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ABSTRACT OF THE DISSERTATION

Structural and Mechanistic Insights into Pilus Assembly via Isopeptide-Bond Forming Sortase

Enzymes and Translational Applications to Bioconjugation Technologies

by

Scott Andrew McConnell
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2020

Professor Robert Thompson Clubb, Chair

Pathogenic Gram-positive bacteria cause a range of serious infections in humans and
represent a significant threat to global health. The rising emergence of virulent strains which are
resistant to our current arsenal of antibiotics escalates these dangers. Many Gram-positive
bacteria display an array of proteins on their cell surface that enable them to interact with their
environment during infections. Among the most important extracellular virulence factors are
bacterial pili, which are adhesive filaments that are constructed by specialized cysteine
transpeptidases through isopeptide linkages. This dissertation describes my efforts to elucidate

the assembly mechanism of the archetypal SpaA-pilus from Corynebacterium diphtheriae.



Further, it describes parallel experiments aimed at repurposing the enzymes used in pilus
biogenesis for protein engineering applications.

This thesis is divided into two major sections: Pilus Biology (Chapters 2 - 4) and Sortase
Bioconjugation (Chapters 5 - 7). The Pilus Biology section describes efforts to elucidate the
mechanism of Gram-positive pilus biogenesis using kinetic, structural and cellular experiments.
Chapter 2 describes the biochemical reconstitution and characterization of the assembly
reaction that builds the C. diphtheriae SpaA-pilus. SpaA-type pili are assembled by a Class C
pilin polymerase sortase, ““SrtA. Examination of the structure of this enzyme revealed that
CdSrtA is held in an inactive state in vitro by an autoinhibitory “lid” structure. We discovered that
amino acid substitutions introduced into the “lid” activate the enzyme and permit biochemical
characterization of the polymerization reaction. Chapter 3 characterizes the mechanism and in
vitro kinetics of the lysine-isopeptide transpeptidation reaction that builds the SpaA pilus. We
identify the rate limiting step in the mechanism and offer a kinetic explanation that explains why
“lid” alterations activate ©“SrtA. Chapter 4 describes the solution structure of the pilin-pilin
linkage which joins successive protomers in the SpaA pilus. Data from NMR dynamics, SAXS
and biophysical measurements of protein stability reveal the mechanism by which Gram-
positive pili are stabilized at each linkage site throughout the elongated pilus fiber.

The Bioconjugation section of this thesis describes our efforts to develop sortase
enzymes into useful bioconjugation tools. Chapter 5 describes a versatile sortase-mediated
protein nanocage ligation platform that facilitates enzymatic synergy by enhancing pathway flux
between enzymes with complementary activities. As a proof of principle, the nanocage scaffold
was functionalized with cellulolytic enzymes, demonstrating a marked enhancement in
degradative synergy of cellulose substrate compared to unbound cellulases. Chapter 6 builds
upon our understanding of the pilus biogenesis reaction to engineer the ““SrtA sortase into a
viable bioconjugation tool that can be used to attach peptide fluorophores to proteins via

isopeptide bonds. Chapter 7 describes ongoing efforts to further optimize the “ISrtA



bioconjugation tool using a directed evolution approach, with the goal of altering its substrate
specificity and increasing its thermostability. Together, the research described in this thesis
provides new insight into the biogenesis mechanism that is used by Gram-positive bacteria to
produce adhesive pili and describes the development of a promising molecular tool for

producing novel bioconjugates.
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Chapter 1

Introduction: The Roles of Sortases in Surface Protein Display and

Bioconjugation



1.1 Overview

Throughout much of human history, bacterial infections were serious medical events
which resulted in rampant infectious diseases such as smallpox, cholera, diphtheria and
pneumonia’. Beginning with the discovery of penicillin in 1928, a revolution in antibiotic discovery
during the mid-twentieth century yielded a vast arsenal of broad-spectrum drugs capable of
efficiently controlling bacterial infections?3. This paradigm shift enabled a transformation of
medicine: risky procedures such as invasive surgery and the deliberate attenuation of the immune
system following organ transplants or as a result of chemotherapies became routine?. However,
it was soon discovered that antibiotic resistance arises rapidly after widespread deployment of
bactericidal drugs, and to date, strains resistant to most common antibiotics have been identified*.
Indeed, the CDC reported in 2019 at least 2.8 million serious infections by bacterial strains
resistant to our current antibiotics, resulting in 35,000 deaths in the United States®. Whereas first
generation antibiotics were developed from the chemical scaffolds of natural metabolites which
inhibit pathways that are critical for bacterial viability, modern understanding of molecular
mechanisms of bacterial virulence afford us the opportunity to develop more carefully targeted

drugs which will not precipitate resistant strains.

Bacteriology is broadly divided into Gram-positive and Gram-negative classifications.
Gram-positive bacteria are thusly named because their thick cell wall retains crystal violet stain
after washing in the Gram stain procedure®. Many of the most important bacterial pathogens are
Gram-positive, such as Staphyloccocus, Streptococcus, Clostridia and Corynebacteria spp’.
The cell wall of Gram-positive bacteria is a complex protective layer consisting of crosslinked
peptidoglycan and wall techoic acid polymers which provides a scaffold for display of surface
proteins with specific functions®. Many proteins adorning the cell wall are virulence factors which
interact with the extracellular environment. Due to the thickness of the cell wall, simply targeting

extracellular proteins to the membrane is generally insufficient for display. Thus, Gram-positive



bacteria evolved sortase-dependent pathways to elaborate their surface with virulence factors.
Sortases are cysteine transpeptidases which affix proteins directly to the peptidoglycan cell wall
in a “sorting reaction”. Typically, sortase substrates are monomeric proteins with roles ranging
from immune system modulation, to nutrient acquisition, to spore formation®. In contrast, one
distinct sortase class, Class C sortases, polymerize linear pilus filaments which are responsible
for bacterial adhesion to host cells and tissues. Pilin polymerizing sortases are attractive drug
targets due to their importance in bacterial adhesion and biofilm formation. Additionally, they
have intriguing potential as bioconjugation reagents due to their unique specificity and bond

forming mechanism.



1.2 The Sortase Transpeptidase Enzyme Family

One distinguishing feature of Gram-positive bacteria is a thick peptidoglycan cell wall
that encircles the entire cell. The cell wall is composed of a peptidoglycan matrix consisting of
repeated N-acetyl glucosamine (NAG) and N-acetylmuramic acid (NAM) subunits which are
crosslinked via their peptide stems into glycan strands'®. The cell wall maintains cell shape,
prevents osmotic lysis and forms a scaffold for the attachment of extracellular proteins and
secondary cell wall polymers®. Whereas Gram-negative bacteria have several secretion
mechanisms mediated by membrane proteins across both bilayers'', the thickness of the Gram-
positive cell wall necessitates a distinct sortase-dependent pathway for the display of surface
proteins. Sortases are nearly ubiquitous in Gram-positive bacteria and are also occasionally
observed in Gram-negatives (e.g. Shewanella putrefaciens) and even Archaea (e.g.

Methanobacterium thermoautotrophicum)'?.

Members of the sortase superfamily are binned into six different classes (A to F) based
on their primary sequence similarity’*-'¢. The genomes of most Gram-positive bacteria encode
at least one sortase gene, while others contain several sortase homologs that attach different
proteins to the cell wall or assemble pili. Sortase-mediated surface display regulates many
important functions including sporulation, iron acquisition, pilus assembly and generalized cell
wall housekeeping (Figure 1.1)"". Each sortase class recognizes a characteristic substrate type,
with the exception of Class A, which exhibits a more promiscuous substrate profile and is
capable of sorting myriad protein substrates to the cell wall. The most industrious housekeeping
sortase gene is found in Listeria monocytogenes, which is responsible for mounting 43 separate
surface proteins'®'8. Due to their generalized function, Class A sortases are designated as
“housekeeping” enzymes and are present in all annotated Gram-positive genomes, with the
exception of Mycobacterium and Microplasma'®'4'°. Housekeeping sortases are critical for

bacterial virulence, as genetic knockouts yield bacteria with significantly attenuated virulence in



mouse models?°-?4, Sortase depletion also sometimes results in the accumulation of substrates
in the membrane, which may sufficiently alter cellular physiology and promote more efficient
immune clearance?®. In Actinomyces oris, sortase depletion directly results cellular toxicity due
to the toxic accumulation of glycosylated AcaC/GspA substrates in the cell membrane?®.
However, as a general rule, elimination of sortase genes does not seem to affect bacterial
viability. This suggests that sortase inhibitors could serve as particularly efficient anti-infective
agents that limit microbial infectivity, but otherwise do not affect bacterial growth outside the
host. Thus, targeted sortase inhibition would generate minimal selective pressure for resistant
strains to develop, which is a major concern with currently available bactericidal antibiotics?’.
Additionally, there are no sortase homologs in eukaryotes, mitigating the possibility of cross-
reactivity of sortase inhibitors. Taken together, sortase inhibition represents an exciting new

avenue for antibiotic development in an era of heightened need for novel anti-infective agents?.

The Class A and C sortase types will be discussed in depth here. Class A sortases are
expressed constitutively and mediate display of a wide range of substrates. All other sortase
classes are found in distinct operon clusters along with their cognate substrates and
conditionally expressed only in specific environmental conditions. Specifically, Class C sortases
are harbored in dedicated genomic islands along with their pilin substrates: Typically one
primary substrate which comprises the backbone of the pilus fiber, and one or two accessory
pilins which are found at the pilus base to anchor the fiber to the cell wall, at the pilus tip to
adhere to specific host tissues, or elaborated throughout the shaft as additional adhesins?. The
class A sortase from Streptococcus aureus (S2SrtA) was the first discovered and best
understood sortase from biochemical, structural and mechanistic standpoints®®3!. Thus, S2SrtA
is the canonical founding member of the sortase family and forms the basis for our current

understanding of sortase biology.



Sortase substrates are first secreted through the Sec translocon and membrane-
tethered by virtue of a signal peptide and cell wall sorting signal peptide, respectively. Sortase
substrates are targeted for secretion by a signal peptide consisting of 15 to 20 hydrophobic
residues encoded at the N-terminus of the polypeptide®. Binding of the signal by a secretion
chaperone maintains the precursor substrate in an unfolded state and facilitates transport of the
complex to the Sec secretion machinery, where it is translocated across the membrane''. After
the substrate is transported to the extracellular side of the membrane, signal peptidases cleave
the signal peptide from the precursor protein and the protein folds into its mature conformation,
which sometimes requires additional chaperones to aid in folding®. In the mature state, the
substrate is tethered to the membrane at its C-terminus, which exposes a conserved LPXTG
sorting signal motif for sortase recognition. Sortases and their substrates are known to
accumulate in foci located close to division septa, where the cell wall is relatively thin and
immature such that the energetic barrier to secretion and processing is the lowest*. Sortases
are anchored to the bilayer by transmembrane helices and operate in the Gram-positive
“periplasmic space” between the cell wall and membrane. Cryo-transmission electron
microscopy of frozen hydrated slices of bacterial cells reveal the presence of a ~20 nm low-
density zone surrounded by a thicker (20-80 nm) high density zone, representing the
periplasmic space and cell wall, respectively'"35%6_ This low-density space provides an optimal
environment for sortases to process their substrates and avoid steric clash with the dense cell

wall matrix, while remaining in close proximity to the peptidoglycan for subsequent anchoring.

A general two-step mechanism is well conserved across all sortase classes. An initial
acylation step, where a 5-residue motif within the cell wall sorting signal (CWSS) at the
substrate C-terminus is recognized and cleaved, is followed by a transpeptidation step where
the sorting signal is transferred to a nucleophilic substrate, resulting in a new covalent linkage.

In the first step of catalysis, sortase performs nucleophilic attack with its catalytic Cys residue on



the peptide bond between threonine and glycine residues within the CWSS. This results in the
formation of a thioacyl intermediate between sortase its substrate (Figure 1.2). With the
exception of Class C sortases, the sortase-substrate intermediate complex is then resolved by
another nucleophilic attack on the acyl linkage by a second substrate, the amino-terminus of a
peptide crossbridge on Lipid Il cell wall precursor®'. This final transpeptidation step results in
covalent transfer of the substrate from its initial membrane anchor to Lipid Il which is then
incorporated into the mature cell wall by the transglycosylation and transpeptidation processes
of peptidoglycan biosynthesis. Thus, the sortase substrate is eventually fully incorporated into

the mature cell wall matrix for display on the cell surface.

Detailed molecular models of substrate binding in this first intermediate are based on
structural comparisons of the apo-enzyme and acyl enzyme-substrate complexes®’3. The
globular core of S3SrtA is an eight-stranded B-barrel fold, which is observed in many subsequent
structures of homologous sortase enzymes®¢ (Figure 1.3). In the S3SrtA -CWSS peptide
complex structure, the LPXT sorting signal peptide is docked into the binding cleft, which is
defined by a floor consisting of residues in the 4 and 37 strands, and four loops which form the
“walls” of the cleft (B6/B7 loop, B7/B8 loop, B3/B4 loop and B2/a1 loop). The sorting signal ligand
is arranged in an L-shaped pose in this binding pocket, with a 90° kink at the AP peptide bond.
The B6/B7 loop is unstructured in the apo enzyme, but adopts a 3+ helix structure when the
substrate is bound, shifted 10 A into a “closed” conformation in an induced fit mechanism which
allows extensive contacts with sorting signal residues upon binding®’. Additionally, signal
peptide binding wedges the B7/B8 loop away from the H1 helix as a rigid unit by 13 A, resulting
in the formation of a new groove with the catalytic His residue at the center, which is predicted

to accommodate the second substrate®’.

Although not a general feature in all sortases, biochemical experiments have

demonstrated that the canonical S2SrtA enzyme has a strong calcium dependence. In reaction



conditions devoid of calcium ions, S3SrtA exhibits a 5-fold decrease in activity3®#”. A structural
explanation for this phenomenon is readily apparent: A single calcium ion is coordinated by
three glutamate residues, which stabilizes the 36/37 loop into the closed conformation that is
required for effective CWSS binding® . In homologous sortase enzymes, the binding pocket is
sometimes “pre-formed” by alternative stabilizing bonds, negating the dependence on a divalent

cation in these enzymes*+48.

The sortase active site consists of catalytic triad of Arg197, Cys184, His120 (S2SrtA
numbering) residues, which are located on adjacent 3-strands (Figure 1.3). There is some
controversy over the exact role of the active site residues in catalysis. The catalytic cysteine
performs a nucleophilic attack on the sorting signal, as described previously?’. In order for this
reaction to be chemically favorable, the active site cysteine and histidine residues must exist as
a thiolate/imidazolium pair, which would be populated at 0.06% at physiological pH*°. The low
population of catalytically competent enzymes may explain the differences in reactivity observed
in vitro compared to in vivo reaction rates. For this reason, a proposed role for the invariant
arginine is to stabilize the deprotonated thiolate form of cysteine. However, it has also been
proposed to have a role in stabilization of the oxyanion tetrahedral intermediate and positioning
of the sorting signal by direct interaction with backbone residues*’. Meanwhile, the invariant
histidine is proposed to perform dual functions: as a general acid to protonate the amide leaving
group after the scissile bond of the sorting signal is cleaved in the first step of the reaction, and
then, once deprotonated, as a general base to activate the incoming terminal amine substrate

for nucleophilic attack®-°°

Housekeeping Class A sortases are found in nearly all Gram-positive bacteria from the
Firmicutes phylum, but some species also encode additional classes of sortases with
specialized functions. These sortases often recognize divergent sorting signal motifs, offering a

possible explanation for substrate discrimination between classes'’. Other than sorting signal



specificity, all homologs operate in a manner that is mechanistically similar to the canonical S.
aureus Class A sortase. The Class C pilin polymerizing sortases are distinguished from all other
classes by their unique nucleophile selectivity and reaction product. Instead of catalyzing single
transpeptidation reactions where the sorting signal peptide bonds are cleaved and transferred to
the cell wall via backbone peptide bond, pilin polymerases catalyze linkages between sorting
signal peptides on one substrate to a lysine sidechain on a second substrate. They repeat this
reaction to form linear polymers of proteins that are called pili. This enzyme class is discussed

in the following section.



