition for alanine through a combination of steric
effects and hydrogen bonding. However, it is important to stress that residues in addition to
tyrosine may also be needed to confer enzyme specificity for alanine at site P3, as directed
evolution studies of the SaSrtA enzyme have shown that a set of 11 mutations are required to
change its specificity from LPXTG to LAXTG [53]. The majority of these mutations were in the
peptide binding pocket and included an A104H alteration in the S3 subsite at a position that is
analogous Tyr229 in SrtE1 [53]. Notably, guided by these studies, we attempted to bias the
specificity of SaSrtA for alanine at site P3 by introducing a single A104Y mutation. However, this
single amino acid mutant was unable to recognize both LPXTG and LAXTG substrates, suggesting
that more than one mutation in the enzyme’s binding pocket is required to change its substrate
specificity (data not shown). Combined, the data suggest that binding of the sorting signal is a
complex process, whose specificity is dictated by multiple, interdependent interactions with amino
acids in the enzyme. Elucidating the determinants of sortase substrate specificity will require
additional atomic structures of sortases bound to their substrates and the application of more
sophisticated computational modeling approaches. The results of this work will facilitate

prediction of sortase function among a wide range of microbes, rational design of substrate-based
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inhibitors that could function as antibiotics, and engineering of sortases with altered specificities

that could have useful biotechnological applications.

3.4 Materials and methods

3.4.1 Cloning, expression, and protein purification

The extracellular domain of SrtE1 from S. coelicolor (SrtE12N, residues T162-S352) was
expressed from a pET-15b plasmid in Escherichia coli BL21(DE3) cells. Standard methods were
employed, with cultures grown in the presence of ampicillin at 37°C until an ODsoo of 0.6-0.8 was
reached. Protein expression was then initiated by adding 100 puM isopropyl- B-D-1-
thiogalactopyranoside (IPTG) followed by overnight protein expression at 25°C. A two liter cell
culture was harvested by centrifugation and re-suspended in 40 mL of lysis buffer (50 mM Tris,
pH 7.5; 300 mM NacCl) that contained 1 mg/mL lysozyme (Sigma-Aldrich), 400 ul of protease
inhibitor cocktail (Calbiochem) and 2 mM phenylmethanesulfonylfluoride (PMSF). The cells were
then incubated on ice with stirring for ~30 min and further lysed by sonication. Cell lysates were
fractionated by centrifugation and the soluble portion applied to a gravity column containing 10
mL of suspended His-Pure Co?* resin (Life Technologies) pre-equilibrated with lysis buffer. The
resin was sequentially washed with 20 mL aliquots of lysis buffer that contained 0, 10, and 25 mM
imidazole. His-tagged SrtE1 was then eluted using 500 mM imidazole, and the fractions pooled,
concentrated, and buffer exchanged into 50 mM Tris, pH 7.5; 150 mM NaCl using an Amicon
Ultra-15 centrifugal filter (Millipore). To remove Hise-tag from the protein, one unit of thrombin
protease (GE Healthcare) was added for every 100 pg of SrtE1, and the solution was incubated at
4 °C overnight. Thrombin was then separated from SrtE1 using a HiTrap-Benzamidine column

(GE Healthcare). Specifically, the SrtE1-thrombin mixture was loaded onto the column using
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Buffer A (50 mM Tris, pH 7.5; 150 mM NaCl), followed by washing with Buffer A and subsequent
addition of Buffer B (50 mM Tris, pH 7.5; 1 M NacCl) to recover absorbed SrtE1. SrtE1 lacking
the Hise-tag was further purified by gel filtration chromatography using a Sephacryl size-exclusion
column (GE Healthcare Life Sciences) equilibrated in 50 mM Tris, pH 7.5 and 150 mM NacCl.
Purified SrtE1 was then pooled, concentrated to 7 mg/mL, and stored at 4 °C.

Three single amino acid mutants of SrtE12N were constructed, using the extracytoplasmic
sequence as a starting point. Two point mutant variants targeting Y229 were generated using site-
directed mutagenesis (mutated codon is underlined). Y229A mutation was generated by PCR
amplification using forward (CGGGGCATGGTCGGGCACGCCGCGGAGGACGGGCTGAAG) and
reverse (CTTCAGCCCGTCCTCCGCGGCGTGCCCGACCATGCCCCG) primers. Y229F mutation
was generated by PCR amplification using forward
(CGGGGCATGGTCGGGCACTTCGCGGAGGACGGGCTGAAG) and reverse
(CTTCAGCCCGTCCTCCGCGAAGTGCCCGACCATGCCCCG)  primers. An N-terminally
truncated version was also generated, such that the first 34 extracytoplasmic amino acids were
removed from the overexpression construct. This construct essentially recapitulated the portion of
SrtE1 that was crystallized, and was generated by PCR amplification using the primers SrtE1 short
Ndel (GGTCGCATATGGGCATCGGCTTCCTGCACG; Ndel site is underlined), and 3850 BamHI
(GGGTGCGGATCCTTAACTGACGAGCGCATCC; BamHI site is underlined), using the original
overexpression construct as template. The resulting PCR product was digested with Ndel and
BamHlI, cloned into pET15b digested with the same enzymes, and sequenced to confirm insert

integrity. Protein overexpression was achieved as described above.
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3.4.2 Crystallization, data collection, and structural determination

Recombinant SrtE1N at a concentration of 7 mg/mL in 50 mM Tris, pH 7.5; 150 mM NaCl
was used for crystal screening. Screening used the Structure Screen broad matrix suite (Hampton
Research) at room temperature in a sitting-drop vapor diffusion format (200 nl drop size). Protein
crystals grew over the course of 3 to 4 weeks or longer in the presence of 50 mM HEPES, pH 7.5,
1.4 M sodium citrate and reached dimensions of ~ 0.10 mm x 0.05 mm. For X-ray data collection,
SrtE1 crystals were cryoprotected using reservoir solution containing 30% glycerol. Diffraction
data sets were collected at the Advanced Photon Source (APS) beamline 24-1D-C equipped with
a Pilatus-6M detector. All data were collected at 100 K. Data were collected at the detector distance
of 600 mm, with 0.5° oscillations, and at a 0.9791 A wavelength. The crystals diffracted X-rays to
1.8 A resolution. The XDS/XSCALE package was used to index, integrate and scale data in C222;
space group [54]. The asymmetric unit of the crystal contained a single protein molecule, yielding
a Matthews coefficient of 2.57 A/Da and a 52.23% solvent content in the crystal. The PHASER
program was used for molecular replacement, employing the coordinates of the SrtC1 enzyme
from group B streptococcus as a search model (PDB 1D: 4G1J); loops within the search model that
had high B-factors were deleted [55]. Molecular replacement yielded a single solution, which was
refined in iterative runs using PHENIX software [56]. Modeling of the additional active site
density was confirmed using 2F,-Fc omit maps generated using PHENIX [56]. Complete
refinement and structure statistics are reported in Table 1. The high value for the ligand B-factor
indicated incomplete occupancy of a glycerol molecule within the crystal lattice. Coordinates and

structure factors have been deposited in the Protein Data Bank with accession code 5CUW.
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3.4.3 Computational modeling and molecular dynamics simulations

Models of the thioacyl intermediate containing SrtE1 bound to either LPET or LAET
peptides were generated. The procedures used to construct these models have been described
previously [38,39]. Briefly, the coordinates of each peptide were derived from the coordinates of
the LPAT peptide in the NMR structure of the BaSrtA-LPAT complex [39]. The LPET or LAET
coordinates were created by in silico mutation of the LPAT coordinates using Pymol. The LPET
or LAET peptides were then docked to the crystal structure of SrtE1 using the Schrédinger Small-
Molecule Drug Discovery Suite 2015-2 (Schrodinger LLC, New York, NY, USA). Prior to
docking, the LPET and LAET ligands were constructed and energy minimized with LigPrep and
the AQA tripeptide was removed from the crystal structure of the enzyme. The receptor (SrtE1)
was also processed with the Protein Preparation Wizard to add missing side chain atoms and
hydrogens, and to perform a restrained, partial energy minimization of the coordinates [57].
Docking grid was generated using Glide [49,50], and had dimensions of 22 x 22 x 22 A centered
around the active site. Docking was performed with Glide in SP Peptide docking mode using
default settings [58]. A single model with the lowest docking energy for LPET and LAET peptides
separately and the carboxyl group of Thr in the peptide within 3 A of Cys320 were further refined
using MD simulations.

The procedures used for the MD simulations have been described previously [38,39].
Briefly, the carboxyl oxygen on the Thr residue within the docked peptide was modified to enable
thioacyl bond formation to the active site cysteine (C320). Parameters for the thioacyl linkage had
been generated from our previous study [38,39]. Using tLeap, the models were first solvated in a
triclinic box of TIP3P water molecules with sufficient sodium and chloride ions to create a neutral

simulation box of approximately 150 mM NaCl [59]. Models were then energy-minimized and
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equilibrated in NAMD 2.6 using the AMBER14SB force field by slowly removing restraints from
the initial atom positions over 1 ns (2-fs step size) [38,51]. For each enzyme-peptide model, two

sequential 10-ns MD simulations were performed.

3.4.4 In vivo functional assay for SrtE1 activity

To probe the functional significance of the cytoplasmic N-terminal extension of SrtE1,
we created three different mutant variants (A14-113, A82-90 and A15-79), and tested their ability
to complement the developmental defects of a srtE1-srtE2 mutant. Two of the mutant constructs
were synthesized (A14-113 and A15-79) (Genscript), and cloned into pUC57. These constructs
were then excised using Hindlll and Kpnl, and were cloned into pMS82 digested with the same
enzymes [60]. The resulting constructs were confirmed by sequencing, prior to being conjugated
into the S. coelicolor AsrtE1/E2 mutant strain, where they were integrated into the chromosome
[61]. The other mutant (A82-90) was generated by site-directed mutagenesis, using pMC134
(pMS82 containing srtE1) as template, together with the primers 3850 del4-F

(GGGGGCGGTCCGGACGGCGGCGGTCGGCGTCACGGGCGCCGTGGGGCEG) and

3850 del4-R

(CGCCCCACGGCGCCCGTGACGCCGACCGLCGLLGTCCGGALCCGeeeeR), where

each primer encompasses sequences flanking the deleted region (underlined and bolded
sequences delineate the two sides of the deleted region) [61]. Following PCR amplification, the
resulting product was treated with Dpnl, and introduced into E. coli XL1-Blue cells by
electroporation. The sequence of the deletion construct was confirmed by sequencing, after
which the plasmid was introduced by conjugation into the double sortase mutant strain.  The

ability of the different mutant derivatives was assessed using phenotypic analyses of the strains
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grown on sporulation (MS) medium, comparing each strain with the srtE1/E2 mutant strain
containing either an empty plasmid vector (pMS82) or one bearing a wild type version of srtE1l

(pPMC134) [62].

3.4.5 In vitro hydrolysis assay for substrate recognition and cleavage

The in vitro hydrolysis reactions were performed as described by Kruger et al. [48]. Ten
micromolar sortase enzyme (wild-type or mutant) was incubated with 100 mM peptide substrate
in 100 pl of assay buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM CaCl;, 1 mM DTT) at 25 °C
for 72 h. The reactions were quenched by adding 50 ul of 1 M HCI and injected onto a Waters
XSelect HSS C18 reversed phase HPLC column. Peptides were eluted by applying a gradient
from 0 to 40% acetonitrile (in 0.1% trifluoroacetic acid) over 40 min at a flow rate of 1 ml/min.
Elution of the peptides was monitored by absorbance at 215 nm. Peak fractions were collected,
and their identities were confirmed by MALDI-TOF mass spectrometry. The amount of product

produced was determined by integrating the area of the product peak in the HPLC trace.
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3.5 Figures
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Figure 3.5.1 Phenotypic effect of deletions within the N-terminal cytoplasmic

tail of SrtE1. A) SrtE1 constructs indicating deletion within the conserved, N-terminal

cytoplasmic tail. The residue number that initiates or terminates deleted segments or domain
boundaries are shown below the WT construct. The conserved acidic region (red) and basic
region (blue) of the SrtE1 N-terminal cytoplasmic tail are indicated within the CE. WT, wild
type; CE, cytoplasmic extension; TM, transmembrane helix; N, N-terminal membrane linker
segment; CAT, catalytic core domain. B) Multiple sequence alignment of SrtE1 and SrtE2 from
S. coelicolor with S. aureus SrtA. Sequence alignment was generated using the ClustalOmega
server [43]. The bacterial species and accession numbers of the amino acid sequences used for
the alignment are as follows: Streptomyces coelicolor (NP_628038 and NP_628037) and
Staphylococcus aureus (WP_000759361). Conserved residues are indicated in red, and related
amino acids are indicated in blue. Secondary structure elements from the SrtE1 crystal structure
are shown in blue for p-strands (arrows) and helices (cylinders). The transmembrane (TM)
region predicted by the THMHH server is indicated with a green cylinder. The conserved acidic
region (red box) and basic region (blue box) within the N-terminal cytoplasmic tail of the SrtE1
enzyme, as well as conserved N-terminal membrane linker segment of SrtE1 and SrtE2 (orange
box) are indicated. C) Effect of SrtE1 mutation on aerial development and sporulation in S.
coelicolor. srtE1 variants lacking the conserved acidic region (A15-79), basic region (A82-90), or
both (A14-113) were introduced into a strain of S. coelicolor lacking both srtE1 and srtE2

(+pMS82). Wild type srtE1 alone (+srtE1) can restore aerial development and sporulation.
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Figure 3.5.2 Crystal structure of SrtE1 from S. coelicolor. A) Ribbon diagram of
the SrtE1catalytic domain with the conserved Arg-Cys-His triad shown in sticks. Beta sheets ()
and helices (H), as well as N- and C-termini, are labeled accordingly. The sortase -barrel core
(light blue), structurally unique 33/B4 (green) and p6/B7 loops (blue), and accessory loops and
helices (gray) are colored. B) An Fo — Fc omit map of the active site contoured at +3 o (green

mesh). The map was generated by omitting the AQA tripeptide from the final model and
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performing additional refinement. The omit density accommodates an AQA tripeptide adjacent
to Arg329 and Cys320 within the active site. C) Interactions between SrtE1 active site residues
and AQA tripeptide. Potential hydrogen bond interactions (black dashed line) between R329,

Y229, and AQA tripeptide (sticks) are shown.
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Figure 3.5.3 The structure of SrtE1 reveals unique features within class E

sortases. A) Phylogenetic tree of distinct sortase classes. The full amino acid sequences of 17

structurally characterized sortase enzymes were aligned with the sequences of SrtE1 and SrtE2

using the MUSCLE server and submitted to the ClustalOmega program for phylogenetic tree
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generation via the neighbor joining method [43,45]. The bacterial species and accession numbers
of the amino acid sequences used are as follows: Streptomyces coelicolor (NP_628038;
NP_628037), Bacillus anthracis (WP_011732503; WP_000093563; WP_000771607),
Streptococcus pyogenes (WP_002984641; WP_010921812), Clostridioides difficile
(WP_021376017), Staphylococcus aureus (WP_000759361; WP_054104750), Streptococcus
agalactiae (WP_017646311; WP_000529911; WP_000746226), Streptococcus pneumoniae
(WP_000078846; WP_001140539; ABS82110), and Streptococcus suis (WP_012027975). B)
Sortase class comparison of distinguishing class E structural features. Class A and class B
enzymes from S. aureus and a class E enzyme (SrtE1) from S. coelicolor are shown in cartoon
with helices (cylinders), B3/p4 loops (green), B6/B7 loops (blue), and active site cysteine residue
(yellow) indicated. Inspection of the most structurally related class C (PDB ID: 3RE9) and class
D (PDB ID: 2LLN7) enzymes, as determined by DALI analysis, revealed $3/p4 and p6/B7 loops

that align similarly to the class A enzyme.
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Figure 3.5.4 SrtE1 exhibits specificity for alanine at site P3 in the sorting

signal. Hydrolysis activity of SrtE1 or SaSrtA towards LPETG or LAETG peptide substrates

was determined with an established in vitro HPLC assay [48]. The enzyme cleaves the peptide at
the threonine-glycine scissile bond, producing N- and C-terminal peptide products. The extent of
hydrolysis was measured by integrating the area of the N-terminal peptide product peak in the
HPLC chromatogram. Error bars indicate the standard deviation of integrated HPLC peak area

obtained from duplicate hydrolysis reactions.
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Figure 3.5.5 Energy minimized models of SrtE1-substrate complexes provide

Insight into the mechanism of recognition of the LAXTG sorting signal.

A) Model of SrtE1 binding the LAET motif. The LAET peptide (gray sticks) was docked to the
SrtE1 active site (electrostatic surface) using GLIDE and energy minimized through molecular
dynamics simulations with NAMD2 [49-51]. The exposed surfaces of the catalytic residues
Arg329 (cyan), Cys320 (yellow), and His251 (orange) residues are shown. B) NMR solution
structure of SrtA from B. anthracis bound to LPAT substrate. The LPAT substrate mimic (white
sticks) is positioned within the BaSrtA active site groove (electrostatic surface), defined by the
exposed surfaces of the catalytic residues Arg196 (cyan), Cys187 (yellow), and His126 (orange)
residues. C) Model of SrtE1 binding the LPET motif. The LPET peptide (gray sticks) was
docked to the SrtE1 active site (electrostatic surface) using GLIDE and energy minimized
through molecular dynamics simulations with NAMD2. The exposed surfaces of the catalytic
residues Arg329 (cyan), Cys320 (yellow), and His251 (orange) residues are shown. D) Model of
SrtE1 binding the canonical SrtA substrate motif. The catalytic cores of the SrtE1 crystal
structure and solution structure of SrtA-LPAT* from B. anthracis (BaSrtA) (PDB ID: 2RUI)
were structurally aligned in Pymol. The LPAT substrate mimic from BaSrtA (white sticks)
clashes with the SrtE1 active site groove (electrostatic surface), defined by the exposed surfaces
of the catalytic residues Arg329 (cyan), Cys320 (yellow), and His251 (orange) residues. E)
Hydrogen bond interactions between SrtE1 active site residues and LAET substrate motif. SrtE1
residues within 4 angstroms of the LAET peptide are shown (magenta sticks). Energy minimized
LAET peptide (gray sticks) containing the unique alanine residue (white sticks) is indicated.
Hydrogen bonds (yellow dashed lines) between R329, Y229, and the energy minimized LAET

peptide backbone are shown. F) Hydrogen bond interactions between SrtE1 active site residues
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and LPET substrate motif. SrtE1 residues are shown (orange sticks). Energy minimized LPET
peptide (gray sticks) containing a proline residue (white sticks) is indicated. Hydrogen bonds
(yellow dashed lines) between R329 and the energy minimized LPET peptide backbone are

shown.
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Figure 3.5.6 Alignment of the N-terminal extension of SrtE1 orthologues in

diverse Streptomyces species. Sequence alignment was generated using the ClustalOmega

server [43]. The bacterial species and accession numbers of the amino acid sequences used for
the alignment are as follows: Streptomyces clavuligerus (EDY51820), Streptomyces coelicolor
(WP_011029270), Streptomyces viridochromogenes (EFL33429), Streptomyces sviceus
(WP_007383307), Streptomyces ghanaensis (WP_004985874), Streptomyces griseoflavus
(WP_040906697), Streptomyces scabiei (WP_013002225), Streptomyces albus
(WP_015507549). Conserved residues are indicated in red, and related amino acids are indicated
in blue. The conserved acidic and basic regions are boxed in red and blue, respectively. The

conserved transmembrane helix is boxed in green.
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Figure 3.5.7 *H-®N HSQC spectrum of the SrtE1 extracellular domain

construct. The *H->"N HSQC spectrum yielded reasonably well-resolved cross peaks,
indicating that the SrtE1 protein was folded. However, there were substantially fewer peaks than
anticipated for the molecular weight of the SrtE1*N construct (20.8 kDa). In particular, ~29 peaks
were absent in the NMR spectra; only ~148 resolvable cross peaks from backbone amides were
observed, whereas 177 cross peaks are expected (194 total residues — 16 proline residues — the
N-terminal residue). The reduced number of signals in the *H->N HSQC spectrum is compatible
with the N-terminal linker experiencing motions that are intermediate on the chemical exchange

time scale (us to ms), causing their signals to be broadened. Such motions are also compatible

129



with our inability to visualize residues from the N-terminal linker (with the exception of the
AQA tripeptide) within the electron density map. Combined, the NMR and crystallography data
suggest that the AQA tripeptide is housed in a structurally disordered segment of the isolated
enzyme. ©°N-labeled SrtE1*N for NMR studies was concentrated to 350 uM in NMR buffer (50
mM NaPO4, pH 6.8; 150 mM NaCl, 7% D»0). HSQC spectra were acquired with 32 scans at

298 K on Bruker 600 MHz spectrometers equipped with a triple-resonance cryogenic probe.
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Figure 3.5.8 Alignment of phylogenetically determined class E enzymes with

SrtD from Clostridium perfringens. Sequence alignment was generated using the

ClustalOmega server [43]. The bacterial species and accession numbers of the amino acid

sequences used for the alignment are as follows: Streptomyces coelicolor (NP_628038 and

NP_628037), Bifidobacterium longum (NP_695779), Corynebacterium diptheriae (NP_940575),

Corynebacterium efficiens (NP_739396), Corynebacterium glutamicum (NP_602126),

Streptomyces avermitilis (NP_825514; NP_826383; NP_825510), Streptomyces griseus

(YP_001825232; YP_001825235; YP_001826193; YP_001825236), Thermobifida fusca

(YP_290439), Tropheryma whipplei (NP_787692), Clostridium perfringens (WP_003467492),

Clostridium tetani (WP_011099430). Conserved residues are indicated in red, and related amino

acids are indicated in blue. The conserved tyrosine residue within the B3/B4 loop of class E

sortases is boxed in black.
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3.6 Tables

Table 3.6.1. Data collection and structure refinement statistics.