1.3 Pilus Biology

Pili (or fimbrae) are long, hair-like appendages which extend from bacterial cell surfaces
to mediate two major types of interactions with the extracellular milieu. First, they mediate
important homophilic interactions with other microbes which result in biofiim formation®'-53,
Second, pili form specific and strong attachments to host cells in order to overcome the general
problem of the net repulsive effect caused by negative charges between bacterial and host

cells® %5, As such, these filaments are important virulence factors for pathogenic bacteria.

Surface pili presented by Gram-negative and Gram-positive bacteria are structurally and
functionally distinct. Gram-negative pili are relatively thick structures (5-12 nm in diameter and up
to 20 ym in length) whose cross-sections consist of 3-6 protein subunits that are associated with
one another by noncovalent forces®®. Gram-negative pili have additional capabilities enabled by
adaptive ATPase-driven retraction and elongation, including evasion of host immune response,
transfer of genetic material and twitching motility®>-%7:58, The Gram-positive pilus polymer (1-5 nm
x 3-5 um) consists of repeating subunits that are covalently linked into a linear chain by
intermolecular isopeptide bonds, which are installed by specialized Class C pilin polymerizing

sortases®®. The rest of this section describes the Gram-positive pilus.

During infections by pathogenic bacteria, pili promote adhesion to host cells and provoke
strong immune responses. Nonpiliated mutant strains are significantly attenuated in virulence in
mouse infection models and result in much lower levels of tumor necrosis factor- a and
interleukin-6 (used as proxies for host inflammatory response) as compared to wild-type, piliated
strains®. In another study, pregnant mice were immunized with hundreds of recombinant
bacterial proteins from group B Streptococcus and their progeny were challenged with a lethal
dose of wild-type streptococci. Three quarters of the antigens which conferred protection

against this challenge are pilus proteins®'. Due to their high immunogenicity, extracellular
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presentation, repetitive structure, and high levels of expression during the early stages of

infections, pili are considered excellent vaccine targets®2-54.

Pili are also important factors in biofilm formation. Biofilms are diverse bacterial
communities encased in a protective matrix consisting of polysaccharides, proteins, membrane
vesicles and DNA, which provide a barrier to resist antibiotic treatment and immune clearance®°,
Biofilm production is a unique bacterial state which involves differential expression of 30% of the
proteome, resulting in de novo expression of around 200 dedicated proteins in S. pnuemoniae®.
One of the most important factors expressed during biofilm production are pili. Specifically, the
adhesive tip components mediate homophilic interactions between bacteria which promote the
formation of three-dimensional microcolonies. Additionally, some co-aggregation proteins may
“hijack” pilus machinery, replacing tip pilins at distal end of pilus fibers. In the case of A. oris, the
coaggregation factor, CafA, can displace the tip pilin in Type 2 pili in order to mediate
coaggregation with other oral bacteria®. Strong evidence for specific interactions by tip pilins
comes from studies of group A Streptococcus, where it was demonstrated that tip pilin knockout
strains are less virulent in mice and competition with exogenous recombinant tip protein reduces
bacterial aggregation®. Additionally, several tip pilin proteins were identified in broad transposon
screens of biofilm formers, highlighting the importance of pilus-mediated interactions with other
bacteria in the initial phases of biofilm development®®. From a biophysical perspective, single cell
force microscopy studies found that piliated Lactococcus lactis adhere to other bacterial cells with

forces roughly twice that of pilus-devoid strains®®.

The second function of pili is host cell adherence, which occurs via covalent or non-
covalent mechanisms. The first class of noncovalent pilin interactions with host cells involve
adhesive proteins with affinity for common elements of the eukaryotic extracellular matrix. Some
tip pilin domains exhibit significant homology to the van Willebrand factor A fold (VWA),

suggesting that they interact with extracellular components such as collagen, fibronectin and
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laminin to mediate heterophilic adherence’’". VWA domains do not appear to be involved in
homotypic interactions with other bacteria, as they are dispensable for biofilm formation’?. Another
class of pilus adhesion involves tip pilins which exhibit very strong attachments through
noncovalent catch bond mechanisms. Through high affinity “dock, lock, latch” mechanisms, this
class of adhesins immobilize their ligands under high forces™-"°. Unlike typical noncovalent slip
bonds, which become weaker or have shorter lifetimes when subjected to increasing mechanical
forces, receptor-pilin catch bonds are strengthened as increasing shearing forces are applied

through mechanisms governed by mechanical forces’®.

The discovery of thioester domains (TEDs) in several tip pilins suggests a distinct covalent
mechanism for pilus-mediated adhesion”-8. TED domains harbor intramolecular thioester bonds
between Cys and GIn residues in a thiolactone ring composed of a Cys-Gly-Glu-GIn motif and
appear to form autocatalytically in the correct structural environment®'. These linkages were
originally predicted to impart structural stability of the domain akin to the ubiquitous isopeptides
(described in Section 1.4). However, a structural role is unlikely because these linkages are not
positioned at domain boundaries (as are stabilizing isopeptide bonds) and further, their surface
exposure renders them susceptible to nucleophilic attack. Instead, pilin thioester domain are
involved in an adhesion mechanism akin to the human complement system, which employs highly
reactive thioester bonds to bind hydroxyl groups of carbohydrates on bacterial cell wall as part of
the innate immune response®'. Once activated, complement proteins either react rapidly with
bacterial proteins or are neutralized by hydrolysis to limit damaging side reactions to human
proteins. In a similar manner, tip pilin TEDs likely undergo conformational rearrangements to
expose the reactive acyl moiety of the thioester upon docking to specific host factors, forming
covalent linkages which mediate strong attachments. One such example is the Cpa adhesin from
S. pyogenes. This adhesin reacts via a thioester linkage with extracellular matrix components

such as collagen to adhere to host tissues. In low force conditions, the thioester bond can be

12



reversed by reactive amines, such as histamine, which are common at inflammation sites. The
intramolecular thioester can then reform at different attachment sites, enabling nomadic bacterial
rolling. However, when large forces are applied the domain is extended such that the bond can
no longer be reversed and the thioester is locked and able to survive nanoNewton perturbations.
This mechanism allows the microbe to explore different environments and facilitates cell migration
which is important for colonization under low force conditions, while also maintaining robust
adhesion during high force. Thus, these “smart bonds” exhibit mechanical allostery which permits

both nomadic and locked phases during adhesion®.

The energetic cost of pilus biogenesis combined with heightened immunogenicity
necessitate careful regulation of pilin expression and display. The idea that pilus expression is
bistable is supported by multiple studies of piliated Gram-positive bacteria indicating that less than
half of cells express pili®8# In the S. pneumoniae Pl-1 pilus assembly system, this regulation
occurs at the transcriptional level, and notably, is not regulated by any additional genes outside
of the pilus island gene cluster®*. Additionally, regulation is highly adaptable to environmental
cues. For example, S. pyogenes ramps up pilus production as temperatures approach human
skin temperature®®. As of yet, the mechanistic triggers for pilus upregulation are unknown.
Evolutionarily, it may be advantageous to maintain two subsets of the population: one population
that is well suited to colonize host tissues, and another that can easily escape host immune

defenses that are aimed at pili.
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1.4 Pilus Biogenesis by Class C Sortases

Class C pilin polymerizing sortases are found across Firmicutes and Actinobacteria'”.
Much of our current understanding of pilus biogenesis in Gram-positive bacteria is derived from
the archetypal system found in Corynebacterium diphtheriae. Pathogenic Corynebacterium are
causal factors in several important diseases in humans including diphtheria, endocarditis and
urinary tract infections®. Analysis of its genome reveals 17 putative sortase substrates genes
(containing LPxTG motifs), nine of which are pilin proteins'®. C. diphtheriae encodes three
separate pilus systems: SpaABC, SpaDEF and SpaHIG. SpaA-type pili preferentially adhere to
host pharyngeal cells, while SpaD- and SpaH-type pili adhere to laryngeal and lung epithelial
tissues, demonstrating the role of pili in dictating the tissue tropism of a given microbe®'#. The
organization of each of these sets of genes into operons under the control of a single protomer
ensures that the expression of all pilin precursors and cognate pilin polymerases are expressed

cotemporally, presumably in response to certain environmental cues.

Extensive studies of the SpaABC pilus have made it paradigmatic. It consists of three
subunits: the major pilin, SpaA (the shaft pilin), and two ancillary pilins: SpaC (the tip pilin) and
SpaB (the basal pilin). As with other sortase substrates, pilin subunits are expressed in the
cytoplasm and subsequently targeted to the Sec translocon by an N-terminal signal peptide. The
precursor polypeptides are then partially secreted, but retained in the membrane by a C-terminal
cell wall sorting signal (CWSS). The CWSS is a conserved tripartite motif consisting of a five
residue sortase recognition site (LPLTG), flanked by a hydrophobic transmembrane region and a
stretch of basic residues, which anchor the protein in the membrane. Pilin sortases and their
substrates are known to cluster into distinct pilus assembly centers (or “pilusosomes”) on the cell
membrane®*%’. This organization results in a high local concentration of ©ISrtA-SpaA acyl

intermediates at the assembly foci which accelerates polymerization.
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SpaA pilus biogenesis is a biphasic process: polymerization and pilus elongation are
carried out by the pilus-specific sortase, followed by transfer of the completed pilus to a
housekeeping sortase, which then anchors the entire fiber to the cell wall for display. SpaC is the
first pilin subunit to be incorporated. Located at the tip of each pilus, SpaC mediates interactions
between microbe and host pharyngeal epithelial cells via a predicted VWA domain®%, SpaC is
ligated to a backbone SpaA pilin, which is in turn ligated to several hundred additional SpaA pilins
during the polymerization reaction. Pilus length appears to be primarily correlated with the
availability of the major pilin component which comprises the shaft, as overproduction of this
component results in increased pilus length relative to wild-type strains®. However, the activity of
housekeeping sortases may also be an important factor in modulating pilus length and spatial
positioning®. Incorporation of SpaB into the polymerization machinery flips a “molecular switch”
which terminates polymerization by handing the pilus off to €SrtF, a Class E housekeeping
sortase ', In vivo studies have shown that C. diphtheriae strains with SpaB knocked out produce
pilin fibers much longer than wild-type strains and release elongated pili to the culture medium,
while overproduction of SpaB results in shortened pili®. This data suggests that SpaB acts as a
signal to promote the transition from polymerization to the cell wall anchoring phase. “SrtF
catalyzes the covalent attachment of the LAFTG sorting signal of SpaB to a cell wall precursor,
Lipid II. The pilus is then embedded into the mature cell wall envelope when Lipid Il is incorporated

into the crosslinked peptidoglycan matrix.

The molecular details of the polymerization reaction have been well-studied. ©SrtA
recognizes the *'LPLTG*® sorting signal and nucleophilically attacks the carbonyl carbon
between Thr494 and Gly495 via its active site cysteine (Figure 1.4). That reaction results in
proteolytic cleavage of the peptide backbone, liberating SpaA from the membrane and forming a
CdSrtA-SpaA thioester intermediate®”. Next, a ternary complex forms between the acyl ©SrtA-

SpaA intermediate and the second backbone SpaA substrate, known as the “attack complex”®.
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The g-amine group of Lys190 (bolded) in the pilin motif (WxxxVxVYPK) of the second SpaA
molecule attacks the newly formed thioester bond. This resolves the “SrtA-SpaA acyl adduct and
forms a new SpaA-SpaA linkage through an intermolecular isopeptide bond between the

carboxyl-terminus of Thr494 and the sidechain amine of Lys190.

Pilin sortases contain several unique structural features. The canonical sortase B-barrel
architecture is conserved, but most members of this class also contain an additional N-terminal
region that is inhibitory because a portion of it, called the “lid”, blocks the active site (Figure 1.3).
This lid includes a DP(F/W/Y) motif, which interacts via its conserved aspartate and aromatic
residue to anchor the lid in the active site®®-°3. NMR dynamics experiments demonstrated that the
lid in the wild-type S. pneumoniae pilin sortase adopts a rigid, closed conformation in >99% of
wild-type enzyme molecules in solution®. This N-terminal “lid” structure docks in the active site
as pseudo-substrate, occluding pilin substrate access. Stopped-flow experiments demonstrate lid
anchor mutants significantly enhance solvent accessibility of the catalytic cysteine in vitro®®. Thus,
sorting signal recognition in this enzyme class requires a conformational change that results in
the disengagement of the lid structure from the active site, which is presumably initiated by

interactions with the enzyme’s substrates or other factors on the cell surface.

The minor pilins, SpaB and SpaC, are responsible for the adhesive properties of the pilus.
When either is deleted, pharyngeal adherence is greatly compromised. The minor pilins are
displayed both as part of the SpaA-pilus, and as monomeric components of the cell wall®®. SpaC
is located exclusively at the pilus tip, while SpaB is located at base and sometimes interspersed
throughout the shaft®. Interestingly, deletion of SpaA does not have a significant effect on

adherence®, suggesting that its role is purely structural.

Most Gram-positive pili mirror the three-component architecture in the C. diphtheriae SpaA
pilus, but less complex pili that contain only two pilin types are also common. These two

component pili contain only tip and shaft pilins and are typified by pili in B. cereus, Actinomyces

16



spp. and the FCT-1 pilus in S. pyogenes®~°. In these systems, the pilus polymerizing sortase
crosslinks the tip and to a backbone pilin, then polymerizes the shaft. In the absence of the basal
pilin which normally promotes cell wall incorporation, the mechanism of polymerization
termination is slightly less clear. However, housekeeping sortases are still required for anchoring,
as the deletion of these genes prevents attachment to the cell wall®®. In other cases, pili are
assembled using multiple Class C sortases with partially overlapping functions. In which case,
both enzymes can polymerize the pilus backbone, but one is sometimes dedicated to

incorporating the basal pilin subunit within the pilus shaft or adding the tip pilin*4:51.94.100-102_

Bacterial adherence to host cells begins with initial pilus-mediated attachments followed
by subsequent short-range interactions. Long pili can form strong attachments to specific
receptors on host cells over long distances. The identity of these receptors have yet to be
discovered for many pathogens, but in Actinomyces oris, which colonize tooth and mucosal
niches, the Type | pilus is known to bind to tooth enamel via salivary acidic proline-rich proteins
(PRPs) and statherines'®, while the Type Il pilus in this microbe mediates interactions with both
host cell surface glycoconjugates and specific polysaccharides on Streptococci in the oral
microbiome'%*1%5, Preliminary long-range attachment then enables the subsequent formation of
“intimate zones of adhesion” by shorter adhesive pili or by non-pilin surface adhesins, as well as
between bacterial surface carbohydrates and host lectins®2¢. The close proximity afforded by this
second set of interactions also permits introduction of toxins to the host cell, analogous to type IlI
secretion systems in Gram-negative pathogens'®. Additionally, in the case of Streptococci, this
would provide an opportunity for intracellular invasion. In all, the bacterial adhesion pathway,

which begins with pilus anchoring, is a critical step in pathogenesis for many microbes.
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1.5 Structural Basis of Pilus Stability

Bacterial pili are responsible for maintaining adhesion to host cells and tissues in the
face of considerable physical insults. During infections on mucosal membranes, bacteria will
experience drag forces proportional to the velocity of mucociliary flow and the size of the
bacterium. Propelled by cilia on epithelial cells lining the respiratory tract, the mucus lining of the
lungs is replaced in minutes to hours'®’. As the mucaociliary flow can approach 100 um/sec'®,
the corresponding forces can exceed several nanonewtons. Covalent bonds can rupture under
forces of this magnitude, so bacterial pili use sophisticated force bearing mechanisms to
maintain adherence. While Gram-negative pili are thick fibers with extensive quaternary
structure and multi-subunit cross sections, Gram-positive pili are only a single subunit in
thickness. Gram-negative bacteria remove stress at critical junctions under force by partially
uncoiling their multi-subunit pilin helices'®. In Gram-positive bacteria, which are constructed
with a single subunit cross-section, both intrinsic stability of pilin protomers and inter-pilin
linkages contribute to the overall stability of the pilus polymer. Interestingly, knockout of the
shaft pilin does not abrogate pilus-mediated bacterial adhesion under static conditions,
presumably because monomeric adhesive pilins on the cell surface are still capable of adhering
to host receptors. However, under flow conditions which mimic mucus clearance, reduced
adhesion is observed,? suggesting that the pilus shaft is critical for dissipating the extreme

tensile forces encountered by adherent bacteria in their host niches.

The archetypal Gram-positive pilus, the SpaA pilus in Corynebacterium diphtheriae,
mediates strong attachments to human pharyngeal cells which are structurally reinforced
throughout the fiber. At its distal tip, the SpaA pilus features a von Willebrand adhesion (VWA)
domain within a specialized tip pilin®. The VWA domain mediates noncovalent interactions with
receptors on the target host cell that are stable and selective. As discussed in the previous

section, other pili employ highly stable thioester bonds harbored in thioester domains (TEDs) as
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“chemical harpoons” which form robust covalent linkages to target receptors''?. Adhesive tip
pilins are extended several micrometers from the bacterial surface by a pilus stalk composed of
~100-250 SpaA monomers''". The pilus shaft is composed of pilin subunits crosslinked together
via isopeptide linkages to result in a single, continuous covalent path for the propagation of axial
forces. At a total molecular weight of ~5-12 MDa, these fibers are among the largest known
polypeptides''?. The attachment site of the pilus to the bacterial cell is similarly robust, as the

entire pilus is covalently incorporated into the crosslinked peptidoglycan matrix of the cell wall.

Intramolecular bonds in pilin domains form between lysine and asparagine or aspartate
side chains which are auto-catalyzed by a proximal acidic residue during protein folding™'3.
Isopeptide bonds are robust and unreactive: Unlike disulfide bonds, they are unaffected by
changing redox conditions'*. When assessed by atomic force microscopy, Gram-positive pili
consisting of Cna-type domains are classified as “ultramechanically stable,” as the forces
required to unfold them are the largest reported for single globular proteins (SpaA requires
pulling forces of ~525 pN)''2. Cna domains are immunoglobulin-like folds, which are intrinsically
highly stable even in the absence of intradomain crosslinking''®. However, additional
stabilization in the form of isopeptide crosslinks is a conserved feature in Gram-positive pili
subunit domains, indicating that the forces encountered by pili exceed the range of even such

mechanically stable immunoglobulin domains as are found in titin or fibronectin>-"17,

The stability of each constituent backbone pilin is critical to the overall mechanostability
of the pilus fiber. SpaA protomers are composed of three linearly arranged Cna-type
domains''®. The N-terminal domain (NSpaA) and the C-terminal domain (°SpaA), are CnaB type
folds which house the reactive pilin lysine and sorting signal peptide, respectively. °SpaA and
the middle domain share interlocking secondary structural elements and comprise a rigid linear
unit. “°SpaA is a force-bearing CnaB domain which features an isopeptide linkage located

between the first and last B-strands of the fold''3. This positioning allows axial force to travel
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from the C-terminal signal peptide on the final strand (which is in turn crosslinked to the pilin
lysine in the subsequent protomer) directly to the first strand through the internal bond,
rendering the “SpaA domain mechanically inextensible''2. The path of the axial force would
then proceed to the final strand of the middle domain, which is a CnaA-type fold. This domain-
type contains a slightly different internal isopeptide which forms a bridge between the first and
penultimate B-strands. As a result, there are 29 residues in the intervening loop between
internal linkage and the N-terminus of “SpaA, called the isopeptide delimited loop (IDL) (Figure
1.5). The IDL is part of the force pathway and can be extended at large forces, providing an
efficient mechanism for energy dissipation and shock absorption''2. After the mechanical shock
subsides, the CnaA domains rapidly refold into the stable ground conformation, primed for
subsequent mechanical shocks. The length of the pilus, and thus the IDL reservoir, scales
linearly with the forces that can be tolerated, suggesting that longer fibers can handle larger
shocks. Thus, it has been suggested that pilus biogenesis may be upregulated to produce
longer fibers which can accommodate increased external forces. The vast majority of shaft pilins
contain a CnaA-type domain, suggesting that this strategy of force dissipation is widespread.
Conversely, pili that are composed entirely of CnaB-type domains are predicted to be

essentially inextensible.

In the case of the C. diphtheriae SpaA pilus, NSpaA lacks an internal isopeptide bond
and is relatively flexible with respect to the rest of the protein, as evidenced by disorder
observed in crystal structures''®-'26, However, the inter-pilin linkage is located at the C-terminal
boundary of the N-terminal domain, such that the “load bearing spine” of force transduction
through the pilus fiber bypasses the entirety of NSpaA, rendering the additional stabilization
inconsequential to the overall stability of the pilus'?'. From an evolutionary standpoint, there is
little selective pressure to maintain the internal isopeptide linkages in domains which are not

force-bearing. However, there are several examples of N-terminal domains which do contain
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intradomain isopeptide bonds, but these are typically slow-forming relative to the other Cna
domains**121.126 Whereas internal isopeptides in most Cna-type domains form autocatalytically
during protein folding, the corresponding intradomain linkage in the pilin NTD apparently has a
higher energy barrier to overcome. In the pilin motif (YPKN), the pilin Lys (the site of the
intermolecular bond) is positioned directly adjacent to an Asn residue (the site of the
intramolecular bond). As such, formation of the inter-pilin linkage may influence the subsequent
formation of an additional inter-domain linkage by reordering the catalytic Asn, Glu, and Lys
residues into a more optimal orientation for auto-catalytic proximity-based bond formation to
occur. Indeed, in several pilins characterized to date, the ligation event also results in efficient
formation of the intradomain isopeptide bond, which may effectively lock the NTD into a rigid
conformation*®121.127 For example, in crystal structures of the full-length RrgB pilin in S.
pneumoniae, docking of the signal peptide to the binding cleft of RrgB initiates the formation of
an isopeptide bond within the N-terminal domain, but the bond is not observed in the absence of
signal peptide docking®:. In the BcpA pilus from Bacillus anthracis, the internal isopeptide bond
is detected in native pili, but not in the recombinant forms, indicating that the inter-subunit
linkage must be formed prior to formation of the internal isopeptide in the pilin lysine-bearing

domain?®.

The crystal structure of GG-SpaA from Lactibacillus rhamnosus features several crystal
forms in which the NTD exhibits a range of bent conformations relative to the rest of the protein.
This intriguing structural heterogeneity led the authors to propose an “expose, ligate, seal’
mechanism in which the nucleophilic N-terminal domain exists in a bent, unliganded form which
favors nucleophilic attack. Following ligation, the NTD assumes a closed form in which it
become locked into a rigid, linear conformation which propagates throughout the pilus fiber'2.
Pilin NTD flexibility in the apo-state may also be required for steric reasons. The pilin sortase is

tethered to the membrane and may require a degree of flexibility in order to bridge the gap
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between the two elongated substrates which are also membrane-bound. As such, it is likely that
flexible the N-terminal domain functions primarily to mediate the interaction with the pilin sortase
during polymerization. Thus, the importance of the NTD is primarily in mediating sortase

recognition and not in structural integrity.

While the tensile strength and structural organization of individual pilin proteins is well
understood, little is known about the junction between pilin protomers in the fiber. In Chapter 4
of this thesis, | describe a detailed structural and biophysical investigation of the inter-pilin
linkage in C. diphtheriae SpaA pilus, which yields several important insights about stabilizing

features present at linkage sites within the pilus fiber.
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1.6 In vitro Bioconjugation Approaches using Sortase

Protein bioconjugates have proven potential for transformative applications from basic
biological research to medical therapy. Specific uses include creation of specific antibody-drug
conjugates, small molecule- or fluorophore-labeling of proteins in biophysical experiments,
orientation-specific protein immobilization, cell-specific labeling, and the preparation of
multifunctional protein nanoparticles and complexes for industrial purposes. However, specific

and efficient bioconjugation remains a difficult problem.

Early approaches to protein modification aimed to leverage the differential reactivity
profiles of specific amino acid side chains, including cysteine, lysine, aspartate, glutamate,
tyrosine, tryptophan and the N- or C-termini of proteins'?®'2°, Recently, non-natural amino acid
incorporation techniques enabled the expansion of functionalities available on the protein
surface, allowing for highly specific “bio-orthogonal” conjugation chemistries'%-'32, This class of
reactions is suitable in certain circumstances, but if higher selectivity, milder reaction conditions

or enzymatic control are required, alternative methodologies are necessary.

Several enzymatic approaches involving the development of enzymes which natively
catalyze ligation reactions have yielded successful bioconjugation reagents. However, most are
still limited by issues surrounding incomplete yield, reversibility, ligation-site promiscuity and
long reaction times. Specifically, the use of naturally occurring transferase-type enzymes have
been described, but the specificity of such reactions requires non-protein synthetic substrate
analogs and are thus limited to niche applications. Examples of these approaches include
farnesyltransferases'?, N-myristoyltransferases'* and biotin ligases'®, which all require
specifically engineered substrates for recognition that harbor isoprenoid, myristic acid or biotin

analog functional groups, respectively.

Currently, the sortase A enzyme from Staphylococcus aureus (53SrtA) is one of the most
widely used bioconjugation enzymes, owing to its superior specificity and genetically-encoded
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recognition tags. S2SrtA catalyzes a transpeptidation reaction which involves recognition and
cleavage of a specific peptide sequence followed by formation of a new amide linkage to the N-
terminus of a second acceptor substrate (Figure 1.6A). The first demonstration of efficient in
vitro ligation using S2SrtA was in 2004. In this study, Mao and coworkers showed that S3SrtA is
capable of ligating two recombinant protein substrates with minimal peptide tags: one with a C-
terminal LPXTG signal and the other with a N-terminal oligoglycine'3®. Following this discovery,
this general “sort-tagging” approach has been successfully deployed in protein-protein
ligation'®’, backbone cyclization'®, as well as site-specific fusions of target proteins to peptides,
lipids, sugars, and small molecules'36:139.140_SagrtA ligation chemistry has also been harnessed
to enable immobilization of target proteins to coverslips for microarray experiments'#'. Recently,
its utility in enabling biophysical studies of previously inaccessible systems in solution has been
demonstrated. In this approach, S3SrtA is used to append NMR-silent solubility tags to unstable
protein targets to generate solubilized segmentally isotope-labeled domains for NMR
studies’#2143, Further advancements involved developing S2SrtA variants which lack divalent
metal cofactor dependence, which are capable of labeling living cells under low Ca?*

conditions #4145,

SaSrtA bioconjugation is not without limitations. Reversibility is one major concern, as the
ligation product itself contains an LPXTG motif which is a substrate for subsequent hydrolysis.
Additionally, a peptide fragment containing an N-terminal Gly is generated as a product of the
hydrolysis reaction, which may compete with the intended nucleophile in the reaction. Another
obstacle is the relatively slow in vitro kinetics of wild-type S2SrtA. Kinetic analysis of in vitro
transpeptidation determined relatively weak binding affinities for the sorting signal (K, = 7.33
mM) and Glys substrates (K = 196 uM), as well as a low turnover number (ko = 0.28 s71)%°,
These issues can be partially ameliorated by using large molar excesses of enzyme and sorting

signal. Several creative approaches also address this limitation by using affinity capture
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methods to increase the local concentration of substrate and purify a homogenous reaction
product in a single step'®'4” or removing of the glycine leaving group by dialysis or

centrifugation to prevent enzymatic reversal'43148.149,

However, the same transpeptidation reaction occurs very rapidly in vivo. For example,
the entire process from expression to secretion to cell wall attachment by S2SrtA takes less than
three minutes in the case of protein A anchoring’®. As discussed in section 1.2, this is most
likely due to the unfavorable protonation states of the active site residues in in vitro
environments, although it could also be attributable to the decrease in optimal substrate access
afforded by membrane anchors on both the enzyme and the substrate. As it became clear that
this enzyme was vastly underperforming its kinetic potential in in vitro applications, several
directed evolution campaigns aimed to improve activity. Chen and coworkers developed an
evolved enzyme (dubbed S2SrtA%M) with an 140-fold improvement in coupling efficiency relative
to wild-type's'. Further improvements of S23SrtA®™ yielded new variants with improved reaction
parameters and optimized non-canonical conjugation techniques, including enzymes

specialized in either N- or C-terminal modifications of antibodies'®.

Production of sophisticated bioconjugates sometimes requires simultaneous conjugation of
single two distinct groups to a single protein target. Yet another directed evolution campaign
developed variants with altered substrate profiles with exciting applications for orthogonal
modification approaches'®. This study resulted in the development of two additional
transpeptidase variants which preferentially recognize LAXTG and LPXSG signal motifs which
could allow simultaneous modification of the same target protein with two different substrates
harboring the distinct signal motifs. Sortase homologs from other species with naturally
divergent substrate preferences have also been used orthogonally'*. Specifically, the sortase
from Streptococcus pyogenes accepts nucleophile substrates with N-terminal alanine residues

as opposed to the canonical glycine recognition motif, which paves the way for further
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orthogonal modification workflows'%4-'%, Nevertheless, conventional sortase bioconjugation is
limited to C- or N-terminal backbone peptide bond attachments and is prone to enzymatic

reversal of its own reaction product.

Enzymes capable of producing isopeptide linkages (peptide bonds where either the
carboxyl or amino reactive group is part of a sidechain) between substrates have several
advantages over backbone peptide bond ligases. First, most proteases target backbone peptide
motifs, so isopeptide linkages are more resistant to proteolysis and thus more stable. Second,
side chain ligations greatly expand the number of potential labeling sites on a given protein
beyond the two termini. Finally, isopeptide bioconjugation reagents can be used in combination
with existing backbone approaches to enable specific attachment of multiple molecules on a

single protein.

Several enzymatically-catalyzed and auto-catalyzed approaches to promote
intermolecular isopeptide conjugation have been described. S2SrtA is normally specific to N-
terminal glycine nucleophiles, but under certain conditions, it can catalyze a noncanonical
isopeptide bond formation between LPXTG and pilin motif peptides. However, this promiscuous
activity is a side reaction which is significantly less specific and efficient'>-'%°. Transglutaminase
enzymes catalyze isopeptide crosslinks between lysine and glutamine sidechains, but this
reaction is also highly nonspecific and primarily limited to bulk crosslinking applications such as

in the food and textile industries'6%-161,

Recently, by leveraging the autocatalytic internal isopeptide bond formation found within
bacterial adhesin domains, an ingenious nonenzymatic approach for isopeptide ligation was
described. This system was originally developed through dissection of a CnaB domain from the
fibronectin binding adhesin in Streptococcus pyogenes, FbaB, into two components: a short
peptide tag (SpyTag) and the complementary domain (SpyCatcher)'®2. The resultant fragments

were then carefully engineered to recapitulate the spontaneous isopeptide formation observed
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in the native domains, yielding a robust tagging system which is irreversible, highly stable, and
complete within minutes. Further optimization resulted in a three part system, consisting of two
short peptide tags (KTag and SpyTag) which are ligated in a similar manner when docked into
the remainder of the FbaB domain (SpyLigase)'®3. This system offers a significant advantage by
decreasing the size of the fusion required on each target protein, as the SpyLigase component
dissociates following bond formation. A similar three-part system has also been developed with

the tip pilin RrgA from Streptococcus pnuemoniae, called SnoopLigase'®.