SrtEl
Data collection
Space group C222;
Cell dimensions ][]

a, b, c (A) 53.11, 104.30, 79.02
a, B,y (°) 90.0, 90.0, 90.0
Resolution (A) 43.53-1.93 (1.98-1.93)°
Rmerge (%)? 19.0 (83.8)
CC1/2 (%) 98.7 (77.1)
| /ol 6.82 (2.0)
Completeness (%) 97.5 (99.9)
Redundancy 5.9 (4.7)
Wilson B-factor (A?) 26.2
Refinement
Resolution (A) 43.5-1.93
No. reflections 17583
Rwork / Riree (%)c 19.9/22.9
No. atoms 1283

Protein 1232

Ligand/ion 14

Water 37
B-factors (all atoms) 33.7

Protein 32.9

Ligand/ion 98.6

Water 33.6
R.m.s. deviations

Bond lengths (A) 0.007

Bond angles (°) 1.089
Ramachandran favored (%) 98.0
Ramachandran allowed 2.0
(%)

Ramachandran generally 0.0
allowed (%)
Ramachandran outliers (%) 0.0

& Data from two crystals were merged for structure determination.
b\/alues in parentheses are for highest-resolution shell.
¢ Rfree Calculated using 5% of the data.
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Chapter 4

The Crystal Structure of TarA from Thermobacter italicus
Reveals a Novel Glycosyltransferase Structural Fold
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4.1 Overview

Our understanding of bacterial Wall Teichoic Acid (WTA) biosynthesis has been limited
because protein structural information has only been obtained for the soluble, substrate feeder
enzymes (TarD, Tarl, TarJ), main chain glycosylation enzymes (TarM, TarS), and a single
domain of the peripherally membrane-associated, WTA chain polymerase, TagF [1-4]. We have
determined the 1.8 A resolution crystal structure of the early stage WTA glycosyltransferase
(GT), TarA from Thermobacter italicus (T. italicus). The TarA enzyme adopts a structurally
novel protein fold that is distinct from the previously characterized GT-A, GT-B, GT-C, and GT-
D classes [5,6]. Specifically, the TarA “GT-E” fold is formed by a compact primary sequence

that adopts an eight B strand core structure that is surrounded by several accessory helices.

The T. italicus TarA enzyme is the first structurally characterized member of the WecB-
TagA-CpsF GT family, providing insight into how members of the Carbohydrate-Active
Enzymes (CAZy) GT-26 family perform their glycosyltransferase activity. The crystal structures
of the apo- and UDP-bound TarA enzyme from T. italicus crystallized in dimeric and trimeric
forms, respectively. TarA oligomerization is also observed in solution during size exclusion and
NMR studies, suggesting that these oligomer complexes may be physiologically relevant.
Sequence conservation mapping onto the TarA structure indicated that highly conserved residues
cluster at the interfaces of these oligomeric forms, suggesting that oligomerization of TarA may
be required to form a competent active site. Limited proteolysis studies reveal the presence of a
protease-susceptible loop that is protected from cleavage upon addition of UDP and ManNAc
ligands, suggesting that this loop may be involved in ligand binding. Additionally, co-
crystallization of TarA with UDP in combination with sequence conservation analysis has

identified putative functional residues for substrate binding and catalysis, including residues that
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may act as a catalytic base for nucleophile activation. A detailed mechanism of substrate binding,
oxocarbenium ion-like transition state formation, and nucleophile-mediate catalysis remains to

be elucidated by TarA co-crystallization studies with UDP-ManNAc and lipid ligands.

4.2 Introduction

GTs catalyze the transfer of a sugar moiety from a nucleotide-activated sugar or lipid-
phospho-sugar donor to a broad range of acceptor substrates to produce chemically diverse
products. Currently, over 100 distinct GT families are classified within the Carbohydrate-Active
Enzymes (CAZy) database according to amino acid sequence similarity [7]. Each member of a
GT family is predicted to adopt a similar three-dimensional fold; however, substrate poly-
specificity has been noted within these families, making reliable functional prediction
challenging. To date, only four structural classes of GT have been identified among the >40 out
of 100 CAZy families represented in the Protein Data Bank (PDB), suggesting that a similar
structural scaffold can be appended with unique active site residues to produce catalytically-
diverse enzymes [5,6,8]. GTs are highly selective enzymes, distinguishing subtle structural
differences in sequence and stereochemistry of sugar substrates; precise spatial arrangement of
the GT active site is required to ensure highly selective substrate recognition and transition state
stabilization. Specifically, GTs utilize post-translational modifications, oligomerization, multi-
domain structure (i.e. GT appended with a lectin domain), domain-domain and protein-protein
interactions, coupled with protein dynamics and conformational changes, to produce a range of

distinct products [5,8].
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4.2.1 Glycosyltransferase structural folds

Four distinct structural folds of GTs have thus far been identified, classified as GT-A,
GT-B, GT-C, and GT-D [5,8]. The limited number of structural folds adopted by GTs could
reflect structural restraints imposed by binding nucleotide-sugar or lipid-phospho-sugar donors.
However, GTs demonstrate diverse functionality that is achieved through conformational
plasticity [5].

The structure of GT-A enzymes encompass two tightly coordinated domains, each
containing a variation of the B/o/B Rossmann fold [5,8] (Figure 4.7.2A). The active site resides at
the interface of the N- and C-terminal domains, which recognize a nucleotide-sugar moiety and
acceptor molecule, respectively. Additional structural features, such as short, internal loops and
termini extensions, may reside within or adjacent to the active site where they assist in substrate
binding and catalysis. These dynamic loops and extensions often undergo large conformational
changes during the catalytic cycle to regulate access to the active site, substrate binding, and
product release. An Asp-X-Asp motif (where X is any amino acid) is also commonly present to
coordinate a divalent cation or ribose via the side chain carboxylate groups, although this feature
is not conserved.

The structures of GT-B enzymes consist of two domains containing variations of a
Rossmann fold separated by a large cleft that houses a reaction center [5,8]. The N-terminal
domain within GT-B enzymes varies in arrangement of secondary structural elements to
recognize a wide range of acceptor substrates. The C-terminal domain binds the nucleotide-sugar
donor, which triggers crucial inter-domain movement to position the domains together and to
construct a competent active site. As observed with GT-A enzymes, flexible regions within GT-

B enzymes may promote water-soluble and hydrophobic substrate binding, and may be
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necessary to associate with substrates within the highly dynamic lipid bilayer. Interactions with
the membrane have also been shown to modulate catalysis through intra-domain conformational
changes, including local structural reshuffling of secondary structure elements and open-to-close
motions. Finally, the structures of GT-C enzymes reveal an integral polytopic membrane domain
that recognizes the lipid-phospho-sugar donor and a variable soluble domain involved in
acceptor binding. The interface between these two domains encompasses the reaction center.
The structural folds of GT-C and GT-D classes have been recently characterized (REF).
Two GT-C crystal structures of bacterial and archaeal oligosaccharyltransferase PgIB have been
determined. This GT-C class consists of two distinct domains, a transmembrane domain and a
periplasmic domain. Cavities located near the interface of the TM and periplasmic domains grant
access to the donor and acceptor substrates, with the interface forming the reaction center.
Specifically, the periplasmic domain is thought to bind soluble acceptor substrates, while the
transmembrane domain interacts with the lipid-phospho-sugar donor or lipid acceptors. A
flexible loop located in the membrane region spans into the soluble domain and is involved in
acceptor recognition. The structure of a GT-D enzyme, DUF1792, reveals a fold with three
distinct regions. An N-terminal region forms two afa sandwich domains with an Asp-X-Glu
motif-containing metal binding site. A central region contains a Rossmann-like fold, followed by

a C-terminal region. Together, these regions form a nucleotide-binding site to coordinate UDP.

4.2.2 Glycosyltransferase reaction mechanisms

GTs are classified as either “inverting” or “retaining” enzymes according to the anomeric
configuration of their reactants and products. Several studies suggest that inverting GTs catalyze

sugar transfer through an SN2 reaction via a single displacement step with the formation of a
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catalytic base-assisted, oxocarbenium ion-like transition state reaction [9-11]. Alternately, the
mechanism of retaining GTs is controversial with two different mechanisms currently proposed:
1) double displacement, and 2) front-face SNi mechanism [8]. In the double displacement
mechanism, a nucleophile from the donor substrate attacks the anomeric carbon to produce a
glycosyl-enzyme intermediate, followed by attack of the anomeric carbon by the acceptor to
form a glycosidic bond. In the internal return mechanism, nucleophilic attack and departure of
the leaving group occur on the same face of the sugar, forming a short-lived, oxocarbenium-like
transition state with glycoside bond formation and subsequent phosphate bond breakdown. The
current framework distinguishes two types of retaining GTs based on the presence or absence of
a nucleophile within the active site, in which GTs lacking a nucleophile contain active sites with
high electrostatic potential to stabilize the oxocarbenium ion-like transition state intermediate.
Here, we reveal the crystal structure of a novel GT fold, which we have termed GT-E,
and compare its structure to other GT classes of known structure. Analysis of the structure of the
TarA glycosyltransferase provides mechanistic insight into how this enzyme catalyzes transfer of
ManNAc from UDP-ManNAc to C55-PP-GIcNAc during WTA polymer synthesis. These
studies could facilitate the discovery and rational design of WTA synthesis inhibitors that may be

useful in treating infections caused by Gram-positive pathogens.

4.3 Results and discussion

4.3.1 The crystal structure of the novel TarA glycosyltransferase
To characterize the glycosyltransferase WecB/TagA/CpsF family (PFAMO03808; CAZy

GT26), we determined the 1.8A resolution crystal structure of the N-terminal region of TarA

(TarA*C, residues M1-G195), which consists of a conserved extracytoplasmic domain that is
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missing a putative C-terminal membrane anchoring region (residues G196-R248). Crystallization
of TarA*€ produced diffracting crystals within three days from hanging drops containing light
precipitate. Selenomethionine (SeMet)-labeled TarA“C in its apo-form and complexed with UDP
crystallized in the P2; space group, with eight and six protein molecules in the asymmetric unit,
respectively. The apo-structure was determined by multiple anomalous dispersion (MAD) from
selenomethionine-labeled protein crystals, and is well-defined by continuous electron density for
residues forming the catalytic domain (M1-G195) (Figure 4.7.1A). The 3.1A resolution crystal
structure of TarA“ complexed with a UDP ligand was determined using molecular replacement
with the apo-TarA model. Complete data collection and structural statistics are provided in Table

1.