Isopeptide linkages are also enzymatically catalyzed by pilin sortases, suggesting that
these enzymes could be developed into a novel class of bioconjugation tools. The Class C
sortase in C. diphtheriae polymerizes pili through the repeated catalysis of isopeptide linkages
between the constituent subunits. In a mechanism similar to S2SrtA, the first step of the reaction
involves proteolytic cleavage of a C-terminal signal motif, resulting in a thioacyl sortase-pilin
intermediate. The second step involves nucleophilic attack on the thioester bond by the
sidechain amine group from a reactive lysine. As a result, a new intermolecular isopeptide bond
linking two pilin protomers is formed (Figure 1.6B). This enzyme serves as an excellent starting
point for an isopeptide bioconjugation tool. The atomic structure of ““SrtA revealed that its active
site is masked by a polypeptide appendage called a “lid,” which is hypothesized to preventing
substrate binding. Indeed, transpeptidation activity is severely inhibited in vitro, as the wild-type
enzyme has no observable activity when expressed recombinantly®’. As described in Chapter 2
of this thesis, a major breakthrough occurred when it was demonstrated that pilus biogenesis
could be recapitulated in vitro by an enzyme variant harboring targeted mutations to anchoring
residues within the lid®'. A follow-up study, which is described in detail in Chapter 6, developed
the reaction conditions necessary for a second-generation enzyme variant, called ©“SrtA3", to

create site-specific protein-protein and peptide ligations'®. Importantly, this novel bioconjugation
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tool can be combined with the canonical S2SrtA to install orthogonal additions to proteins owing

to the distinct substrate profiles of each biocatalyst.

Further optimization involved removal of the entire lid structure, which yielded an
enzyme variant with 7-fold enhancement in in vitro catalytical turnover compared to the
previously described activated enzyme variant, ©SrtA3M 186, A complete discussion of the kinetic
parameters of these ?SrtA variants is described in Chapter 3 of this thesis. Interestingly, while
other sortase classes are agnostic to the amino acid in the X position of the LPXTG signal motif,
CdSrtA demonstrates selectively for the native leucine at the position, offering another level of
enzymatic specificity for multi-step reactions involving several sortase additions'®. While the
pilin polymerase-catalyzed isopeptide ligation system described here involves a large fusion that
may not be desirable in certain applications, the site selectivity of the reaction and temporal

enzymatic control offer unique advantages not found in other bioconjugation approaches.
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1.7 Degradation of Recalcitrant Biomass for Biofuels and Bioproducts

Expanding global energy requirements due to rapid industrialization and population
growth are straining traditional fossil fuel sources and raising fundamental concerns about the
sustainability of our current energy infrastructure. Further, accumulation of carbon in the
atmosphere yields undesirable environmental effects such as global warming. Thus,
development of alternative and renewable energy technologies is highly desirable. Conversion
of cellulosic biomass is one such promising approach for the production of sustainable liquid
fuels. Nonrenewable fuel sources release carbon to the atmosphere that was once sequestered
in the Earth, leading to carbon debt. Conversely, biofuels are considered to be carbon-neutral
energy sources due to their integration into the biomass cycle: Carbon released as a product of
burning biofuels during heat or power generation is subsequently reabsorbed through

photosynthesis by new biomass, which is again converted into new biofuels.

As the main structural component of plant cell walls, lignocellulose is highly abundant
and renewable, representing an attractive feedstock from which valuable biofuels and other
biocommodities can be extracted. However, lignocellulose is extremely recalcitrant to
degradation because plants have evolved defenses to prevent the deterioration of their structure
by the elements or microbial processes. Thus, innovative methods are needed to convert it into
its component sugars for downstream utilization. Lignocellulose is comprised of three major
components: cellulose (25-55%), hemicellulose (8-30%), and lignin (18-35%)®". Lignin is a
highly complex polymer containing a mixture of phenolic compounds linked through radical
coupling reactions'®. Lignin is the most challenging component to degrade owing to its complex
and variable structure, and requires the concerted action of several oxidative enzymes such as
peroxidases and laccases'®. Additionally, lignin slows enzymatic degradation of crude biomass
because it sequesters direct access to more easily digestible cellulose and hemicellulose

components. Innovations in pretreatment of biomass involving mechanical, chemical or

29



biological processes help alleviate recalcitrance by disrupting the structure of lignin surrounding
the cellulose components'”®'7!, Hemicellulose is a sugar polymer that is composed of a number
of different types of pentose and hexose sugars'”2. Hemicellulose degradation requires by a
range of enzymes, including: xylanases, arabinases, and mannases'”. Cellulose, a linear
glucose homopolymer joined by B-1,4-glucosidic linkages, is the least complex component of
biomass. The polymers form amorphous and crystalline structures through hydrogen bonding
between glycan strands'®”.'74. Despite considerable effort, a truly cost-effective and practical
method for cellulolytic degradation on a large scale has not been developed. The rest of this

chapter will focus specifically on the degradation of cellulose.

Bacterial and fungal organisms have evolved the capacity to degrade cellulose through
concerted action of cellulase enzymes that hydrolyze the constitutive 3-1,4-glucosidic
linkages'"3. Clostridium thermocellum is a well-studied anaerobe which efficiently degrades
lignocellulose by a coordinated multicomponent system. Degradation is carried out by the
synergistic action of by three major types of cellulases: endoglucanases, exoglucanases, and 3-
glucosidases'”. Substrate recognition is based on bulk structural features and differs between
enzyme families. Specifically, endoglucanases recognize amorphous cellulose regions and
hydrolyze at random internal positions of cellulose polymers. In contrast, exoglucanases
processively degrade polymeric cellulose strands at reducing ends (Figure 1.7). These activities
are synergistic: Random internal cleavage of cellulose chains by endoglucanases creates
available chain ends for further degradation by exoglucanase action'®. Short glycans (such as
cellobiose) that are produced by endo- and exo- acting cellulases are further degraded into
glucose monomers by B-glucosidases'”®'"”. To enhance this synergy, cellulose-degrading
microbes display large supramolecular structures called cellulosomes, consisting of a central
scaffoldin protein with multiple binding sites harboring various cellulases with different

specificities'”®180 Scaffoldins contain multiple cohesin sites which bind with very high affinity to
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dockerin domains on cellulases. Carbohydrate-binding domains (CBMs) found on cellulases or
the scaffoldin itself target the enzymes to crystalline cellulose and anchor the entire complex to
its solid substrate'®. The organization of cellulolytic enzymes into co-localized clusters
promotes significant synergy due to optimal enzyme spacing which allows efficient channeling
of reaction products between enzymes with complementary activities'®'-'83, When compared to
secreted enzyme systems from T. reesei which lack the synergy promoted by cellulosome co-
docking, the specific activity of crystalline cellulase degradation by cellulosome-anchored
cellulases is 15-fold enhanced'*. Moreover, sugar uptake by the microbe is promoted by the
close association of the cellulosome to the microbe surface, which removes potential enzyme
feedback inhibitors such as glucose and cellobiose'®®'%. Thus, extensive synergy potentiated

by co-localization on cellulosomes yields a highly efficient cellulose degradation machine.

Inspired by naturally occurring multienzyme cellulosomes, successful synthetic
approaches for cellulose degradation involve co-localization of existing microbial cellulolytic
enzymes. One approach is to genetically encode multiple pathways from cellulose degradation
to bioproduct metabolism into living microbial cells, called consolidated bioprocessing
organisms (CBPs)'®’. The advantage of this approach is in negating the need for the expensive
addition of exogenous enzymes and multiple processing steps. CBP organisms have potential,
but thus far genetically engineering organisms capable of simultaneous cellulose breakdown
and fermentation of the soluble products into biofuels is a major challenge'®-'%°, Controlling the
metabolism of CBPs such that cellulase degradation and bioproduct conversion is favored over

other cellular processes is another challenging problem®’.

Another attractive avenue of development involves the generation of synthetic
cellulosome scaffolds. Chimeric mini-cellulosomes consist of recombinantly expressed
individual cellulases and scaffold proteins. Clever approaches using chimeric dockerin-cohesin

constructs have been successfully employed to direct the attachment of specific cellulases to
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chosen positions on the scaffold to test pairwise interactions between cellulase families".
Cellulolytic degradation efficiency also increases with enzyme diversity on reconstituted
cellulosomes, as trifunctional particles are considerably more active than bifunctional designer
cellulosomes, especially when targeting more complex biomass substrates'®2. Synergistic
degradation can also be optimized through tuning of the stoichiometry of individual cellulase
components'®. However, while reconstituted chimeric cellulosomes display impressive synergy
and activity enhancement compared to free enzymes, they are still less active than native
cellulosomes'®. Additionally, the scaffoldin proteins are notoriously difficult to express

recombinantly, owing to their large molecular weight and repetitive genetic sequence’®’193-19,

Completely synthetic scaffolds, which remove the dependence on native scaffoldin
proteins, have been designed to co-localize cellulases and recapitulate the synergistic effects
observed in native systems. In one approach, a self-assembling ring structure fused to cohesion
domains, called the rosettazyme, was employed'®®. Dockerin-containing cellulases were bound
to the complex and resulted in ~2.4-fold greater cellulose degradation than for free enzymes.
Another approach appended cellulases to polystyrene nanospheres and reported 50-130%
enhancements in crystalline cellulose degradation compared to free enzymes'®®. Importantly,
this effect is primarily attributable to enhanced binding of the insoluble substrate due to avidity
effects, as immobilization of cellulases on nanospheres does not enhance relative activity on

soluble cellulose substrates.

Recent advances in computational protein engineering have enabled creation of
specifically designed protein nanocages which self-assemble into precise architectures”.
These synthetic scaffolds can accommodate multiple enzyme placements with defined
geometric relationships. The degree of synergy displayed by cellulases is dependent on spatial
organization and stoichiometry. Affixation of cellulase enzymes to a protein nanocage with

known geometrical relationships gives the researcher the ability to control and optimize the
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distance between enzymes displayed on the surface of the cage. Development of synthetic
enzyme-display systems which mimic natural cellulosomes represents a promising new
direction for tailored cellulolytic degradation of target substrates and highly efficient biomass
conversion. As described in Chapter 5, site-specific bioconjugation of enzymes with via sortase
chemistry is an especially facile and robust platform for producing these synergistic systems

synthetically.
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1.8 Figures

Figure 1.1 — Sortase classification. Sortases are classified by phylogenic characterization.
Class A sortases are generalized “housekeeping” enzymes which affix a wide array of
substrates to the cell wall. This enzyme class is found in most Gram-positive bacteria.
Conversely, the following sortase classes are found only in select bacteria: Class B sortases are
affix substrates involved in nutrient acquisition, such as heme capture. Class C sortases are
pilin polymerases which catalyze isopeptide linkages between pilin shaft protomers to create the

pilus shaft. Class D sortases affix substrates involved in spore formation.
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Figure 1.2 — Class A and C sortase mechanisms. The preliminary acylation step of the
sortase mechanism is conserved in both classes. Both sortases recognize the LPXTG sorting
signal motif on its substrates and the active site cysteine nucleophilically attacks the Thr-Gly
bond within the CWSS, resulting in an acyl-enzyme intermediate (1). After which, the
mechanisms diverge for the second step monomeric substrate anchoring sortase classes (“a”
steps, top) and pilin polymerizing sortase classes (“b” steps, bottom). Cell wall anchoring (2a)
requires a second nucleophilic attack by the pentaglycine crossbridge within a Lipid Il cell wall
precursor (2b), resulting in a new backbone peptide linkage between the extracellular protein
and Lipid Il, which is then incorporated in the mature peptidoglycan. Pilus biogenesis (2b)
requires a second nucleophilic attack by a reactive pilin lysine within the pilin motif a second
pilin protomer, resulting in an isopeptide linkage between pilins. The pilus is either elongated by

repetition of this process, or anchored to the cell wall by separate housekeeping sortases in a
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Figure 1.3 — Structural comparison of Class A and C sortases. Topology of the Class A
sortase from Staphylococcus aureus, S2SrtA (PDB 11JA) (A-C) and the Class C sortase from
Corynebacterium diphtheriae, ©“SrtA (PDB 5K9A) (D-F). The B6/B7 loop and B7/B8 loops are
colored green and blue. A/D) Surface rendering with important loops show as cartoon
representation. B/E) Cartoon rendering of both enzymes to highlight secondary structural
elements and active site residues (yellow). C/F) Expanded view of the arrangement of active
site residues. For €?SrtA, the interaction between the lid and active site residues is also

highlighted, with conserved lid residues W83 and D81 represented as sticks.
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Figure 1.4 — Sortase-catalyzed pilus biogenesis in Corynebacterium diphtheriae. (1) Pilin
precursors (SpaA) harboring an N-terminal signal peptide are directed to the Sec translocon for
secretion. (2) The N-terminal signal peptide is cleaved by signal peptidases and the pre-pilin is
partially secreted, but remains tethered to the cell membrane by a single pass transmembrane
domain composed of a hydrophobic string of residues (h) and a cytoplasmic anchor of positively
charged basic residues (+). The pilin sortase (SrtA), likewise tethered to the membrane,
recognizes its substrates via an extracellular 5-residue LPXTG motif. The sequence is cleaved,
resulting in a SrtA-SpaA thio-acyl intermediate. (3) An adjacent SpaA molecule resolves the acyl
intermediate through nucleophilic attack by the e-amine group on a reactive Lys in the N-
terminal domain of SpaA, resulting in an isopeptide linkage between successive SpaA
protomers. (4) The pilus fiber is eventually ligated to the cell wall by a housekeeping sortase.

Schematic of the threonine-lysine isopeptide is shown (inset).
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Figure 1.5 — Force transduction through the SpaA pilin subunit. A) The topology of the
SpaA molecule is shown, with NSpaA colored blue and the middle and C-terminal domains
colored green. Orange and pink arrows indicate the positions of isopeptide and disulfide bonds,
respectively. B) The path of force transduction through the SpaA molecule is depicted in cartoon
representation, with the rest of the molecule hidden. The isopeptide delimited loop (IDL) is
indicated. Black arrows indicate pulling forces. Figure adapted from ''2. An expanded view of
the internal disulfide and isopeptide bonds is shown for “SpaA (C) and MSpaA (D). E) Crystal
lattice arrangement of the SpaA pilus is shown as surface and cartoon representations, with the

path of force transduction highlighted in red.
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Figure 1.6 — Sortase bioconjugation. A) Class A sortases catalyze bioconjugation of
recombinant proteins and peptides with N- and C-terminal oligoglycine or LPXTG sorting signal
tags, respectively. Class A sortase hydrolyzes the LPxTG motif at the Thr and Gly peptide bond
and catalyzes a transpeptidation reaction to join the sorting signal motif to the N-terminal
oligoglycine via a backbone peptide bond. B) Class C sortases catalyze bioconjugation of
recombinant proteins and peptides with pilin motif domain (PM) fusions or LPLTG sorting signal
tags, respectively. Class C sortases hydrolyze the LPLTG motif at the Thr and Gly peptide bond
and catalyzes a transpeptidation reaction to join the sorting signal motif to the reactive lysine
side chain harbored in the pilin motif domain via an internal isopeptide bond. N- and C- termini

of the target protein are indicated with Nt and Ct, respectively.
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Figure 1.7 — Cellulose degradation by cellulases. Enzymatic degradation of crystalline
cellulose by bacterial cellulases is accomplished by the concerted action of endo- and exo-
glucanases. Endoglucanases are responsible for hydrolyzing internal by (3-1,4-glucosidic
linkages within crystalline regions of cellulose substrates. The reaction results in internal
cleavages introduced within the glycan strands (indicated by red arrows). Exoglucanases
(purple) degrade cellulose polymers at reducing ends of cellulose produced by endoglucanases
in a processive manner. The reaction results in hydrolysis of glycan strands to product
disaccharides (light blue), which are later cleaved into glucose sugars by $-glucosidases (not
shown). When co-localized on solid scaffold (shown here as a protein nanoparticle) the intrinsic

synergy of these activities is greatly enhanced.
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Chapter 2

In vitro reconstitution of sortase-catalyzed pilus polymerization

reveals structural elements involved in pilin cross-linking
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2.1 Overview

Corynebacterium diphtheriae is an important Gram-positive pathogen which causes
human infections in the upper respiratory tract. Adherence to human tissues and biofilm is
mediated through extended proteinaceous polymers called pili, or fimbrae. These fibers are
constructed through head-to-tail isopeptide linkages by pilin polymerizing sortases. Because of
the important roles of pili in adhesion and biofilm formation, these structures are of intense
interest, but complete elucidation of their mechanism of action is challenging because this
reaction is difficult to reproduce biochemically. In this chapter, | will discuss our efforts toward
reconstituting this system in vitro. | will discuss the biochemical, structural, and in vivo studies
which broadened our understanding of pilus biogenesis and provide a useful system for further
inquiry into the mechanism of this process (led by Drs. Brendan R. Amer and Chungyu Chang).
My contributions to this manuscript included assisting with protein design for the activated
enzyme variants and substrate proteins, modeling of the ternary “attack complex” and the
structural, biochemical and phylogenetic analysis that led to the identification of a conserved

sequence motif on Class C sortases which is implicated in nucleophilic substrate recognition.