The extracytoplasmic domain of TarA contains a unique topology of secondary structure
elements (Figure 4.7.1B). TarAC starts with strand B1 (residues R3-17), followed by a short
hydrogen bonded turn such that residues in the following strand B2 (residues V10-D13) interact
with the B1 strand in an antiparallel manner. The chain then leads into an alpha helix H1
(residues M17-F27), which reverses direction before forming strand 3 (residues H34-A37). The
chain then produces helix H2 (residues A41-K49), followed by a short turn that connects it to
helix H3 (residues K51-L.57). A turn positions strand 4 (residues L62-N63) to interact with
strand 3 in a parallel manner. The chain then forms helix H4 (residues G69-A73), which
directly initiates a 310 helix (residues S74-V76) that is followed by a 10 amino acid random coil.
Helix H5 (residues G87-198) turns into strand B5 (residues K104-G109), which turns into helix
H6 (residues V114-1.125). The chain then reverses its direction before forming strand p6
(residues K130-H135), which is positioned to interact in a parallel manner to strand 5. After

reversing its direction the chain forms helix H7 (residues E141-N153), which turns to position
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strand B7 (residues V158-A162) to interact in a parallel manner with strand 5. This is followed
by helix H8 (residues A165-K174), after which a turn positions strand 38 (residues 1183-G186)
to interact with strand 7 in a parallel manner. The structure is completed by residues in helix H5

(residues S190-1194).

The TarA structure is composed to two distinct regions: an N-terminal region formed by
strands B1 and B2 and helices H2, H3 and H4, and a C-terminal region that consists of two
Rossmann-like folds (Baf) formed by 7, H8, B8, and 6, HI, B5. No significant structural
differences were observed between the apo- and ligand-bound protein forms (RMSD of 0.18 A).
The TarA structure is distinct from previously reported glycosyltransferase structures that
comprise the GT-A, GT-B, GT-C, and GT-D classes; therefore, we have classified this novel

glycosyltransferase structural fold as “GT-E.”

4.3.2 Structural comparison of the class GT-E fold of TarA to existing

glycosyltransferase classes

To date, four unique glycosyltransferase folds have been structurally characterized,
termed GT-A, GT-B, GT-C or GT-D classes. However, structural comparison to these previously
characterized GT classes reveals that the TarA glycosyltransferase fold is distinct (Figure
4.7.2A). A search with the DALI server indicated that the DUF1792 enzyme (PDB ID: 4PFX), a
GT-D glycosyltransferases, is most structurally related to TarA with a weak Z-score of 8.6.
Structural overlay of TarA with the GT-D fold reveals key differences, producing an RMS

deviation of 17.8 angstroms. Specifically, the GT-D glycosyltransferase contains a core of seven
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B strands that is surrounded by 13 alpha helices, whereas the TarA structural fold contains an

additional eighth B strand within its core and is decorated with a unique distribution of helices.

The primary sequences of TarA and the GT-D enzyme also vary considerably. Wild type
TarA and DUF1792 differ in the length of their primary sequences (248 residues for TarA vs.
277 residues for DUF1792) due to distinct sequence insertions and deletions (Figure 4.7.2B).
Specifically, the GT-D enzyme contains a uniquely extended N-terminus and lacks the highly
conserved C-terminal domain present within TarA homologs. Furthermore, TarA and the GT-D
enzyme share limited sequence homology according to BLAST analysis (32% identity over 28%
sequence coverage). Key conserved residues that are important for glycosyltransferase activity
among DUF1792 homologs are not present in TarA homolog sequences, further supporting that
TarA represents a novel glycosyltransferase fold (Figure 4.7.2B, bold residues). Specifically,
DUF1792 contains a conserved DXE motif, where X is any amino acid, which coordinates Mn2+
within the crystal structure. Not only do TarA homologs lacks the DX(D/E) motif that has been
observed in class GT-A and GT-D enzymes, both the TarA enzyme from S. aureus and the TagA
enzyme from B. subtilis have been shown to catalyze metal ion-independent glycosyltransferase

activity [12,13].

In addition, the TarA glycosyltransferase lacks key features present within GT-A, GT-B,
and GT-C enzymes. In contrast to GT-A enzymes that frequently contain a semi-conserved Asp-
X-Asp motif for metal ion or ribose coordination, TarA and homologous enzymes lack an Asp-X-
Asp motif and have been experimentally shown to have metal ion-independent activity. TarA is
also structurally unrelated to enzymes within class GT-B and GT-C. The latter enzymes adopt
multi-domain structures, two Rossmann folds for GT-B class and an integral membrane and

variable, soluble domain for GT-C. Conversely, the crystal structure of TarA indicates a compact,
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globular fold with a single domain. In GT-B and GT-C enzymes, the catalytic reaction center is
located at the interface between separate domains. It is tempting to speculate that oligomerization
of TarA could result in a competent active center, as this enzyme has been shown to self-associate

experimentally [14].

4.3.3 TarA contains a C-terminal amphipathic helix that may mediate

membrane association

The C-terminal region of TarA (residues G185-R248) is highly conserved (Figure
4.7.3A). Successive truncation of the C-terminus between putative secondary structure elements
that are predicted by the PSI-PRED server identified a soluble and stable extracytoplasmic
domain (Figure 4.7.3A, green box). Closer inspection of the truncated C-terminal region
identified a putative membrane anchoring feature (Figure 1a, blue box). Helical wheel
projections of the amino acid sequence within the C-terminal alpha helix indicated amphipathic
character (Figure 4.7.3AB). Presumably, the amphipathic helix submerges its hydrophobic face
within the lipid bilayer, positioning the positively-charged helical face adjacent to the negatively-
charged phosphate head groups at the surface of the lipid bilayer. Consistent with a membrane
targeting role, truncation of the C-terminal amphipathic helix was sufficient to solubilize the
TarA construct during protein purification compared to wild-type protein (Figure 4.7.3C).
Indeed, a similar mode of membrane association through C-terminal amphipathic helices has
been observed for other glycosyltransferases [15]. Future studies will seek to determine the role

of the C-terminus in membrane anchoring.
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4.3.4 TarA oligomerization presumably promotes the formation of a

competent active site

The apo- and ligand-bound forms of TarA adopted different oligomeric states during
crystallization. The apo-TarA formed a dimeric species, in which the monomer is simply rotated
180° to form a large, symmetrical interface (Figure 4.7.4). The dimerization interface spans the
length of H2, H4, and H10, as well as the edges of B1, H4, and several loops (B5/H7, H7/ 36,
B6/H8, B7/H9). Visual inspection of the dimer reveals that a total of 31 residues contribute to the
interface (17, A41, E42, V44, M45, Q48, K49, S68, G69, 170, F72, A73, K75, V76, R84, A86,
F88, D89, L92, A111, L125, Y138, G164, A165, G188, G189, D192, V193, 1194, A195, and
G196), of which eight residues are highly conserved according to Consurf analysis (highlighted

in bold). The dimerization interface is large, with a total buried surface area is 1226 AZ.

During crystallization, the ligand-bound TarA formed a trimeric species, in which the
monomer is rotated 120° about a single axis. Interactions that promote trimer formation occur at
two distinct contact sites between TarA subunits: 1) the first contact site is formed by an
interface between monomer-1 (F88, L92, N121, L125, D192, V193, 1194, and A195) and
monomer-2 (Al111, A112, V114, Y138, and D192), and 2) a second contact site is formed
between monomer-1 (V71, F72, K75, L81, P82, E83, and R84) and monomer-2 (E42, M45,
M46, S47, E48, Q48, K49, D50, Y53, P166, and K170). The interface between two monomers
within the trimeric structure produces an average total buried surface area of 468 A?. In both the
dimeric and trimeric forms of TarA, highly conserved residues, which are presumably important
for function of the enzyme, cluster at the oligomerization interfaces, shown in dark red (Figure
4.7.4). It is possible that oligomerization of TarA is required to form a competent active site. In

support of this notion, GT-B and GT-C enzymes contain active site centers located at the
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interface of subunits within a continuous polypeptide chain. Furthermore, glycosyltransferases
have been shown to oligomerize to expand their functional diversity and capabilities, supporting

a potential functional role for TarA oligomerization.

The TarA oligomerization observed in the apo- and UDP-bound crystal structures is not
simply an artifact of crystallization. T. italicus TarA primarily adopts dimeric and trimeric forms
in solution, as determined from size exclusion chromatography of purified protein compared to
molecular weight standards (Figure 4.7.4). Furthermore, the two dimensional (2D) *H-1°N
heteronuclear single quantum coherence (HSQC) spectrum of the T. italicus TarA
extracytoplasmic domain supports the idea that oligomerization occurs in solution (Figure
4.7.4C). The *H->N HSQC spectrum yielded reasonably well-resolved cross peaks, indicating
that the TarA protein was folded. However, there were substantially fewer peaks than anticipated
for the molecular weight of the TarA construct (21.7 kDa). In particular, ~50 peaks were absent
in the NMR spectrum; only ~140 resolvable cross peaks from backbone amides were observed,
whereas 187 cross peaks are expected (195 total residues — 7 proline residues — the N-terminal
residue). The reduced number of signals in the *H-®N HSQC spectrum is compatible with the
large oligomerization interface observed in the TarA crystal structures, causing their signals to be
broadened. However, it is also conceivable that the observed NMR line-broadening is caused by

intra-protein motions that do not involve oligomerization.

4.3.5 The putative substrate binding mode and catalytic mechanism of TarA

The crystal structure of TarA from T. italicus represents the first protein structure for the
glycosyltransferase WecB/TagA/CpsF family (PFAMO03808; CAZy GT26). These enzymes are
predicted to be inverting GTs, which catalyze their glycosyltransferase reaction through an
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oxocarbenium ion-like transition state [5]. The transfer reaction is aided by a catalytic base, which
is typically an aspartic or glutamic residue, to increase nucleophility of the nucleophilic hydroxyl

group that attacks the acceptor [9].

First, we co-crystallized the TarA enzyme with UDP and ManNAc ligands. During
structure refinement, electron density was apparent for the uracil nucleotide of the UDP ligand,
but no electron density was observed for ManNAc. Walker et al. has determined that the TagA
enzyme from B. subtilis follows a steady-state ordered Bi-Bi mechanism, in which it first binds
UDP-ManNAc followed by lipid a. As catalysis proceeds it then sequentially releases the lipid
and UDP products. This data suggests that the UDP-bound crystal structure that has been
determined corresponds to a late-stage structural snapshot of the reaction coordinate (Figure
4.7.5). It is possible that TarA undergoes conformational changes to coordinate the UDP-
ManNAc substrate and that these necessary contacts are not present in the current crystal form,
preventing ManNAc binding. The TarA-UDP complex identified a putative nucleotide binding
site that is located at a surface formed by the edges of the 35, B6, B7 strands. Specifically, the
uracil nucleotide of the UDP ligand is located proximal to Tyr138 (B5), Leul63 (B7), and
Asp192 (H10) (Figure 4.7.5, yellow residues) ; however, proximal histidine residues that could
stack against the pentose sugar ribose of UDP are not observed, as compared to other
glycosyltransferases [6]. Electron density was not observed for the pyrophosphate moiety;
furthermore, a surface electrostatics representation of TarA indicates limited positively charged
regions (i.e. Arg, Lys, and His residues) that would be capable of coordinating the negative
charge of the pyrophosphate. Thus, it is unclear whether UDP is bound to the TarA enzyme in a
biologically relevant manner. Biochemical studies will need to be performed to resolve this

issue.
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To identify additional functional residues, we compared sequence conservation of TarA
with 500 homologs using the Consurf server. Consurf analysis identified several highly
conserved residues, including Thr38, Asn40, Glu42, Asp66, Arg84, Asp89, GIn168, and Glu169
(Figure 4.7.5, green, blue, and black residues). The majority of the highly conserved residues are
located within the core of the TarA crystal structure. Interestingly, the Asp66 residue is entirely
invariant among all homologs and is located at the base of a loop containing helix H4 and a
stretch of ten unstructured amino acids. Limited proteolysis studies have indicated that this loop
is susceptible to proteolytic cleavage (Figure 4.7.5). The proteolysis cleavage site was identified
by mass spectrometry (data not shown) and is adjacent to a highly conserved Arg84 residue
(Figure 4.7.5, black). Interestingly, the loop is protected from proteolytic cleavage when
incubated with UDP and ManNAc ligands, suggesting that it is involved in UDP-ManNAc
substrate binding. However, the loop becomes fully cleaved over extended exposure to protease,
supporting its flexible nature. We speculate that the protease sensitive loop may function as lid
that could undergo transitions between opened and closed conformational states upon substrate

binding, which has been observed for other glycosyltransferases [11].