This chapter is reprinted with permission from a peer-reviewed article “In vitro
reconstitution of sortase-catalyzed pilus polymerization reveals structural elements involved in
pilin cross-linking.” Chang, C.*, Amer, B.R.*, Osipiuk, J., McConnell, S.A., Huang, I.H., Hsieh,
V., Fu, J., Nguyen, H.H., Muroski, J., Flores, E., Ogorzalek Loo, R.R., Loo, J.A., Putkey, J.A.,
Joachimiak, A., Das, A., Clubb, R.T., Ton-That, H. Proc. Nat. Acad. Sci. U.S.A. 115, E5477-

E5486 (2018).
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Covalently cross-linked pilus polymers displayed on the cell surface
of Gram-positive bacteria are assembled by class C sortase en-
zymes. These pilus-specific transpeptidases located on the bacte-
rial membrane catalyze a two-step protein ligation reaction, first
cleaving the LPXTG motif of one pilin protomer to form an acyl-
enzyme intermediate and then joining the terminal Thr to the
nucleophilic Lys residue residing within the pilin motif of another
pilin protomer. To date, the determinants of class C enzymes that
uniquely enable them to construct pili remain unknown. Here,
informed by high-resolution crystal structures of corynebacterial
pilus-specific sortase (SrtA) and utilizing a structural variant of the
enzyme (SrtA%M), whose catalytic pocket has been unmasked by
activating mutations, we successfully reconstituted in vitro poly-
merization of the cognate major pilin (SpaA). Mass spectrometry,
electron microscopy, and biochemical experiments authenticated
that SrtA”™ synthesizes pilus fibers with correct Lys-Thr isopep-
tide bonds linking individual pilins via a thioacyl intermediate.
Structural modeling of the SpaA-SrtA-SpaA polymerization inter-
mediate depicts SrtA?™ sandwiched between the N- and
C-terminal domains of SpaA harboring the reactive pilin and
LPXTG motifs, respectively. Remarkably, the model uncovered a
conserved TP(Y/L)XIN(S/T)H signature sequence following the cat-
alytic Cys, in which the alanine substitutions abrogated cross-
linking activity but not cleavage of LPXTG. These insights and
our evidence that SrtA*™ can terminate pilus polymerization by
joining the terminal pilin SpaB to SpaA and catalyze ligation of
isolated SpaA domains in vitro provide a facile and versatile plat-
form for protein engineering and bio-conjugation that has major
implications for biotechnology.

Corynebacterium diphtheriae | sortase | pilus polymerization |
protein ligation | transpeptidation

dhesive protein polymers, called “pili” or “fimbriae,” are

expressed on the cell envelope by many Gram-negative and
Gram-positive bacteria, and they are critical for bacterial viru-
lence (1). Many types of Gram-negative pili have been reported,
including the well-studied retractable type IV, conjugative, and
chaperone-assisted pili (2). These pili are formed by distinct
pathways (2, 3); however, none of these pili are covalently linked
polymers, unlike the sortase-catalyzed pili found in many Gram-
positive bacteria, including Actinomyces oris, Enterococcus faecalis,
Bacillus cereus, and numerous species of streptococci and lacto-
bacilli (4-6).

One of the well-studied sortase-mediated pilus assembly sys-
tems involves Corynebacterium diphtheriae (7), the causative
agent of pharyngeal diphtheria (8). C. diphtheriae produces three
distinct pilus types (7, 9, 10), each comprised of a pilus tip

www.pnas.org/cgi/doi/10.1073/pnas.1800954115

adhesin, a pilus shaft made of the major pilin, and a base pilin
that is covalently anchored to the cell wall (11). The archetypal
SpaA-type pilus, which mediates adherence to the pharyngeal
epithelium (12), consists of the tip pilin SpaC, shaft pilin SpaA,
and pilus base SpaB (13). A pilus-specific sortase named “SrtA”
is required for pilus polymerization (13), performing a repetitive,
irreversible transpeptidation reaction that covalently links the
pilin subunits via an isopeptide bond (14). Although each Spa
pilin harbors a cell wall sorting signal (CWSS), which starts with
a conserved LPXTG motif, followed by a stretch of hydrophobic
amino acids and a positively charged tail (15), SpaA contains a
pilin motif with the Lys residue K190 acting as a nucleophile for
the aforementioned transpeptidation reaction (13). According to
the current model (16), SrtA cleaves the LPXTG motif of Spa
pilins between Thr and Gly, forming acyl-enzyme intermediates

Significance

Gram-positive sortase enzymes represent two broad functional
categories—those that cross-link proteins to the cell wall and
those that can catalyze this reaction and polymerize proteins to
build adhesive pilus fibers. Here we report an in vitro re-
production of a robust pilus polymerization reaction using a
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catalytic center is unmasked. By molecular modeling, we un-
covered a conserved structural element of pilus-specific sortases
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that the activated sortase ligates the isolated domains of the
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between the Thr residue and the SrtA catalytic Cys residue. This
intermediate is then nucleophilically attacked by the reactive
K190 of an incoming SpaA subunit. In pilus biogenesis, the
SpaC-SrtA acyl-enzyme intermediate forms first, resulting in the
joining of the e-amine group of K190 to the Thr carbonyl carbon
atom in the LPXT of SpaC. Pilus polymerization ensues when
additional SpaA protomers are joined progressively to the pilus
base by the SrtA enzyme via the same Lys-mediated trans-
peptidation reaction. Polymerization is terminated with the entry
of SpaB into the pilus base (11), which is then anchored to the
cell wall by the housekeeping sortase SrtF (17). This cell wall
anchoring of pilus polymers is likely similar to that of surface
proteins catalyzed by the prototype SrtA enzyme from Staphy-
lococcus aureus (18, 19). While most of this biphasic model of
pilus assembly in Gram-positive bacteria (6), i.e., pilus poly-
merization followed by cell wall anchoring, has been validated
experimentally, the molecular determinants that make up a
pilus-specific sortase and enable the enzyme to join proteins
together remain unknown.

The SrtA enzyme is classified as a member of the class C
sortase subgroup within the sortase superfamily that has the

“Lid”

H1 helix

Fig. 1. Structural analysis of the C. diphtheriae pilus-specific sortase SrtA. (A)

unique ability to cross-link proteins via Lys—Thr isopeptide bonds
(20, 21). Although all sortases share a canonical p-barrel sortase
superfamily fold (22, 23), class C enzymes are distinguished by
the presence of a conserved N-terminal region that forms a “lid”
that covers the active site structurally and functionally (24-26).
In Streptococcus pneumoniae, X-ray crystallographic evidence
originally suggested that the lid region was flexible, possibly
modulating substrate binding; however, subsequent studies in
solution utilizing NMR showed this region to be relatively rigid
in the SrtC1 enzyme (24, 27-29). Mutations of the lid region in
A. oris SrtC2 or Streptococcus agalactiae SrtCl1 did not alter the
pilus polymerizing activities in vivo (30, 31); nonetheless, the
mutations caused enzyme instability and increased hydrolytic
activity in S. agalactiae SrtC1 (30), supporting a regulatory role
for the N-terminal lid. However, the unique structural properties
that enable class C sortase enzymes to cross-link proteins have
not been identified.

We report here the crystal structures of the C. diphtheriae class
C sortase SrtA lacking the signal peptide and transmembrane
domain (referred to as “SrtAY"”) and a mutant of this protein
that has substitutions in the lid interface which normally masks

SrtAWT

H1 helix

The crystal structure of SrtA was determined to 2.1-A resolution, with the

overall protein fold presented as rainbow coloring from blue to red corresponding to the N- to C-terminal positions. The helices are marked as H1-H7, and the
p-strands are marked as p1-p8. (B) The lid region is marked in red with conserved lid residues D81 and W83 and catalytic residues C222, H160, and R231 in
yellow. The €222 residue is shown only in the main conformation. (C and D) Hydrophobic surface renderings of WT SrtA (SrtAWT) (C) and the lid mutant
(SrtA2M) structures (D) with the H1 helix and lid loop structures in red. The H1 helix of SrtA%M is absent, and its lid structure is not visible, as indicated by a red
dashed line. (E) Superposition of the SrtA"T (green) and the lid mutant SrtAZM (pink) structures was generated by PyMOL.

E5478 | www.pnas.org/cgi/doi/10.1073/pnas.1800954115
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Table 1. Crystal data collection statistics

Statistics SrtAVT SrtAZM
X-ray wavelength, A 0.9792 0.9792
Space group P 6,22 P2,

Unit cell dimensions

Resolution, A

No. of unique reflections
Completeness, %

R-merge

cc1/2, A2

/o

Redundancy

Molecules per asymmetric unit
No. of protein residues

a=b=777A, c=2023A,
a=p=290°y=120°
38.9-2.1 (2.14-2.1)

21,872 (1,050)

99.7 (100)
0.142 (0.916)

—(0.939)

30.7 (6.4)

15.4 (15.2)

1
215

a=652A b=455A, c=749A,
a=y=90°p =964
38.9-1.85 (1.88-1.85)
36,705 (1,431)
97.7 (77.4)
0.087 (0.410)
—(0.741)
16.5 (1.95)
35(2.2)
2
430

Numbers in parenthesis are shown for the highest-resolution shell.

the catalytic pocket (SrtA?M). Using these recombinant enzymes
and an SpaA substrate that lacks the signal peptide and trans-
membrane domain, we succeeded in reconstituting the SpaA
pilus shaft polymerization reaction in vitro, demonstrating that
the removal of SrtA’s lid not only unmasks the catalytic center
structurally but also enables the polymerizing activity in vitro.
Subsequently, by structural modeling and phylogenic and muta-
tional analyses, we identified two structural elements that enable
SrtA to cross-link proteins. Importantly, we showed that the
activated sortase can ligate the isolated pilin domains, thus de-
fining the donor and acceptor motifs for the ligation reaction.
The system we report provides a platform for in vitro mechanistic
investigations of Gram-positive pilus assembly, antibiotic devel-
opment, and biotechnological applications of protein modification
and conjugation via a unique transpeptidation reaction.

Table 2. Structure refinement statistics
Statistics

Results and Discussions

Structure of the C. diphtheriae Pilus-Specific Sortase. The archetypal
SpaA pilus polymer produced by corynebacteria is built by the
dedicated pilus-specific sortase SrtA (7, 13). To gain insight into
the mechanism of pilus polymerization, we determined the
structure of SrtA by X-ray crystallography. We performed crys-
tallization screens using a soluble fragment encompassing the
catalytic domain of SrtA (residues 37-257, SrtA™"), which was
cloned, expressed, and purified from Escherichia coli. SrtAWT
crystallized as a homodimer in the P6; 2 2 space group. Dif-
fraction data were collected to 2.1-A resolution and were phased
by molecular replacement (Tables 1 and 2). The electron density
for residues 37-248 was well defined, enabling their structure to
be modeled, while density for the remaining C-terminal residues
is missing, presumably due to a disordered state.

SrtAWT SrtA?M

Resolution range, A
Reflections
o cutoff
R-value, all, %
R-value (R-work), %
Free R-value, %
Rms deviations from ideal geometry
Bond length, A
Angle, °
Chiral, A
No. of atoms
Protein
Sulfate
Water
Mean B-factor, A?
All atoms
Protein atoms
Protein main chain
Protein side chain
Sulfate
Water
MolProbity summary
Ramachandran outliers, %
Ramachandran favored, %
Rotamer outliers, %
C-beta deviations
Clash score
MolProbity score

38.9-2.1 (2.157-2.1)
21,846 (1,533)

38.9-1.85 (1.898-1.85)
36,692 (2,195)

None None
16.22 17.26
16.05 (17.4) 17.12 (23.7)
19.56 (24.0) 20.08 (23.7)
0.017 0.012
1.76 1.60
0.101 0.088
1,737 2,974
5 —
167 258
32.0 30.7
31.2 30.3
28.6 29.0
33.9 31.6
66.0 —
38.5 35.9
0.0 0.0
97.18 98.89
2.02 0.89
0.0 0.0
1.73 1.34
1.31 0.86

Chang et al.
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The overall structure of SrtAYT conforms to the typical

sortase fold described previously (22), containing an eight-stranded
B-barrel core flanked by several 3, and a-helices (Fig. 1 A and
B). Three additional a-helices are located at the N terminus of
SrtAYT (Fig. 1 A and B) and contain the distinguishing lid
structure that occludes the enzyme’s active site in a class C
sortase (Fig. 1B). Interestingly, the H1 helix mediates homo-
dimerization in the crystal structure and is generally removed
from the body of the enzyme (Fig. 1 4 and B), while helices
H2 and H3 are positioned immediately adjacent to the active site
and are connected by a loop that contains the highly conserved
DPW lid motif that interacts with the active site (Fig. 1.4 and B).
‘W83 in the lid participates in aromatic stacking interactions with
the active site C222 and nearby H160 residues. In addition,
D81 within the motif interacts with the active site R231 residue,
suggesting its regulatory role in lid positioning and pilin poly-
merization. Importantly, residues within the catalytic triad His—
Cys-Arg are well resolved, and C222 can be modeled in two
distinct positions with 50% occupancy, pointing both toward and
away from the active site (Fig. 1 4 and B).

To investigate the functional importance of the lid in poly-
merization, we next generated a recombinant SrtA mutant pro-
tein in which the DPW lid motif (residues 81-83) was mutated to
GPG, hereafter referred to as “SrtA?.” We succeeded in de-
termining the crystal structure of SrtA”™ at 1.85-A resolution
using crystallization conditions that differed from those used for
the WT protein (Materials and Methods). In the electron density
map for SrtAZM, residues 80-86 that represent the lid were in-
visible. Presumably, the lid residue substitutions prevented con-
tacts with the active site, causing the mutant lid to adopt a range
of conformations. Remarkably, a second major difference be-
tween the two structures is the absence of interpretable electron
density for the H1 helix in the SrtA”M lid mutant, which might be
caused by flexibility around the hinge between helices H1 and
H2 and by the absence of stabilizing interactions with neigh-
boring molecules in the crystals of SrtA?™,

To evaluate the involvement of the predicted catalytic residues
and the lid in pilus assembly, corynebacterial cells harboring WT
and its isogenic mutants were subjected to cell fractionation, and
protein samples were immunoblotted with specific antibodies
against SpaA (a-SpaA), the cognate substrate of SrtA that forms
the pilus shaft (7, 13). As shown in Fig. 24, SpaA polymers (P)
were observed in cell wall fractions of the WT strain, but they
were absent in the srt4 deletion mutant, as previously reported
(11). Ectopic expression of SrtA rescued the pilus assembly defect
of the Asrt4 mutant (Fig. 24, third lane), and Ala substitution of
the catalytic residues C222, H160, and R231 abrogated pilus as-
sembly (Fig. 24, last three lanes). In control experiments, we
demonstrated that none of these mutations affected the assembly
of the SpaH-type pili, as expected (Fig. 2B) (9). Strikingly, the lid
mutants are catalytically active in pilus polymerization. Like the
WT and the complementing strains, strains expressing mutations
in the DPW motif still produced pilus polymers (Fig. 2C), and
immunoblotting analysis of the membrane fractions revealed no
changes in the SrtA protein level when the lid was mutated
(Fig. 2D).