Sequence conservation analysis identified several residues that could function as a
catalytic base to assist during the inverting GT mechanism of TarA. The location of highly
conserved aspartic and glutamic residues, Glu42, Asp66, Asp89 and Glul169, is shown in Figure
4.7.5. Interestingly, only Asp89 is located adjacent to a region of negatively charged electrostatic
potential to support an oxocarbenium ion-like transition state. However, the Asp89 residue is
positioned at the outer surface of the TarA monomer, pointing away from the cluster of highly
conserved amino acids at the core. Furthermore, no obvious nucleophile is located adjacent to

these highly conserved aspartic and glutamic residues, requiring co-crystallization with
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substrates to gain clearer insight into putative nucleophile residues and the mechanism of
catalysis. However, these observations suggest a likely requirement for conformational
rearrangements or oligomerization of TarA to support its catalytic activity.

The oligomerization patterns of TarA prompt several hypotheses for further exploration.
Both the dimeric and trimeric forms of TarA adopt structures that produce a central pore. In the
TarA dimer, the central pore is shallow and largely hydrophobic, suggesting that this channel may
promote binding of the lipid-sugar acceptor substrate. The protease-susceptible loop is located
adjacent to this hydrophobic channel and may function as a “lid” that secures the C55-GICNAC
acceptor within the active site. Alternatively, the TarA trimer produces an elongated central pore
with one hydrophobic and one negatively-charged opening. Interestingly, the C-termini (Gly196)
of each TarA monomer cluster to a common face within the trimeric species. This face of the
central pore of the trimer complex presumably contacts the lipid bilayer, as it is proximal to the C-
terminal membrane associated region of TarA, to act as an entry site for the lipid substrate. In
support of this model, the highly conserved C-terminal sequence that is truncated in the TarA2¢
construct contains a cluster of positively-charged residues followed by a semi-hydrophobic stretch
of residues with a putative leucine zipper motif. It is possible that this region forms a leucine
zipper-mediated, coiled coil within the cell membrane to coordinate the lipid of the C55-PP-
GIcNAC substrate, as such formations have been observed with other membrane proteins [16,17].
It is likely that TarA association with the membrane could trigger further structural changes for

substrate recognition and catalysis.
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4.4 Conclusion

In conclusion, we report the 1.8 A resolution crystal structure of the TarA enzyme from
Thermobacter italicus (T. italicus). The TarA glycosyltransferase adopts a structurally novel
protein fold that is distinct from the previously characterized GT-A, GT-B, GT-C, and GT-D
classes. This novel “GT-E” fold is formed by a compact primary sequence that adopts an eight
strand core surrounded by several accessory helices. Furthermore, the T. italicus TarA enzyme is
the first structurally characterized member of the WecB-TagA-CpsF GT family, providing
insight into how members of the Carbohydrate-Active Enzymes (CAZy) GT-26 family perform
their glycosyltransferase activity.

The T. italicus TarA enzyme readily oligomerizes, forming both dimers and trimers in
solution. These oligomeric forms of TarA are likely to be physiologically relevant. In fact,
sequence conservation mapping onto the TarA dimer and trimer complexes indicates that highly
conserved residues cluster at the interfaces of these oligomeric forms, suggesting that
oligomerization of TarA may be required to form a competent active site. Further conformational
rearrangement are likely to occur for substrate binding, as limited proteolysis studies indicate the
presence of a protease-susceptible loop that is stabilized upon the addition of UDP and ManNAc
ligands. The co-crystal structure of UDP-bound TarA is nearly identical apo-TarA with an
RMSD of 0.18 A; however, electron density for ManNAc was not identified during refinement,
suggesting that TarA must adopt an alternate conformation to stabilize binding of the ManNAc
moiety. Sequence conservation analysis identified putative functional residues for substrate
binding and catalysis, including several conserved aspartic and glutamic residues that may act as
a catalytic base for nucleophile activation. However, a detailed mechanism of substrate binding,

oxocarbenium ion-like transition state formation, and nucleophile-mediate catalysis remains to
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be elucidated by TarA co-crystallization studies with its UDP-ManNAc and lipid ligands, as well

as biochemical and cellular studies.

4.5 Materials and methods

4.5.1 Amphipathic helix identification and construct design

Secondary structure of TarA homologs was predicted using the PSI-PRED server. Helical
wheel projections were generated with (SERVER) using amino acid sequences from each
individual, putative alpha helix, according to the PSI-PRED prediction. Helical wheel projections
demonstrating an amphipathic distribution of hydrophobic residues versus charged and polar
residues were recorded. Several C-terminal truncation constructs for S. aureus and T. italicus
TarA were designed by truncating in between the predicted secondary structure boundaries of the

C-terminal amphipathic helices.

4.5.2 Cloning, expression, and protein purification
The extracytoplasmic domain of TarA from T. italicus (TarA, residues M1-G195) or S.

aureus (Saur- TarA“C, residues A10-A204) was expressed from a pMAPLe4 plasmid in
Escherichia coli BL21(DES3) cells. Standard methods were employed, with cultures grown in the
presence of kanamycin at 37°C until an ODsoo 0f 0.6-0.8 was reached. Protein expression was then
initiated by adding 100 uM isopropyl-p-D-1-thiogalactopyranoside (IPTG) followed by overnight
protein expression at 18°C. A four liter cell culture was harvested by centrifugation and re-
suspended in 40 mL of lysis buffer (50 mM Tris, pH 7.5; 500 mM NaCl; 40 mM CHAPS) that
contained 400 pul of protease inhibitor cocktail (Calbiochem) and 2 mM
phenylmethanesulfonylfluoride (PMSF). The cells were then lysed using an EmulsiFlex high

pressure homogenizer (Avestin). Cell lysates were fractionated by centrifugation and the soluble
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portion applied to a gravity column containing 10 mL of suspended His-Pure Co?* resin (Life
Technologies) pre-equilibrated with lysis buffer. The resin was sequentially washed with 20 mL
aliquots of lysis buffer that contained 0, 25, and 50 mM imidazole. His-tagged TarA2¢ was then
eluted using 500 mM imidazole, and the fractions were pooled and concentrated using an Amicon
Ultra-15 centrifugal filter (Millipore). To remove Hise-tag from the protein, TEV protease was
added to TarA2€, and the solution was dialyzed in a 3.5 kDa MWCO Slide-A-Lyzer dialysis
cassette (ThermoFisher) against dialysis buffer (50 mM Tris, pH 7.5; 200 mM NaCl) at 4 °C
overnight. TEV was then separated from TarA“¢ by binding 10 mL of suspended His-Pure Co?*
resin (Life Technologies) pre-equilibrated with dialysis buffer; cleaved TarA was recovered from
the TEV-bound resin by flow through a gravity column. TarA“C lacking the Hise-tag was further
purified by gel filtration chromatography using a Sephacryl size-exclusion column (GE Healthcare
Life Sciences) equilibrated in 50 mM Tris, pH 7.5 and 200 mM NaCl. Purified TarAC was then

pooled, concentrated to 55 mg/mL, and stored at 4 °C.

Selenomethionine (SeMet) or N-labeled TarA*C protein was prepared with cultures
grown in M9 minimal media in the presence of kanamycin at 37°C until an ODego of 0.6-0.8 was
reached. Protein expression was then initiated by adding 100 pM isopropyl- B-D-1-
thiogalactopyranoside (IPTG) followed by overnight protein expression at 18°C. Protein

purification was achieved as described above.

4.5.3 Crystallization, data collection, and structural determination

Recombinant TarAC at a concentration of 50 mg/mL in 50 mM Tris, pH 7.5; 200 mM

NaCl was used for crystal screening. Screening used the JCSG+ broad matrix suite (Molecular
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Dimensions) at room temperature in a sitting-drop vapor diffusion format (200 nl drop size).
SeMet-labeled protein crystals grew over the course of three days in the presence of 200 mM
lithium sulfate, 100 mM phosphate citrate, pH 4.2, and 20% PEG 1000. For X-ray data collection,
TarA crystals were cryoprotected using reservoir solution containing 35% glycerol. Diffraction
data sets were collected at the Advanced Photon Source (APS) beamline 24-1D-C equipped with
a Pilatus-6M detector. All data were collected at 100 K. Data were collected at the detector distance
of 300 mm, with 0.25° oscillations, and at a 0.9791 A wavelength. Multi-wavelength anomalous
dispersion (MAD) experiment was collected at peak (12663.0 eV), inflection (12660.3 eV), and

high remote (12763.0 eV) energy wavelengths.

The TarAC crystals diffracted X-rays to 1.8 A resolution. The XDS/XSCALE package
was used to index, integrate and scale data in P2; space group [18]. The asymmetric unit of the
crystal contained eight protein molecules, yielding a Matthews coefficient of 2.13 A/Da and a
42.1% solvent content in the unit cell. The SHELX suite was used to locate the heavy atom
substructure, which identified a total of 56 selenium atom sites. The quality of the phases
calculated with the peak, inflection, and high remote energy diffraction datasets were improved
using SHARP and the wARP suite (Global Phasing Limited). The heavy atom parameters were
refined with MLPhare using the CCP4i suite [19]. Density modification and Non-crystallographic
symmetry averaging was performed with the CCP4i suite to improve the quality of the electron
density map. Automated model building was performed with BUCCANEER, followed by
refinement with BUSTER [20]. Modeling of the additional electron density was confirmed using
2Fo-Fc omit maps generated using BUSTER [20]. Complete refinement and structure statistics are

reported in Table 1.
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A second crystal form was produced with recombinant TarA“€ in the presence of UDP and
ManNAc ligands. TarA2€ at a concentration of 45 mg/mL in 50 mM Tris, pH 7.5; 200 mM NacCl;
10 mM UDP; 10 mM ManNAc was used for crystal screening with the JCSG+ broad matrix suite
(Molecular Dimensions) as described above. TarA%“-ligand co-crystals grew over the course of
two days in the presence of 200 mM calcium acetate, 100 mM sodium cacodylate, pH 6.5, and
40% PEG 300. A single wavelength diffraction dataset for a non-cryoprotected crystal was
collected at the Advanced Photon Source (APS) beamline 24-1D-C equipped with a Pilatus-6M
detector as described above. The crystals diffracted X-rays to 2.9 A resolution. The XDS/XSCALE
package was used to index, integrate and scale data in P2, space group [18]. The asymmetric unit
of the crystal contained six protein molecule, yielding a Matthews coefficient of 3.28 A/Da and a
62.5% solvent content in the crystal unit cell. The PHASER program was used for molecular
replacement, employing the coordinates of the apo-TarA2C. Molecular replacement yielded a
single solution, which was refined in iterative runs using Buster software. Additional electron
density resembling the UDP ligand was observed using 2F.-Fc omit maps generated by BUSTER.

Complete refinement and structure statistics are reported in Table #.

4.5.4 'H-*N heteronuclear single quantum coherence spectrum of TarAAC¢

>N-labeled TarA for NMR studies was concentrated to 800 uM in NMR buffer (50 mM NaPO4,
pH 6.8; 200 mM NacCl, 7% D,0). *H-*N HSQC spectra were acquired with 64 scans at 298 K on

Bruker 800 MHz spectrometers equipped with a triple-resonance cryogenic probe.
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4.5.5 Sequence conservation analysis

Multiple sequence alignment was generated with the ClustalOmega server [21]. Sequence
conservation mapping onto the apo- and ligand-bound TarA¢ crystal structures was performed

with the Consurf server [22].

4.5.6 Limited proteolysis

Recombinant Saur-TarA2¢ lacking the Hiss-tag was diluted to 2 mg/mL with dilution
buffer (50 mM Tris, pH 7.5, 300 mM NacCl) and incubated at room temperature at a 500:1 ratio of
Saur-TarA€ to trypsin protease (Sigma). Aliquots of the cleavage reaction were quenched after 0,
5, 10, 15, 30, and 60 minutes by diluting 1:1 with 2X SDS-loading dye (100 mM Tris-HCI, pH
6.8; 4% (w/v) sodium dodecyl sulfate; 0.2% (w/v) bromophenol blue; 200 mM dithiothreitol) and
heating at 100°C for 5 min. Quenched samples were analyzed by SDS-PAGE with Pre-stained
Benchmark Protein Ladder (Invitrogen), which was stained with Coomassie to visualize

proteolysis.
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4.6 Figures

H10 H4

Figure 4.6.1 The crystal structure of the TarA glycosyltransferase. A. The crystal

structure of TarAAC. The TarAAC monomer is shown in cartoon representation with helices in
cyan, sheets in magenta, and loops in salmon. N- and C-termini are labeled accordingly. B.
Topology diagram of the secondary structure elements within the TarAAC crystal structure.
Helices are shown as arrows and sheets are shown at cylinders. Helices and sheets are

independently colored progressing from N- to C-terminus.
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Figure 4.6.2 Structural comparison to GT-A, GT-B, GT-C, and GT-D classes

reveals that TarA contains a novel GT-E glycosyltransferase fold. A. GT-A class

representative, GTB (PDB ID: 2RIT); GT-B class representative, MshA (PDB ID: 3C4V); GT-C

class representative, PglB (PDB ID: 3RCE); GT-D class representative, DUF1792 (PDB ID:
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4PFX); GT-E class representative, T. italicus TarA. All structures are shown in cartoon

representation with helices colored in cyan, B-strands colored in magenta, and loops colored in
salmon. B. ClustalOmega sequence alignment of TarA homologs and the most structurally
related enzyme identified by DALI analysis, the representative class GT-D glycosyltransferase
(PDB ID: 4PFX). Conserved residues are indicated in red, and related amino acids are indicated

in blue. Bold residues within the GT-D sequence are highly conserved and important for

glycosyltransferase activity of the DUF1792 enzyme.
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Figure 4.6.3 TarA contains a C-terminal amphipathic helix that mediates
membrane association. A. Sequence alignment of TarA homologs generated using the
ClustalOmega server [21]. The bacterial species and accession numbers of the amino acid
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sequences used for the alignment are as follows: Staphylococcus aureus (NC_007795), Bacillus
subtilis (NC_000964), Thermobacter italicus (NC_013921). Conserved residues are indicated in
red, and related amino acids are indicated in blue. The extracytoplasmic domain is boxed in
green, and C-terminal amphipathic helix, as determined by PSI-PRED secondary structure
prediction, is boxed in blue. B. Helical wheel projections of the putative C-terminal alpha helix
of TarA reveal amphipathic character. Hydrophobic and positively charged residues are labeled
with H and a plus sign (+), respectively. C. C-terminal truncations solubilize the TarA enzyme.
Coomassie-stained SDS-PAGE analysis of purifications of wild-type and C-terminal truncation

constructs of TarA homologs under identical solubilization conditions.
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Figure 4.6.4 TarA oligomerization presumably promotes the formation of a
competent active site. A. Sequence conservation mapping of TarA oligomers. Sequence

conservation mapping was performed with the Consurf server. Surface and cartoon
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representations of TarA dimeric and trimeric forms indicate highly conserved residues (dark red)
and regions lacking sequence conservation (cyan); selenomethionine residues are shown in
green. B. Gel filtration chromatograms of T. italicus TarA support dimer and trimer formation in
solution. C. *H->N HSQC spectrum of the T. italicus TarA extracytoplasmic domain supports
oligomerization in solution. The *H-°N HSQC spectrum yielded reasonably well-resolved cross
peaks, indicating that the TarA protein was folded. However, there were substantially fewer
peaks than anticipated for the molecular weight of the TarA construct (21.7 kDa). In particular,
~50 peaks were absent in the NMR spectra; only ~140 resolvable cross peaks from backbone
amides were observed, whereas 187 cross peaks are expected (195 total residues — 7 proline
residues — the N-terminal residue). The reduced number of signals in the *H->N HSQC spectrum
is compatible with the large oligomerization interface observed in the TarA crystal structures,

causing their signals to be broadened.
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Figure 4.6.5 Dissecting the substrate binding mode and catalytic mechanism

of TarA. A. Reaction coordinate of the TarA catalytic mechanism, as determined by Walker et

al. [23]. B. Limited proteolysis indicates a protease susceptible loop that may be involved in

ligand binding. The cleavage site was confirmed by mass spectrometry (data not shown) and is

indicated on the TarA model in Figure 4.7.5D (black residue). C. Fo-Fc omit map contoured at +3



sigma. The difference map was generated by refining the ligand-bound TarA diffraction dataset
against a model of the apo-TarA enzyme. Additional electron density resembling the chemical
structure of the uracil moiety of UDP is observed. D. Cartoon representation of TarA
highlighting important residues (shown in sticks). Residues adjacent to electron density for UDP
are colored in blue (Tyr138, Leul63, and Asp192). Catalytic base candidates are shown in
yellow (Glu42, Asp66, Asp89, and Glul69). Cleavage site from limited proteolysis studies is
shown in black (Arg84). Additional highly conserved residues are shown in green (Thr38,
Asn40, and GIn168). Helices, B-strands, and loops are colored in cyan, magenta, and salmon,
respectively. E. Surface electrostatics of TarA with potential catalytic base residues indicated in

yellow sticks (Glu42, Asp66, Asp89, and Glul169).
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4.7 Tables

Table 1. Data collection and structure refinement statistics.

TarA TarA-UDP

Data collection
Space group P21 P21
Cell dimensions

a, b, c(A) 53.1,104.3, 79.0 64.9, 104.2, 90.1
a, B,y (°) 90.0, 90.0, 90.0 90.0, 108.0, 90.0
Resolution (A) 43.53-2.00 (2.05-2.00)2 85.06-3.13 (3.22-3.13)
| /ol 6.82 (2.0) 6.66 (2.04)
Completeness (%) 99.1 (98.9) 94.9 (95.8)
Redundancy 5.9 (4.7) 1.8 (1.8)
Wilson B-factor (A?) 25.40 78.42
Refinement
Resolution (A) 88.51-2.00 85.57-2.84
No. reflections 96634 23794
Rwork / Riree (%)° 22.3/25.0 25.6/27.9
No. atoms 12181 8279

Protein 11846 8279

Ligand/ion 0 0

Water 335 0
B-factors (all atoms) 24.80 78.42

Protein 26.3 78.42

Ligand/ion 0 0

Water 33.6 0
R.m.s. deviations

Bond lengths (A) 0.010 0.008

Bond angles (°) 1.05 1.07
Ramachandran favored (%) 97.10 96.06
Ramachandran allowed 1.97 2.33
(%)
Ramachandran generally 0.0 0.0
allowed (%)
Ramachandran outliers (%) 0.92 1.61

& Values in parentheses are for highest-resolution shell.
b Rfree calculated using 10% of the data.
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4.8 Appendix

4.8.1 T. italicus TarA constructs

Construct Name Vector Parameters
Type
M1-E218 PMAPLe4 | Expresses in BL21 and soluble
C-term
truncation M1-G195 PMAPLe4 | Crystal structure determined
M1-D191 PMAPLe4 Unstable
M1-G187 PMAPLe4 Unstable
M1-1182 PMAPLe4 Does not express in BL21; unstable
Linker AK77-V84 (E218) PMAPLe4 Not tested
deletions
(C-terminal AK77-V84 (G195) | pMAPLe4 | Expresses and purified; unstable
residue)
AK77-V84 (1182) PMAPLe4 Does not express well in BL21;
unstable
AK77-K100 (E218) |pMAPLe4 | Not tested
AK77-K100 (G195) | pMAPLe4 Unstable
AK77-K100 (1182) | pMAPLe4 | Not tested (likely unstable)
Isolated N- M1-K77 PMAPLe4 Does not express in BL21
domain
M1-V84 pSUMO Unstable
(kan)
M1-K100 PMAPLe4 Does not express in BL21
M1-G101 pSUMO Unstable
(kan)
F76-E218 pSUMO Not tested (likely unstable)
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Isolated C-
domain

F76-G195 pSUMO Expressed and purified - soluble
(appears to still contain protease-
susceptible linker)

V84-G195 pSUMO Unstable

F76-1182 pSUMO Not tested (likely unstable)

K100-E218 PMAPLe4 Not tested (likely unstable)

K100-G195 PMAPLe4 | Weakly expressed in BL21

K100-1182 PMAPLe4 | Not tested (likely unstable)
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4.8.2 S.aureus TarA constructs

Construct Type Name Vector Status
A10-D226 PMAPLe4 Expresses and soluble
C-term truncation
Al10-A204 PMAPLe4 Expresses and soluble
A10-V192 PMAPLe4 Does not express in BL21/unstable
AK87-194 (D226) - Not cloned

Linker deletion | Akg7-194 (A204) | pMAPLe4 | Unstable

AK87-194 (V192) PMAPLe4 Not tested (likely unstable)