To visualize these SpaA polymers, corynebacterial cells were
immobilized on carbon-coated nickel grids, washed with water,
and stained with 0.75% uranyl formate before viewing with an
electron microscope. Because the parental strain NCTC 13129
produced short pili that were hardly detected (SI Appendix, Fig.
S14, WT), we constructed a multicopy vector expressinz%dboth
SpaA and SrtA. Using this vector as a template, SrtA=" was
generated by site-directed mutagenesis (Materials and Methods).
The generated vectors were introduced into a corynebacterial
double mutant lacking both spad and srtA (AspaA/AsrtA). Com-
pared with the WT strain, overexpression of SpaA and SrtA
resulted in increased production of long pili, as expected (SI Appendix,

E5480 | www.pnas.org/cgi/doi/10.1073/pnas.1800954115
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Fig. S14, AspaA/AsrtA/pSpaA-SrtA). Consistent with the above
results, mutations in the DPW motif did not affect NPilus assembly
(SI Appendix, Fig. S1A, AspaA/AsitA/pSpaA-SrtA®™). To confirm
that these long pilus fibers are SpaA pili, the same set of strains
was subjected to immunoelectron microscopy (IEM) (32),
whereby immobilized cells were stained with a-SpaA, followed
by staining with gold particles conjugated with IgG, before
washing and staining with uranyl acetate. As shown in SI Appendix,
Fig. S1B, SpaA-stained pili were detected in both strains producing
WT SrtA and SrtA™, whereas short pili were observed in the WT
strain, and no Pili were observed in the AspaA/AsrtA and AspaA/
AsrtA/pSpaAKI?PA-SrtA™ strains.

Thus, the overall structure of the C. diphtheriae SrtA™" en-
zyme resembles class C sortases, or pilus-specific sortases, which
possess a distinguishing feature of this class of enzymes, the lid
region (16, 21). In agreement with previous studies (30, 31), the
elimination of the lid’s interaction at the catalytic pocket does
not dramatically affect pilus assembly in vivo.

In Vitro Reconstitution of Archetypal C. diphtheriae SpaA Pilus
Polymerization. Previous structural and biochemical studies of
pilus-specific sortase enzymes in several streptococcal species
indicate that the lid may modulate substrate entry into the ac-
tive site (24, 25, 28, 30). We envisioned that a loss of lid closure
might increase the accessibility of the active site. To test this
hypothesis, we used the thiol-reactive reagent 4,4'-dithiodipyr-
idine (DTDP) (33, 34) to probe the solvent accessibility of the
catalytic Cys residue (C222). Disulfide exchange between thiol
side chains of Cys residues and DTDP gives rise to 4-thiopyridone,
which shows strong absogg}ion at 324 nm (34). The recombinant
proteins SrtAY" or SrtA™ (0.6 mg/mL) were rapidly mixed with
0.32 mM DTDP, and the rate of reaction between DTDP and
C222 was monitored as an increase in absorbance at 324 nm.
Time-dependent changes in absorbance were fit to single or double
exponential equations to derive rates, as described in Materials and
Methods. As shown in Fig. 34, data for the SrtA™" enzyme best fit
an equation with a single exponential rate of 2.17 + 0.02/min. In
contrast, data for the lid anchor mutant best fit an equation with
two much faster exponential rates, 228 + 7/min and 16 + 3/min
(Fig. 34, Inset), which indicates that the catalytic C222 was
readily accessible in this mutant. The two different rates may be
due to slow exchange between two conformations in the mutant
protein. If so, the conformation with the faster rate is the dominant
form, since it represents 80% of the total change in absorbance.

The increased DTDP reactivity of the active site Cys residue in
SrtA®™ described above raises the possibility that the mutant
enzyme may be able to assemble pili in vitro, which has been
difficult to reconstitute so far for pilus-assembling sortases. We
therefore sought to reconstitute pilus polymerization in vitro
using various recombinant sortase enzymes and a soluble form of
SpaA (residues 30-500), which is devoid of the N-terminal sig-
nal peptide and C-terminal membrane anchor domain (see dia-
gram in Fig. 3E). Sortases were mixed with SpaA at a 1:3 molar
ratio, and aliquots were removed for SDS/PAGE analysis and
Coomassie staining at 0, 24, and 48 h. In the SrtAWT samples, a
few new high molecular mass (HMM) bands were weakly ob-
served after 24 and 48 h of incubation, one migrating between
the 50 and 100 kDa markers and the others around 100 kDa (Fig.
3B, lanes SrtAWT). Remarkably, with the SrtA?M enzyme, HMM
SpaA polymers (SpaAp) were abundantly formed within 24 h and
increased further after 48 and 72 h (Fig. 3B, lanes SrtA™).
Consistent with the results in Fig. 24, the catalytically inactive
enzyme in which C222 was replaced by Ala, SitA“***A failed to
produce any SpaA polymers (Fig. 3B, lanes SttA“***4). In-
triguingly, removal of the H1 helix in the SrtA”™ enzyme also
abrogated pilus polymerization (Fig. 3B, lanes “SrtA*™™). The
significance of this helix in the transpeptidation activity of sortase
is discussed below.

Chang et al.
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Fig. 2. Catalytic residues are required for pilus assembly in vivo. Cells of C.

diphtheriae strains in equivalent numbers were subjected to cell fractionation.

Protein samples from cell wall fractions (A-C) and protoplasts (D) were analyzed by immunoblotting with specific antibodies against SpaA (x-SpaA) (A and C),
SpaH (a-SpaH) (B), and SrtA («-SrtA) (D), with a-MdbA as a membrane-loading control. Pilus monomers (subscript M), polymers (subscript P), and molecular

mass markers are indicated.

To visualize HMM SpaA polymers formed by SrtA*M, the
reaction mixtures after 72 h of incubation were subjected to
electron microscopy, whereby aliquots were applied to nickel
grids; bound proteins were washed and stained with 0.75%
uranyl formate before viewing with an electron microscope. As
shown in Fig. 3C, strands of SpaA polymers were observed in the
reaction with the SrtA®™ enzyme but not with an SpaAX!?*A
mutant substrate defective in the nucleophilic attack, thus
authenticating the visualization of Gram-positive pilus polymers
synthesized in vitro. The synthesized pilus polymers had a width
of ~10 nm and a length ranging from ~200-500 nm, equivalent
to 25-62 subunits, with each protomer measuring about 8 nm
(35). For comparison, pili produced by SrtA*™ in vivo had widths
ranging from 7.6-9.3 nm and lengths up to 2 pm (SI Appendix,
Fig. S14).

To determine if the recombinant SrtA*™ enzyme faithfully
catalyzes the pilus transpeptidation reaction, we determined
whether the SpaA subunits in the HMM SpaA polymers were
linked together via covalent Lys isopeptide bonds in which the
Thr residue of the LPLT sorting signal was joined to the Lys
residue within the pilin motif (13). Indeed, MS analysis of ex-
cised HMM SpaA polymer SDS/PAGE bands revealed the
presence of an isopeptide bond between the carbonyl carbon of
T494 and the sidechain amine of K190 (Fig. 3D and Table 3), as
was observed in the native SpaA pili assembled in vivo (36). In
line with the role of Lys190 in pilus polymerization, the SpaA
mutant substrate in which K190 was replaced by Ala was unable
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to form polymers with the active SrtA”™ enzyme (Fig. 3B, lanes
SpaA*!?**) Remarkably, the MS data revealed the presence of
SrtA®™ and SpaA in the marked band migrating between the
50 and 100 kDa markers in both SrttA™" and SrtA* samples
(Fig. 3B, asterisks), suggesting that the enzyme is joined to the
SpaA substrate via a labile thioacyl bond forming an acyl-enzyme
heterodimer intermediate. To our astonishment, the MS analysis
also revealed the presence of SrtA* in the HMM SpaA polymer
bands migrating at and above the 100-kDa marker (Fig. 3B, lanes
SrtA?™, bracket). The results are in agreement with our previous
identification of the native acyl-enzyme intermediates formed
between SrtA and SpaA polymers in vivo in C. diphtheriae as
demonstrated by immunoblotting (37).

To further probe the mechanism of SpaA pilus assembly, we
dissected the SpaA molecule into two components: the N-terminal
domain (NSpaA, residues 30-194, encompassing the pilin motif
with the K190 nucleophile) and the C-terminal domain (“SpaA,
residues 350-500, containing the CWSS with the LPLTG motif)
(Fig. 3E). The recombinant proteins were expressed in E. coli and
purified (ST Appendix). When the two isolated domains were mixed
at equal concentrations (300 pM) in a reaction with the lid-substituted
SrtA®™ enzyme (100 pM), a di-polypeptide conjugate was readily
formed (Fig. 3E). Significantly, the presence of the expected
Thr-Lys isopeptide in this conjugate was confirmed by MS (Table
3). Furthermore, control reactions demonstrated that SrtA con-
taining the WT lid is markedly inactive in catalyzing cross-linking of
the isolated domains (SI Appendix, Fig. S2). Together, our results
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Fig. 3. Involvement of the lid in pilus polymerization in vitro. (A) Accessibility of the thiol group of the active site C222 residue in SrtA"" (main panel) or
SrtA?M (Inset) enzymes was determined by stopped-flow experiments, whereby the reaction between the thiol-reactive reagent DTDP and €222 was mon-
itored by absorbance at 324 nm. The experiments were performed in triplicate. (B) In vitro reconstitution of SpaA pilus polymerization was carried out at
room temperature using various forms of recombinant SrtA and SpaA proteins at the molar ratio of 1:3. The reaction samples were analyzed by SDS/PAGE and
Coomassie staining after 0, 24, and 48 h of incubation. Additional samples after 72 h of incubation were taken for the SrtA2M reactions (black triangles). SpaA
monomers (M), polymers (P), and molecular mass markers are indicated. An SrtA-SpaA intermediate is marked with asterisks. (C) Protein samples from pilus
polymerization reactions were analyzed by electron microscopy with negative staining using 0.75% uranyl formate. For comparison, recombinant SrtA? and
SpaA K190A proteins were included. (D) The isopeptide bond between residue T494 of the LPLTG motif and Lys residue K190 of the pilin motif in SpaA
polymers in B was examined by MS/MS. Shown is the m/z tandem mass spectrum of the linked peptide (sequence shown in the Inset). (E) Fusion proteins
between SUMO and the N-terminal SpaA domain (NSpaA; residues 30-194) and between maltose-binding protein (MBP) and the C-terminal SpaA domain
(“SpaA; residues 350-500) were used with the SrtA™ enzyme in the in vitro pilus polymerization assay as described in B. The reaction samples were analyzed

by SDS/PAGE and Coomassie staining after 24 h. The reactive Lys residue K190 and the LPXTG motif in the two domains are indicated.

support the concept that the lid in class C sortase functions in the
molecular gating of substrate entry to the enzyme active site. Thus,
we have demonstrated pilus polymerization in Gram-positive Acti-
nobacteria in an in vitro reaction.

Structural Elements in a Sortase Required for Protein Polymerization.
To gain insight into how SrtA joins the SpaA proteins together
during polymerization, we performed molecular modeling of the
NSpaA-SrtA-CSpaA ternary complex in which the isopeptide
bond is modeled using our previously determined crystal struc-
tures of SpaA [Protein Data Bank (PDB) ID code 3HR6] (36)
and the isolated SrtA (PDB ID code 5K9A) proteins. We first
generated a model of the SrtA-SpaA acyl-intermediate, juxta-
posing the C terminus of the C-terminal SpaA domain with the
active site C222 residue in SrtA. Because the crystal structure of
SpaA lacks the CWSS that forms the acyl-intermediate with SrtA,
we modeled the acyl-intermediate by placing the C-terminal do-
main of SpaA ~25 A away from the active site Cys to accommo-
date the nine missing C-terminal residues that contain the CWSS.
To construct the ternary complex, we then positioned the coordi-
nates of the SpaA N-terminal domain near the acyl-intermediate
to juxtapose the reactive Lys K190 of the pilin motif with the active
site C222 residue (Fig. 44). The resulting model of the ternary
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complex makes it readily obvious that the p7/p8 loop near the
active site Cys residue and the N-terminal H1 helix in SrtA are in
contact with the SpaA N-terminal domain, raising the possibility
that these elements might play a role in recognizing the region of
SpaA that houses the reactive Lys nucleophile. Strikingly, a
primary sequence alignment of SrtA and other class C sortases
indicates that they all contain a conserved TP(Y/L)XIN(S/T)H
motif within the p7/p8 loop (SI Appendix, Fig. S3). This motif is
clearly absent in other types of sortases that are known to attach
proteins to the cell wall (class A, B, D, and E enzymes) but are
unable to polymerize proteins. We thus postulated that the p7/
B8 loop may play a role in conferring the polymerization activity
in the class C enzymes.

In our model of the ternary reaction intermediate, the side
chains of Y225, N228, and S229 within the TP(Y/L)XIN(S/T)H
motif extend from the enzyme’s surface in a position to contact
NSpaA. To explore their possible roles in catzlt/llysis, we constructed
a series of mutants of the lid-opened SrtA* mutant enzyme in
which each of these residues was individually replaced by Ala.
The purified S229A and N228A mutant SrtA*™ proteins were
each defective in transpeptidation in vitro, as no isopeptide-linked
SpaA-SpaA product was produced even after 48 h; the Y225A
mutant protein had impaired transpeptidation activity as well, but
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Table 3. MS analysis of synthetic SpaA pilus polymers

HPLC retention time, min  Calculated MH*

Predicted peptides

Mass accuracy, ppm Pilus assembly reaction

24.4 1947.0334 DVHVYPKHQALS :: ELPLT 4.0 Reaction with SpaAs_so0

26.5 1410.7627 DVHVYPK* :: ELPLT 2.8 Reaction with SpaAsg_seo

22.9 1675.8802 DVHVYPKHQ* :: ELPLT 3.6 Reaction with SpaAso_seo

29.0 2336.2034 DVHVYPKHQALS :: NAGFELPLT 4.7 Reaction with SpaAso_soo

233 2400.2922 DVHVYPKHQALSEPVK :: ELPLT 2.9 Reaction with SpaAsq_s00

ND 2485.2756 DQITLITCTPYAVNSHR :: ELPLT ND Reaction with SpaAsq_s00

ND 2874.4455 DQITLITCTPYAVNSHR :: NAGFELPLT ND Reaction with SpaAso_seo

ND 1657.8717 DQITLITCTP* :: ELPLT ND Reaction with SpaAso_soo

ND 2047.0416 DQITLITCTP* :: NAGFELPLT ND Reaction with SpaAsg sgo

24.5 1947.0334 DVHVYPKHQALS :: ELPLT 4.5 Reaction with NSpaA and “SpaA
26.5 1410.7627 DVHVYPK :: ELPLT 33 Reaction with NSpaA and CSpaA
22.9 1675.8802 DVHVYPKHQ :: ELPLT 3.5 Reaction with NSpaA and “SpaA
ND 2336.2034 DVHVYPKHQALS :: NAGFELPLT ND Reaction with NSpaA and “SpaA
ND 2400.2922 DVHVYPKHQALSEPVK :: ELPLT ND Reaction with NSpaA and “SpaA
ND 2485.2756 DQITLITCTPYAVNSHR :: ELPLT ND Reaction with NSpaA and CSpaA
ND 2874.4455 DQITLITCTPYAVNSHR :: NAGFELPLT ND Reaction with NSpaA and “SpaA
ND 1657.8717 DQITLITCTP* :: ELPLT ND Reaction with NSpaA and “SpaA
ND 2047.0416 DQITLITCTP* :: NAGFELPLT ND Reaction with NSpaA and CSpaA
36.5 1023.6448 PKLI :: ELPLT 1.9 Reaction with cSpaA and SpaB