AK87-V109 (D226) | pMAPLe4 Not tested (likely unstable)

AK87-V109 (A204) | pMAPLe4 Does not express in BL21; unstable

AK87-V109 (V192) | pMAPLe4 Not tested (likely unstable)

N-domain A10-K87 PMAPLe4 Does not express in BL21
A10-P95 pSUMO (kan) | Unstable
A10-H111 pPMAPLe4 Does not express in BL21
Al10-H111 pSUMO (kan) | Unstable

C-domain N100-V192 PMAPLe4 Not tested (likely unstable)
N100-A204 pPMAPLe4 Unstable
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Chapter 5

Cell-based, High-throughput Screen Development

for the Discovery of Small Molecule Inhibitors
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5.1 Overview

Traditional antibiotic discovery campaigns have utilized phenotype-based, whole cell
high-throughput screening (HTS) to achieve growth inhibition and cell death, as well as target-
based approaches that monitor in vitro inhibition of purified protein in the presence of
chemically diverse compound libraries [1,2]. Target-based methods have supported inhibitor
discovery against essential targets that were identified through genome-wide essentiality screens
under optimal growth conditions [1]. These discovery strategies have identified anti-microbial
compounds that target several essential mechanisms: 1) cell wall biosynthesis, 2) protein
synthesis, 3) RNA or DNA synthesis, 4) folate synthesis, or 5) disruption of the cell membrane.
Although initially effective, the identified antibiotics are becoming obsolete, as bacteria are
rapidly developing and mobilizing resistance mechanisms to circumvent the inhibited molecular
targets. Discovery efforts in the current “Post-Antibiotic Resistance Era” are employing target-
based, whole-cell approaches and unconventional methodologies, such as cytological profiling,

to increase flux into the drug development pipeline [3].

5.2 Introduction

Resistant isolates of bacteria have been identified for nearly all traditional and last resort
antibiotics, prompting the urgent need to identify novel antimicrobial compounds [4,5].
Compared to the limited success obtained with target-based, in vitro screening approaches,
whole cell screening strategies have produced lead compounds with improved therapeutic
properties, including barrier permeability and resistance to efflux [6]. The current era of
antibiotic discovery is leveraging target-based, whole cell high-throughput screens (HTS) to

identify inhibitors acting on defined bacterial pathways. Generally, two approaches can be
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employed: 1) parallel screening against a wild-type strain and mutant strain lacking the gene of
interest, and 2) parallel screening against wild-type strain and mutant strain overexpressing a
selected target. Traditional reporters for inhibition include changes in cell viability, cell growth
rate, and temperature sensitivity, among others. Conversely, alternate readouts, such as changes
in cell morphology, and sophisticated cytological profiling approaches can provide more precise
information about the mechanism of action or molecular target. Indeed, cell morphological and
cytological screening platforms are gaining traction due to their robust HTS capability [7-10].
Antibiotic discovery efforts first require an assay that is robust and scalable, as to identify
“hit” molecules from large chemical libraries with high confidence. The quality or suitability of
the assay must be validated before a HTS can be implemented. Specifically, the HTS assay must
have a dynamic range that enables accurate and rapid identification of active compounds or “hit”
molecules. A screening window coefficient, called the Z-prime score, is calculated to report the
dynamic range and data variation of signal measurements, and returns values between 0-1.0, with
a score between 0.5-1.0 indicating a robust assay [11]. The Z-prime score (described below) is
therefore representative of the quality of the HTS assay and can be used to optimize and validate
the assay before completing a pilot screen and subsequent large-scale HTS of chemically diverse

compound libraries.

5.2.1 Cell-based screen for sortase inhibitors with Actinomyces oris

Sortase enzymes are an attractive drug target, as several studies have shown that sortase-
defective mutants in S. aureus exhibit reduced virulence in animal models of infection [12-19].
Small molecule inhibitors targeting sortase enzymes could function as potent, anti-infective
agents that strip pathogens of virulence factors needed to establish an infection. In addition,
sortases possess other desirable properties for drug development: 1) they have no human
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homologs, reducing the likelihood of off-target effects, 2) they are located on the bacterial
surface such that inhibitors do not need to cross the cell membrane, and 3) they are not required
for growth of S. aureus and other clinically relevant microbes outside of the host [20].

To date, all screening efforts to discover sortase inhibitors have used a fluorescence
resonance energy transfer (FRET)-based assay that monitors the ability of the isolated enzyme to
hydrolyze a fluorescent peptide substrate in vitro [21,22]. Although many chemical libraries have
been screened in this format, no inhibitors generated from these efforts have entered into clinical
trials [23-25]. The low success rate is likely due to a failure by the in vitro assay to replicate key
features of the sortase mechanism, such as: 1) the purified enzyme is a truncation construct that
is removed from the physiologically relevant context of the bacterial membrane, and 2) the assay
utilizes a peptide fragment of the sortase substrate and does not fully reconstitute the anchoring
reaction. To overcome these problems, we have developed a novel and robust, cell-based HTS in
which sortase activity is tightly linked to microbial growth.

In contrast of the majority of bacterial species, activity of the SrtA enzyme in
Actinomyces oris (A. oris) is required for growth in cell culture [26]. The unique cell lethality of
A. oris upon SrtA inactivation is thought to be due to toxic accumulation of a glycosylated
protein, AcaC, within the cell membrane [26]. AcaC is exported across the membrane and
retained at the lipid bilayer via a cell wall sorting signal, where it is glycosylated by an LCP
enzyme. In wild type A. oris, SrtA catalyzes a transpeptidation reaction to covalently attach
glycosylated AcaC protein to the cell wall. In contrast, when SrtA activity is eliminated,
glycosylated AcaC accumulates in the membrane and presumably imparts envelope stress that

causes growth arrest, and ultimately, cell death. The novel, lethal phenotype of srtA deletion in
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A. oris can be utilized for robust, high-throughput screening efforts to identify sortase-specific

inhibitors.

5.2.2 Cytological profiling screen for WTA inhibitors with Bacillus subtilis

By far the most abundant polymer displayed on the surface of Gram-positive bacteria is
WTA, an anionic glycopolymer that has critical functions in cell division, morphology, adhesion,
and microbial susceptibility to the immune response [27,28]. The WTA biosynthetic pathway in
S. aureus has drawn great interest as a drug target, as MRSA strains lacking this polymer are
defective in host colonization and re-sensitized to B-lactam antibiotics [29,30]. Despite its
fundamental importance and potential as a drug target, we known surprisingly little about the
cytoplasmic membrane-associated enzymes in the S. aureus WTA biosynthetic pathway, and only
a limited number of small molecule inhibitors against TarO and TarG have been reported, which
has yet to be developed into viable drug options [30-35]. To dissect how WTA is constructed and
to discover therapeutically relevant biosynthesis inhibitors, we will study the novel TarA
glycosyltransferase.

TarA homologs catalyze the first committed step of WTA biosynthesis in Gram-positive
bacteria [29]. Interestingly, WTA was long thought to be an essential component of the Gram-
positive cell wall, and genetic disruption at several steps during the WTA biosynthetic pathway
lead to cell death in vitro [36—-39]. However, lethality of the essential, late-acting WTA genes
(tagBDFKLGH) could be alleviated in strains that also lacked the early genes, tagO or tagA,
revealing a remarkable complexity in the pattern of dispensability [40,41]. The disruption of
TagO or TagA in B. subtilis and TarO or TarA in S. aureus yields strains that are completely

devoid of WTA [29,40]. Furthermore, tagO or tagA deletion in B. subtilis also produces distinct
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morphological defects, most notably, the shift from a wild-type, rod shape to a spherical
morphology [29,40]. To demonstrate that WTA linkage unit assembly is a highly conserved
process among Gram-positive bacteria, we complemented a B. subtilis strain lacking the
endogenous TarA enzyme (tarA-) with the S. aureus TarA enzyme, which will be implemented

in a cell-based HTS assay for WTA inhibitor screening.

5.3 Results and discussion

5.3.1 Cell-based screen for sortase inhibitors with Actinomyces oris

We have developed a cell-based assay to screen for sortase inhibitors that is based on the
unique growth dependence of A. oris on the activity of its SrtA enzyme. Lethality of A. oris due
to SrtA deletion can be overcome by concurrent deletion of the SrtA protein substrate, AcaC. We
first confirmed that growth inhibition of the wild-type and mutant (AsrtA/AacaC) was a robust
assay reporter by calculating a Z-prime score. The wild-type and mutant A. oris strains produced
Z-prime scores of 0.75 and 0.67, respectively. These scores were calculated from 32 replicates of
positive and negative growth controls, in which positive control well contained media, cells, and
0.5% DMSO, and negative control wells that also contained chloramphenicol. The growth data
used to calculate the Z-prime scores for wild-type (solid symbols) and mutant (open symbols) are
shown in Figure 5.5.1. The Z-prime scores and their resultant calculated selective inhibition
(%SelectINH) values indicate that the assay is robust and suitable for high-throughput screening.

The validated, cell-based A. oris assay was implemented for high-throughput screening
against two libraries of FDA-approved small molecules (LOPAC and New Prestwick chemical
libraries). Preliminary growth analysis of the mutant A. oris strain eliminated 82 molecules,

which non-specifically inhibited the mutant strain with >20% change in growth compared to
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controls. The selective inhibition distribution of the remaining molecules from the chemical
libraries are shown in Figure 5.5.2. The tested compounds exhibit an average %SelectINH of -
5.9% with a standard deviation of 10.6%. Within the pilot screen, a total of 0.3% of the
molecules in the libraries are defined as primary hits, as they have %SelectINH values that are

>3 standard deviations above the average (%SelectINH >25.8, red squares, Figure 5.5.2).

5.3.2 Cytological profiling screen for WTA inhibitors with Bacillus subtilis

To demonstrate that WTA linkage unit assembly is a highly conserved process among
Gram-positive bacteria (Figure 5.5.3), we first disrupted the endogenous TarA enzyme within B.
subtilis (TagA-). TagA deletion reproduced the drastic morphological shift observed with a
similar strain engineered by Brown et al. [29] (Figure 5.5.4). Subsequent complementation of the
B. subtilis TagA- strain with the S. aureus TarA enzyme re-established the wild-type B. subtilis
morphology, corresponding with restored display of WTA polymer on the cell surface (Figure
5.5.4). Furthermore, the morphological dependency of B. subtilis on activity of the S. aureus
enzyme yielded a robust HTS platform for TarA inhibitors. The dynamic range of the rod to
sphere transition was analyzed, and the Z-prime calculation produced a score of 0.76, indicating
that the TarA activity-dependent morphological shift supports a cell-based assay that is well-

suited for HTS efforts.

5.4 Conclusions

In conclusion, we described two cell-based assays that have been validated for HTS

efforts. The first cell-based assay leverages the novel, lethal phenotype of srtA deletion in A.
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oris, which is produced by a stress response after toxic accumulation of the glycosylated SrtA
substrate, AcaC, at the cell membrane. In this assay, wild-type and AsrtA/AacaC double mutant
A. oris strains are cultured in the presence of a small molecule, and differential growth inhibition
of the SrtA+ (wild-type) and SrtA- (mutant) strains are monitored. The Z-prime score calculation
using positive and negative controls demonstrated that the A. oris cell-based assay produces a
suitable dynamic range for HTS. A pilot screen against a library of 1280 FDA-approved
compounds yielded four hit molecules, which inhibited the SrtA+ strain with equal or superior
potency compared to sortase inhibitors that were developed by the established in vitro approach.
The hit rate of 0.3% and improved efficacy of the molecules identified by the novel, cell-based
assay are promising and have prompted large-scale HTS of ~200,000 unique molecules to
generate additional hit molecules for validation and lead development.

A second cell-based assay leverages the unique morphological dependency of B. subtilis
on TarA glycosyltransferase activity. In this assay, a B. subtilis strain that has been
complemented with the S. aureus TarA enzyme in the background of endogenous tagA deletion
adopts the wild-type cell morphology, demonstrating the high conservation of TarA activity in
Gram-positive bacteria. However, when the TarA glycosyltransferase activity is disrupted,
correlating with a lack of WTA display on the cell surface, the B. subtilis cells adopt a spherical
morphology. This drastic morphological shift was measured using Shape Factor analysis and
yielded a Z-prime score of 0.76. Offering a robust dynamic range, the B. subtilis cell-based assay
will be utilized in a pilot screen against FDA-approved molecules to complete proof of concept.
Ultimately, this work has facilitated the discovery of novel sortase- and WTA-specific inhibitors

for the treatment of Gram-positive bacterial infections.
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5.5 Materials and methods

5.5.1 Cell-based sortase HTS Z-prime score and pilot screen

The assay utilizes two A. oris strains: 1) the wild-type strain MG1 whose growth is reliant
on the activity of SrtA, and 2) as a control, a AsrtA/AacaC double mutant strain whose growth is
not dependent on the activity of sortase. The overnight cultures of the wild-type and mutant strains
were cultured separately in brain-heart infusion (BHI) broth with kanamycin at 37°C with gentle
shaking at 120 rpm under aerobic conditions. A total of one milliliter of overnight culture was then
used to inoculate 50 mL of fresh BHI broth without antibiotic and grown to an optical density at
600 nm (OD600) of 0.6. Each culture was then diluted with BHI broth to an OD600 of 0.02, and
25 ul of culture was dispensed into 25 ul of BHI media in the 384-well plate to achieve a final
ODG600 of 0.01. Each well was pinned with 10 uM of small molecule in DMSO vehicle (0.5%
final concentration). Positive controls (cells, BHI media, and 0.5% DMSO) and negative controls
(BHI media and 0.5% DMSQ) were present on each 384-well plate. The inoculated 384-well plates
are incubated at 37°C for 20 hours with gentle agitation. The Z-prime score for the assay was
calculated using equation 1 and “max” and “min” values corresponding to OD600 values for a
positive control (cells, BHI media, and 0.5% DMSO) and negative control (cells, BHI media, 0.5%

DMSO, and chloramphenicol), respectively.

(3xSDbmax)+(3xSDmin)
|MEANMmax—MEANmMin|

Equation 1 Z-prime score =1 -

A preliminary HTS was performed using the New Prestwick chemical library, which
contained 1280 federally approved small molecules with good bioavailability and human safety

properties. In the screen, the growth of both strains was compared after small molecule exposure.
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Growth inhibition of a particular small molecule was calculated (equation 2), where “small
molecule” refers to the measured OD600 value of cells grown in the presence of the small
molecule and “control” refers to the OD600 of the positive control (cells cultured in the absence

of the small molecule in BHI media and 0.5% DMSO only).

Small Molecule

Equation 2 Growth inhibition = 100 — 100 x

Control

Sortase-specific inhibitors were identified by their ability to selectively inhibit growth of
the wild-type strain (+SrtA), while leaving growth of the AsrtA/AacaC strain unaffected. The
percent selective inhibition was calculated (%SelectINH, equation 3), where WT* and A* are the
growth inhibition values for the WT and AsrtA/AacaC strains in the presence of small molecule,
and WT and A are the corresponding growth inhibition values of the respective positive controls

for each strain.

WT+/Ax
WT/A

Equation 3 Selective Inhibition (%SelectINH ) = 100 — 100 x

5.5.2 B. subtilis strain engineering

B. subtilis 168 cultures were grown at 37°C in LB broth (ThermoFisher) supplemented
with the following antibiotic concentrations when appropriate: 1 pg/mL erythromycin, 100
pg/mL spectinomycin, and 7.5 pg/mL chloramphenicol. B. subtilis cells were made competent as
previously described [42]. Briefly, B. subtilis 168 was transformed with the integrative plasmid

pthrC::tarA containing the S. aureus tarA gene under control of the isopropyl-p-D-1-

189



thiogalactopyranoside (IPTG) inducible pSPAC promoter; successfully transformed cells were
selected on LB agar plates supplemented with 1 pg/mL erythromycin. Individual colonies were
streak purified, patched onto minimal media plates lacking threonine, and verified for insert
DNA by colony polymerase chain reaction (PCR). Subsequent knock-out of the endogenous
tagA gene was achieved by transformation with a linear PCR product amplified from a
ptagA::spec plasmid, which consists of the spectinomycin cassette appended with handles of
1000 base pairs of genomic DNA that flanks the tagA gene. Deletion of tagA was verified using

colony PCR, followed by sequencing of the PCR product.

5.5.3 WTA polyacrylamide gel electrophoresis

WTA isolation and alcian blue-silver staining were performed as previously described
with exceptions [43]. B. subtilis cultures were grown overnight as described above, centrifuged
at 3000 g for 15 min, and washed once with fresh LB broth before measuring ODeoo. Cell culture
volume was adjusted with LB broth to normalize the culture concentrations. Twenty five
microliter samples of purified WTA extract were diluted 1:4 in loading buffer (50% glycerol in
running buffer, trace bromophenol blue) and run on a 20% polyacrylamide TBE gel (Life
Technologies) at 180V for ~110 min at 4°C in running buffer (0.1M Tris-base, 0.1M tricine, pH
8.2). To prevent alcian blue precipitation, the gel was washed twice in wash buffer (10% acetic
acid, 25% ethanol) for ~10 min, and washed five min in water. The gel was incubated in 1
mg/mL alcian blue for 40 min and washed briefly with water before destaining for 2 h. The gel
was soaked in an oxidizing buffer (3.4 mM potassium dichromate, 3.2 mM nitric acid) for seven
min and quickly washed 3X with water. The gel was incubated with 12 mM silver nitrate for 25

min while exposed to a 100W incandescent light bulb. The gel was removed from silver nitrate
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and washed 3X with water. The gel was washed 3X with developing buffer (280 mM sodium
carbonate, 6 mM formaldehyde) until the bands were visible with minimal background staining.

The gel was immediately moved into 100 mM acetic acid to stop development.

5.5.4 Confocal microscopy and Z-prime score calculation

Overnight B. subtilis cultures were prepared in LB broth with appropriate antibiotics. B.
subtilis cultures were inoculated into 384-well plates at ODgoo = 0.05 and grown to mid-log
phase. Cells were spun at 3000 g for ten min, washed once with sterile PBS, and re-suspended in
fresh PBS. Each suspension of cells was then run through a sterile 5 um filter (PluriSelect)
before adjusting cell density to an OD600 = 0.01 using sterile PBS. Nile Red (ThermoFisher)
was added to a final concentration of 1 pg/mL to image the cell membrane. Fifty microliter
aliquots of cell suspensions were immediately distributed into 384-well plates (E&K Scientific)
and spun at 1000 g for 10 min. Confocal microscopy images were captured using 552 nm
excitation and 636 nm detection wavelengths. The dynamic range of the rod to sphere shape
transition captured within the confocal microscopy images was analyzed using Shape Factor
analysis with the MetaMorph software package (Molecular Devices), in which a perfectly
circular object scored 1.0 and a perfectly linear object received a score of 0.0. The Z-prime score
was calculated using equation 1 and shape factor scores for the circular B. subtilis deletion strain
(TagA-) and rod-shaped complemented B. subtilis strain (TarA+) as the “min” and “max” values,

respectively.
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Figure 5.6.1. Cell-based sortase HTS workflow and Z-prime score. A. Workflow

for the cell-based HTS. In the assay, two strains are cultured separately in the presence of a small
molecule: wild-type (WT) strain MG1 whose growth is reliant on the activity of SrtA, and as a
control, a AsrtA/AacaC double mutant (A) strain whose growth is not dependent on the activity of
sortase. By comparing the growth of these strains in the presence of the same small molecule,
sortase-specific inhibitors are identified by their ability to selectively inhibit WT growth (+SrtA),
while leaving growth of the AsrtA/AacaC strain unaffected. B. Data used to calculate Z-prime score
for the growth inhibition of the WT and AsrtA/AacaC strains (indicated by open and closed
symbols, respectively). Growth values for positive and negative controls are indicated by circles

and squares, respectively.
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Figure 5.6.2. Cell-based sortase HTS pilot screen. Percentage of selective inhibition
(%SelectINH) is plotted for each compound in the New Prestwick library. Four hit molecules in
the library were identified (red boxes) that have %SelectINH > 3 standard deviations (SD) above
the average (26.7, 52, 90.5, 94.3% %SelectINH). Two positive controls are shown (light blue
circles) that are pyridazone-based molecules previously demonstrated to inhibit the enzymatic

activity of S. aureus SrtA in vitro (~50 pg/ml) [44].

193



NHAG
HO/\(\ 0=~ o HO |
OH o HO o o GloNAc
HO
NHAc

]

| [+]

=

~ /O“MurNAc §

GroP ManNAc GlcNAc o~ Yo | §

“ P E

Y GlecNAc
Linkage unit |
B.
NHAc
ﬁ&
NHA: TarA %
o”O“O O||O|r0

o °© UDP ManNAc uDP © ©

GIcNAc-PP-undecaprenyl ManNAc-GlcNAc-PP-undecaprenyl

Figure 5.6.3. The conserved activity of the TarA glycosyltransferase. A.

Chemical structure of the conserved WTA linkage unit and its anchoring point to the
peptidoglycan. B. Schematic of the conserved TarA glycosyltransferase activity to produce the

lipid-linked disaccharide product, C55-PP-GIcNAc-ManNAc.
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Figure 5.6.4. B. subtilis complementation with the S. aureus TarA enzyme. A.

Confocal microscopy imaging of wild-type (WT), endogenous TarA deletion (TagA-), and S.
aureus TarA complementation (TarA+) B. subtilis strains. Cells complemented by TarA
glycosyltransferase activity recover WT rod-shaped morphology, compared to spherical shape
produced without the endogenous enzyme. Images were collected with 50 ul of B. subtilis cells
at OD = 0.4 in 384-well plates, stained with Nile Red. B. Polyacrylamide gel electrophoresis

(PAGE) of purified WTA from B. subtilis strains. Strains are as described in A, and PAGE is

developed with silver staining.
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