MH™, the mass of the singly protonated species; ND, not determined.
*Not expected cleavage sites.

to a lesser extent than the S229A and N228A mutants (Fig. 4C).
Recall that the removal of the H1 helix in the SrtA” enzyme also
abrogates pilus polymerization (Fig. 3B, lanes “SrtA®™). We have
determined that the absence of the H1 helix does not cause the
protein to unfold, since the "H-"N heteronuclear single-quantum
correlation (HSQC) spectra of SrtA”™ and “SrtA”™ are generally

A CSpaA CSpaA

similar (SI Appendix, Fig. S4). We conclude that specific residues
within the B7/B8 loop and the presence of the H1 helix form a
functionally important contact surface with NSpaA. This is supported
by experiments with an SrtA”™ mutant harboring the N165A sub-
stitution in the proximal p4/B5 loop, which showed that this mutant
retained nearly WT activity (Fig. 4C; lanes SrtAN'®>),
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Fig. 4. Structural modeling reveals SrtA residues critical for transpeptidation activities. (A) An SrtA-SpaA pilin polymerase attack complex was visualized and
assembled using PyMOL. Shown is an SpaA molecule splitting into its two domains, “SpaA (light blue) and “SpaA (dark blue). The SrtA enzyme is shown in
green, and the H1 helix potentially bridging interactions between the two SpaA domains is seen in orange. (B) The detailed locations of the SrtA catalytic
triad (marked in yellow) and the surrounding residues at the active site of the pilin polymerase attack complex are shown. The N-terminal H1 helix bridges the
two reactive domains of SpaA and potentially facilitates interactions for the formation of the SrtA-SpaA polymerization attack complex. (C) Transpeptidation
activity of SrtA?™ and its variants (N165A, Y225A, N228A, and S229A) was determined in the pilus polymerization assay described in Fig. 3, using domain
substrates NSpaA and “SpaA. Protein samples were analyzed by SDS/PAGE and Coomassie staining after 24 h. The ligated product “SpaA-"SpaA, sortase
enzymes, substrates, and molecular markers are indicated. (D) Hydrolysis activity of SrtA enzymes was determined by an HPLC-based assay. WT or mutant SrtA
(50 pM) was incubated with 500 pM KNAGFELPLTGGSGRI (SpaAPP) in a 100-pL assay at 37 °C for 48 h. Reaction products were monitored and separated using
HPLC at an absorbance of 215 nm. The peak fractions were collected and identified by MALDI-TOF-MS. The hydrolysis activity by SrtA2™ is set as 100%. The
results are presented as the average of three independent experiments; error bars indicate SDs; ns, not significant.
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The model of the ternary complex raises the possibility that
critical residues in the $7/p8 loop and the H1 helix may be required
only for nucleophile recognition during the transpeptidation re-
action but not for the other step of catalysis in which the LPXTG
sorting motif is cleaved to form the thioacyl enzyme-substrate in-
termediate (4, 38). To test this hypothesis, we determined the
importance of these structural elements in thioacyl-intermediate
formation, using an established HPLC-based assay (39, 40) and an
SpaA-derived peptide KNAGFELPLTGGSGRI (SpaAP®P) as
the substrate. The enzymes and the SpaAPP substrate were mixed
at a 1:10 molar ratio, and the loss of the intact peptide was monitored
by HPLC with the hydrolysis activity of SrtA* set as 100%.
Consistent with a selective role in nucleophile recognition, none
of the mutants exhibited any significant defect in cleaving the
LPXTG motif (Fig. 4D). Importantly, the “SrtA®™ enzyme,
which was inactive in the pilus polymerization assay (Fig. 3B),
cleaved the SpaAPP substrate with an efficiency comparable to
that of the activated SrtA*™™ mutant enzyme (Fig. 4D). Under these
conditions, the hydrolysis kinetics of the SrtA”™ and “SrtA™ enzymes
displayed a comparable Vi,a of 2.3 + 0.2 and 3.3 + 0.8 pM/h,
respectively, unlike that of SrtAWT, which was significantly re-
duced (0.6 + 0.1 pM/h). These results prompt us to propose that
the conserved TP(Y/L)XIN(S/T)H motif within the p7/p8 loop is
a hallmark feature of the class C sortases that enables molecular
recognition of the pilin motif Lys nucleophile in their cognate
substrates. The H1 helix appears to play a similar role; however,
it is not well conserved in class C sortases.

SrtA-Catalyzed Pilus Polymerization Is Terminated by SpaB. Our
previous studies suggest that SpaB acts as a molecular switch that
terminates pilus polymerization by incorporating into the pilus
polymer as the terminal subunit, and this reaction requires the
Lys residue K139 present on SpaB (11), which is then anchored
to the cell wall by the housekeeping sortase SrtF (17). The SpaA
polymer is presumed to be linked to the terminal SpaB via an
isopeptide bond formed between the Thr residue of the SpaA
LPXTG motif and K139 (Fig. 54). To examine if this is the case,
we produced a recombinant SpaB protein (residues 25-180),
which lacked the N-terminal signal peptide and the hydrophobic
domain and the C-terminal charged tail of the CWSS but con-
tained the LAFTG motif. As a control, an SpaB mutant protein
with the K139A substitution mutation was also generated. These
recombinant proteins, expressed in and purified from E. coli,
were then used in the pilus polymerization assay and analyzed by
SDS/PAGE and Coomassie staining as described in Fig. 3B. In
the presence of the SrtA®™ enzyme, recombinant SpaA protein
was polymerized into HMM species as expected (Fig. 5B, first
two lanes). Remarkably, when SpaB was added into this reaction,
the formation of SpaA polymers was significantly reduced, and
the SpaA-SpaB dimer accumulated (Fig. 5B, third and fourth
lanes, asterisk); it is important to note that while some trimeric
forms of SpaA were observed, SrtA”M was unable to further
polymerize SpaA pilins in the presence of WT SpaB, although
SpaA substrates were abundantly available (Fig. 5B, lane 4). This
suggests that the SpaB K139 may be more nucleophilic than the
SpaA K190 or that SpaB K139 may have a higher affinity and
the ability to outcompete SpaA for pilin cross-linking reactions.
The fact that SpaA pilus polymerization catalyzed by SrtA®™ was
not affected in the presence of the SpaB K139A mutant protein
is consistent with K139 as the nucleophile in the cross-linking
reaction (Fig. 5B, last two lanes).

The observation that the SpaA-SpaB dimer is the predominant
form of pilin conjugates produced by SrtA”™ in the presence of
SpaB (Fig. 5B, lane 4) prompted us to test whether the pilin motif is
dispensable for SrtA-catalyzed SpaA—SpaB conjugation. To exam-
ine if this is the case, the recombinant protein “SpaA (see Fig. 4C),
lacking the pilin motif, was used in place of recombinant SpaA. The
reaction was performed as described in Fig. 4C. Indeed, after 24 h a
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Fig. 5. SrtA-catalyzed pilus polymerization is terminated by the pilus base
SpaB pilin. (A) Depicted is an SpaA polymer (SpaA,) with individual subunits
cross-linked by an isopeptide bond between K190 and T494. The SpaA
polymer is linked to the terminal SpaB via an isopeptide bond between the
T494 residue of SpaA and the K139 residue of SpaB, which in turn is covalently
attached to the bacterial peptidoglycan (CW). (B) A pilus polymerization ter-
mination assay was performed with SrtA® enzyme and SpaA substrate
(2:1 molar ratio) in the presence (same concentration as SpaA) or absence of
SpaB or SpaB with the K139A mutation. The reactions were stopped after 66 h
by the addition of SDS-containing sample buffer, and protein samples were
analyzed by SDS/PAGE and Coomassie staining. The asterisk indicates an SpaA-
SpaB dimer. Molecular mass markers (kDa) are shown. (C) CSpaA (residues 350—
500), SpaB, and SrtA?M were used in the pilus polymerization termination assay,
with substrates and enzyme at a 3:1 molar ratio. Protein samples were analyzed
by SDS/PAGE and Coomassie staining after 24-h incubation. (D) A gel band
corresponding to a “SpaA-SpaC dimer was excised for tryptic digestion and
MS/MS. Shown is the MS/MS spectrum, which revealed the presence of the
isopeptide bond formed between T494 and K139.

band corresponding to the size of a truncated SpaA-SpaB con-
jugate was observed (Fig. 5C). To corroborate this and analyze
the linkage between SpaA and SpaB, this band was excised for
MS analysis (see Fig. 3D for methods). MS/MS data confirmed
the isopeptide bond between the SpaA T494 residue and the
SpaB K139 residue (Fig. 5D and Table 3). Clearly, our results dem-
onstrate that SpaB is a termination factor for pilus polymerization.
In conclusion, we report here the high-resolution crystal
structures of the C. diphtheriae pilus-specific sortase SrtA enzyme
(SrtA™T) and a mutant form of the enzyme with mutations in the
lid region (SrtA?M) and through these illuminate some of the
basic features of the sortase that functions to polymerize pilus
proteins in Gram-positive bacteria. The structure of the WT
enzyme displayed a characteristic “closed” configuration of a
class C sortase with its catalytic site occluded by a molecular lid
(Fig. 1). By introducing specific amino acid substitutions within
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the lid, we were able to generate an enzyme whose catalytic
pocket displayed an open conformation with no other major
perturbations detected in the atomic structure. The functional
importance of these two states of the enzyme was demonstrated
by our ability to reconstitute a robust pilus polymerization re-
action in vitro using the cognate shaft pilin. While the WT form
could not polymerize the shaft pilin in a reaction, the opened-lid
version of the enzyme is highly active. We showed that the ac-
tivated enzyme was able to recognize the sorting signal, form the
relevant acyl-enzyme intermediate, recognize the pilin motif Lys
residue, and catalyze isopeptide bond formation conjugating Lys
of one pilin protomer with Thr of another protomer (Fig. 3). We
then utilized structural modeling to identify specific structural
elements conserved in a pilus-specific sortase which are impor-
tant for catalyzing the transpeptidation reaction in vitro (Fig. 4).
We also provide additional in vitro evidence in support of SpaB
being a terminator of Qilus polymerization (Fig. 5).

Given that the SrtA®™ enzyme is able to catalyze pilus poly-
merization and SpaB incorporation in vitro, although pilus as-
sembly in vivo is not apparently altered when the mutant enzyme
is present, we surmise that the SrtA lid might play some form of a
modulatory role in pilus polymerization and termination in vivo.
For instance, as SpaB is a preferred substrate of the house-
keeping sortase SrtF (17), charging SrtF with SpaB triggers an
SrtF-SrtA interaction. This interaction could potentially alter
the configuration of the SrtA lid, allowing SrtA-mediated entry
of SpaB to the pilus base and subsequently transferring the pilus
polymer to SrtF to complete the cell wall-anchoring step. Future
experiments may be designed to examine the lid dynamics in the
presence or absence of SpaB or SrtF.

Importantly, we have shown here that the separated domains of
the pilin, one containing the pilin motif and the other containing the
sorting motif, could be ligated efficiently to produce a di-polypeptide
conjugate containing the Lys-Thr isopeptide bond. This provides a
powertul protein ligation platform for engineering designer proteins
that is mechanistically different from the “sortagging” technology
developed with the archetypal S. aureus sortase which normally
functions to cross-link surface proteins to the bacterial cell wall
but does not polymerize proteins (41, 42). We envision that the
surface display of protein polymers, protein labeling of living cells,
and protein ligation are a few examples of many potential bio-
technological and biological applications of this enzyme.

Materials and Methods

Bacterial Strains, Plasmids, and Media. Bacterial strains and plasmids used in
this study are listed in S/ Appendix, Table S1. SI Appendix, S| Materials and
Methods contains information regarding recombinant plasmids, protein
purification, protein crystallization, and structure determination. C. diphtheriae
strains were grown in Heart Infusion (HI) broth (Becton Dickinson) or on Hl agar
plates at 37 °C. When needed, kanamycin was added at a concentration of
25 pg/mL. E. coli DH5« and BL21 (DE3), used for cloning and protein expression
and purification, respectively, were grown in either Luria-Bertani or 2x YT
broth (Sigma-Aldrich) at 37 °C in the presence of ampicillin at 100 pg/mL.

In Vitro Reconstitution of Pilus Polymerization. In vitro reactions were carried
out at room temperature, and proteins were dissolved in assay buffer [50 mM
Tris-HCl (pH 8.0), 300 mM Nacl, 1 mM DTT]. All reactions used a fixed 100-uM
concertation of SrtA enzyme and 300-uM SpaA substrate (either full length
or each individual domain). Reactions were stirred gently by continuous
rotation. Aliquots were taken at 0 h, 24 h, 48 h, and 72 h, and reactions were
quenched by the addition of two volumes of SDS loading dye. For a pilus
termination assay, SpaB was used at the same concentration as SpaA, whereas
the molar concentrations of SrtA?™ enzyme and SpaA substrate followed
3:1 or 2:1 ratios. The reactions were performed in 24 or 66 h, respectively.

Probing Accessibility of the SrtA Active Site. Reaction rates of DTDP and SrtA
proteins via the Cys C222 residue were determined by stopped-flow exper-
iments, which were performed at 23 °C using an Applied Photophysics Ltd.
Model SX.18 MV sequential stopped-flow spectrofluorimeter with a 150 W
Xe/Hg lamp and a dead time of 1.7 ms. All triplicate reactions were carried
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out in reaction buffer [50 mM 3-(N-morpholino)propanesulfonic acid (Mops),
200 mM KCl, 1 mM EDTA, pH 7.5]. Absorbance was monitored at 324 nm
after solutions were rapidly mixed in syringe A, containing 0.6 mg/mL protein,
and syringe B, containing 0.32 mM DTDP. Reaction rates (k) were derived by
fitting data to the following equations with one (Eq. 1) or two (Eq. 2) rates:

A=A (1-e4) 1l

or

A=A (1-e9) £ Ao (1-672), 121

where A is absorbance at 324 nm at time t, and A, is the maximum
absorbance.

Cell Fractionation and Western Blotting. Cell fractionation and Western
blotting were performed according to published procedures with some
modifications (43, 44). Briefly, midlog-phase cultures of C. diphtheriae strains
grown at 37 °C were normalized to an ODggo Of 1.0 and were subjected to
cell wall protein extraction using mutanolysin (300 U/mL). Protein samples
obtained from culture medium (S) and cell wall (W) were trichloroacetic acid
precipitated and acetone washed. The protoplasts after the cell wall ex-
traction were used for analysis of cell membrane-bound proteins. Protein
samples were resuspended in SDS sample buffer containing 3% urea and
were heated at 100 °C for 10 min before SDS/PAGE analysis using 3-12% or
3-20% Tris-Gly gradient gels. Detection of proteins was performed by im-
munoblotting with specific antibodies (1:20,000 for a-SpaA; 1:4,000 for
a-SpaH; 1:5,000 for a-MdbA; and 1:4,000 for o-SrtA).

MS of Pilus Polymers. Protein digestion and isopeptide bond identification
were performed according to previous protocols (36, 45). Specifically, pro-
teins entrapped in gel bands were reduced with 10 mM DTT (Sigma) at 60 °C
for 1 h and then were alkylated with 50 mM iodoacetamide (Sigma) at 45 °C for a
few minutes in the dark. These reduction and alkylation steps were skipped for the
acyl-intermediate samples. Samples were digested with 200 ng trypsin (Thermo
Scientific) at 37 °C overnight. At the end of trypsin digestion, 200 ng of Asp-N
endoproteinase (Thermo Scientific) was added for another overnight incubation.
Digested peptides were extracted from the gel bands in 50% acetonitrile/49.9%
water/0.1% TFA and were cleaned with C18 StageTip (46) before MS analysis.

Digested peptides were separated on an EASY-Spray column (25 cm X
75 um i.d., PepMap RSLC C18, 2 pm; Thermo Scientific) connected to an
EASY-nLC 1000 nUPLC (Thermo Scientific) using a gradient of 5-35% ace-
tonitrile in 0.1% formic acid and a flow rate of 300 nL/min for 30 min.
Tandem mass spectra were acquired in a data-dependent manner with an
Orbitrap Q Exactive mass spectrometer (Thermo Fisher Scientific) interfaced
to a nanoelectrospray ionization source.

The raw MS/MS data were converted into MGF format by Thermo Pro-
teome Discoverer 1.4 (Thermo Scientific). In-house programs to search for the
isopeptides were used for two different approaches. The first approach was
performed as previously described (36) and was used to calculate the masses
of predicted peptides containing the isopeptide linkage to guide the search.
The second approach was based on published (36) and our own observations
of the presence of ions specific for the fragments of ELPLT (m/z 215.138,
225.122, 243.132, 294.180, 312.190, 322.174, and 340.186). The in-house pro-
grams sifted through tens of thousands of mass spectra searching specifically
for this information and extracted MS/MS spectra for further analyses.

Determination of SrtA Hydrolysis by an HPLC-Based Assay. In vitro hydrolysis
reactions were performed based on the method developed by Kruger et al. (47).
WT or mutant SrtA (50 pM) was incubated with 500 pM KNAGFELPLTGGSGRI
(SpaAPP) in 100-pL reactions at 37 °C for 24 h. The reactions were quenched by
adding 50 pL of 1 M HCl and were injected onto a Waters XBridge Peptide BEH
C18 reversed-phase HPLC column. Peptides were eluted by applying a gradient
from 5-51% acetonitrile (in 0.1% TFA) over 25 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-MS.

Electron Microscopy. For visualization of in vitro pilus polymers, pilus poly-
merization reactions were diluted in half with water and 7-pL aliquots were
applied onto carbon-coated nickel grids, washed five times with distilled
water, and stained with 0.75% uranyl formate for 2 min before viewing by a
JEOL JEM-1400 electron microscope.

For visualization of pili produced by corynebacterial cells, electron mi-
croscopy and IEM were performed according to a published protocol (48).
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Briefly, corynebacterial cells grown on HI agar plates were washed and
suspended in PBS. Seven-microliter aliquots of the cell suspension were ap-
plied onto nickel grids, washed, and stained with 0.75% uranyl formate
before viewing by an electron microscope. For IEM, cells were stained with
a-SpaA (1:100 dilution), followed by staining with 12-nm gold particles
conjugated to IgG, before staining with 1% uranyl acetate.

To estimate the dimension of pili, ImageJ (https:/imagej.nih.gov/ij/) was
employed. Twenty-five measurements were performed at different locations
of pili for each strain. Statistical analysis was performed by GraphPad Prism.
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Chapter 3

Kinetics and Optimization of the Lysine-Isopeptide Bond Forming

Sortase Enzyme from Corynebacterium diphtheriae
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3.1 Overview

In Chapter 2, we reconstituted the pilus polymerization reaction of C. diphtheriae in vitro.
However, this reaction is significantly slower than the activity observed in S2SrtA, the archetypal
sortase enzyme. To understand the understand the reasons underlying this disparity in
reactivity, we performed a detailed kinetic analysis of the “4SrtA protein labeling reaction using a
newly developed HPLC assay. Chapter 3 describes this analysis, in which we demonstrated
that the first step of the reaction, formation of the enzyme-sorting signal acyl intermediate, is the
rate-limiting step. We also designed a third-generation variant, ©“SrtA%, in which the auto-
inhibitory “lid” structure is completely deleted. Quantitative measurements revealed that this
variant exhibits a catalytic turnover rate 7-fold faster than the second-generation variant in vitro.
My contributions included study design, development of the underlying HPLC transpeptidation
assay used for kinetic analysis, sortase engineering aimed at activity enhancement, and

quantification of transpeptidation for a library of sorting signal X’ position peptides.

This chapter is reformatted with permission from a peer-reviewed article “Kinetics and
Optimization of the Lysine-Isopeptide Bond Forming Sortase Enzyme from Corynebacterium
diphtheriae.” Sue, C.K., McConnell, S.A., Ellis-Guardiola, K., Muroski, J.M., McAllister, R.A., Yu,
J., Alvarez, A.l., Chang, C., Loo, R.R.O, Loo, J.A., Ton-That, H. and Clubb, R.T. Bioconj.

Chem. 31 1624-1634 (2020). Copyright 2020 American Chemical Society.
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ABSTRACT: Site-specifically modified protein bioconjugates have Cys222

NSpaA-LPLT

important applications in biology, chemistry, and medicine. Arg231
Functionalizing specific protein side chains with enzymes using
mild reaction conditions is of significant interest, but remains
challenging. Recently, the lysine—isopeptide bond forming activity of
the sortase enzyme that builds surface pili in Corynebacterium J
diphtheriae (“ISrtA) has been reconstituted in vitro. A mutationally “lid” ===g
activated form of “SrtA was shown to be a promising bioconjugating  (78-88)
enzyme that can attach Leu-Pro-Leu-Thr-Gly peptide fluorophores

to a specific lysine residue within the N-terminal domain of the SpaA

protein (NSpaA), enabling the labeling of target proteins that are fused to NSpaA. Here we present a detailed analysis of the “ISrtA
catalyzed protein labeling reaction. We show that the first step in catalysis is rate limiting, which is the formation of the “4SrtA-
peptide thioacyl intermediate that subsequently reacts with a lysine e-amine in NSpaA. This intermediate is surprisingly stable,
limiting spurious proteolysis of the peptide substrate. We report the discovery of a new enzyme variant (“SrtA*) that has
significantly improved transpeptidation activity, because it completely lacks an inhibitory polypeptide appendage (“lid”) that
normally masks the active site. We show that the presence of the lid primarily impairs formation of the thioacyl intermediate and not
the recognition of the NSpaA substrate. Quantitative measurements reveal that “SrtA® generates its cross-linked product with a
catalytic turnover number of 1.4 + 0.004 h™! and that it has apparent Ky; values of 0.16 + 0.04 and 1.6 + 0.3 mM for its NSpaA and
peptide substrates, respectively. “ISrtA* is 7-fold more active than previously studied variants, labeling >90% of NSpaA with peptide
within 6 h. The results of this study further improve the utility of “!SrtA as a protein labeling tool and provide insight into the
enzyme catalyzed reaction that underpins protein labeling and pilus biogenesis.

p _ His160
<

H INTRODUCTION labeling, because they can be employed using mild reaction
conditions, and in principle can be highly selective.'"”* The
sortase A enzyme from Staphylococcus aureus (%SrtA) is one of
the most widely used bioconjugating enzymes.'>”"* It has been
successfully deployed to catalyze protein—protein ligations and
backbone cyclization, and to modify proteins with peptides,
lipids, sugars, and small molecules.”" ™' However, S*SrtA
bioconjugations do not readily modify protein side chains and
are almost exclusively restricted to altering only the N- or C-
terminus of a protein.

Recently, we demonstrated that the pilus-specific sortase
from Corynebacterium diphtheriae (“!SrtA) can be used to

New methods are needed to create protein bioconjugates that
can be used as therapeutics, imaging tools, diagnostic reagents,
and materials.' > Labeling specific sites on the protein is often
preferred as it enables the construction of well-defined
antibody—drug conjugates, small molecule- and fluorophore-
labeled proteins for biophysical experiments, orientation-
specific protein immobilization and the preparation of ordered,
multifunctional protein complexesfs_8 A variety of protein
modification strategies have been developed that exhibit
varying degrees of site-selectivity, efficiency, and ease of use.
They range from chemical approaches that leverage the
reactivity of amino acid specific functional groups (e.g,

cysteine and lysine modifications) to highly selective, but less Received: March 25, 2020
facile methods that require the incorporation of non-natural Revised: ~ May 7, 2020
amino acids to facilitate bio-orthogonal conjugation chem- Published: May 12, 2020

istries (e.g, azide or alkyne-containing residues for click
chemistry).g’10 Bioconjugating enzymes (e.g., ligase, trans-
ferases, etc.) are particularly attractive for site-specific protein

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.bioconjchem.0c00163
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attach a peptide fluorophore via an isopeptide bond to a
specific lysine residue within a protein.22 Although CdSrtA and
S3SrtA are both members of the sortase-superfamily of cysteine
transpeptidases, they have distinct substrate specificities.””
S3SrtA is a class A sortase that catalyzes formation of
backbone—backbone peptide bonds, whereas CdSrtA is a class
C sortase that joins molecules together via lysine—isopeptide
bonds.>*** CdSrtA assembles the SpaA pilus in C. diphtheriae
by cross-linking SpaA “pilin” subunits via a lysine—isopeptide
bond.***” In this process, a lysine residue (K190) on one SpaA
pilin is joined to the C-terminal LPLTG sorting signal located
in a second SpaA pilin%b Repetition of this reaction forms the
SpaA pilus, which is approximately 1—2 pm in length and
further elaborated with unique tip and basal pilin proteins
(Figure 1A).>”*" In vitro, the native CISrtA enzyme is
enzymatically inactive because it contains a polypeptide
appendage that occludes its active site, called a “lid” (Figure
1C). However, CdSrtA variants containing destabilizing amino
acid substitutions in the lid exhibit in vitro activity.”® The most

A
p LPLé
[E@b-m‘m' CAS A E@b—mé
K * —_— K
E@[}-me- @@b-“’g n
B
K CdsrtA LPLé
@ 4  =mlPLTGm el ﬁ]
Cc
Cys222
Arg231
“lil” g
(78-88)

Figure 1. C. diphtheriae ““SrtA pilin sortase catalyzes lysine isopeptide
bond formation. (A) Schematic showing the pilin polymerization
reaction catalyzed by “ISrtA. The enzyme creates the SpaA pilus by
polymerizing SpaA pilin proteins. In the reaction, it recognizes lysine
(K190) side chain nucleophile within the N-terminal domain of SpaA
(NSpaA), and it joins the backbone threonine carbonyl carbon atom
located in the C-terminal LPLTG sorting signal located within
another SpaA protein. This reaction is repeated to construct the SpaA
pilus that mediates bacterial adhesion. (B) Schematic of the reaction
used to monitor lysine isopeptide bond formation. In this assay, the
CdSrtA enzyme ligates the isolated NSpaA domain to the peptide
containing the LPLTG sorting signal (FELPLTGGSG). (C) Structure
of “ISrtA showing H160, C222, and R231 active site residues. The
“Lid” is highlighted in red (residues P77 to S89).

1625

80

active form of the enzyme thus far discovered is “ISrtA™™,
which contains residues N37—Q257 in CdSrtA and D81G/
WB83G/NS8SA substitutions in the 1id.** ©ISrtA’M is a
promising bioconjugation tool, as it can be used to selectively
modify proteins harboring the N-terminal domain of SpaA
(NSpaA) with peptide fluorophores. Modification via lysine—
isopeptide bonds is attractive, as these linkages may be less
susceptible to proteolysis and enzymatic reversibility.

In this study, we developed an HPLC-based assay to
measure for the first time the kinetics of catalysis, and we have
used the assay to identify a new ©ISrtA variant that has
improved bioconjugation activity. In particular, we show that
(i) the bioconjugation reaction rate is limited by the formation
of an enzyme—acyl intermediate with the LPLTG sorting
signal, (ii) the enzyme preferentially recognizes nonpolar
amino acids at the X position within the sorting signal, (iii)
unlike $$rtA, “ISrtA exhibits minimal proteolytic activity, (iv)
amino acid substitutions introduced into the lid accelerate
catalysis by facilitating enzyme-acyl intermediate formation,
and (v) complete removal of the lid further activates the
enzyme. These results increase the in vitro utility of “SrtA as a
bioconjugation tool to modify proteins and provides new
insight into the enzymatic reaction that underpins the
construction of surface pili in Gram-positive bacteria.

B RESULTS AND DISCUSSION

Kinetics of Lysine—Isopeptide Bond Formation.
Previously, we monitored the lysine—isopeptide bond forming
activity of “USrtA®™ using SDS-PAGE.”” However, the kinetics
of this process could not be accurately determined because the
reactants and products were difficult to separate and quantify.
To overcome this problem, we developed an HPLC-based
transpeptidation assay that monitors the ability of “ISrtA*™ to
join the N-terminal domain from SpaA (NSpa, residues E30-
$195 of SpaA) to a peptide containing its C-terminal sorting
signal (FELPLTGGSG, hereafter called LPLTG peptide). This
reaction represents an isolated ligation event in the polymer-
ization reaction by producing a NSpaA-LPLT product in which
the K190 side chain in NSpaA is joined via an isopeptide bond
to the threonine carbonyl group in the FELPLT peptide
(Figure 1B). The reactants and products are readily separated
by reverse-phase HPLC (Figure 2A). Moreover, this procedure
enables facile monitoring of the time-dependent conversion of
the protein substrate (NSpaA) into the cross-linked protein—
peptide product (NSpaA-LPLT) (Figure 2B). The identity of
the product and the location of its isopeptide linkage were
previously confirmed by LC-MS/MS.*>*® Initially, for each
substrate (NSpaA and the LPLTG peptide) the dependence of
the reaction velocity on substrate concentration was
determined (Figure 2C). This analysis reveals that NSpaA
and peptide substrates do not saturate the enzyme even when
they are present at concentrations of 500 M (Figure 2C,
insert) and 4 mM (Figure 2C, main), respectively. Because
using higher concentrations of each substrate is not practical,
we determined apparent steady-state parameters using
subsaturating amounts of each substrate (representative data
is shown in Figure 2D). Two sets of Michaelis—Menten
parameters were obtained. Either the concentration of NSpaA
was varied from 62.5 to 500 M with the amount of LPLTG
peptide held constant at 1 mM, or the concentration of the
LPLTG peptide was varied from 0.5 to 4 mM, while the
concentration of NSpaA was held fixed at 500 yM. These
measurements revealed that “SrtA® catalyzes isopeptide

https://dx.doi.org/10.1021/acs.bioconjchem.0c00163
Bioconjugate Chem. 2020, 31, 1624—1634
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Figure 2. “ISrtA transpeptidation assay: (A) Superimposed reversed-phase HPLC traces showing the separation of the sorting signal peptide
(LPLTG, short dashes), “ISrtA*™ (solid line), and NSpaA (long dashes). (B) Representative HPLC traces that track the progress of the reaction.
Peaks corresponding to NSpaA and NSpaA-LPLT are shown. The reactions were sampled at 3, 6, 12, and 24 h, and contained 100 M of enzyme,
200 uM of NSpa, and 1 mM of LPLTG-peptide. (C) Plots showing the measured velocity versus substrate concentration for the LPLTG peptide
(the sorting signal) and NSpaA (inset). A concentration range of 500 #M to 4 mM, and 62.5 #M to 500 uM were used for the LPLTG peptide and
NSpaA, respectively. Initial velocities were determined after 3 h, as described in the Methods section. (D) Lineweaver—Burk graph graphing
showing kinetics data for CdSrtA®M, The k., and Ky values were determined from a linear fit of this data.

Table 1. Kinetics of “ISrtA Catalyzed Lysine—Isopeptide Formation”

ke X 1075 (s71)° NKy x 107 (M) SKy X 1074 (M) kea/ MKy (s7 M)
CdgrA n.d. n.d. n.d. n.d.
CdgrtA™M 5.6+08 0.7 + 0.1 20 £ 10 0.7 +£ 0.1
H160A 3.1+ 04 0.43 + 0.05 — 0.72 + 0.08
C222A n.d. n.d. — nd.
R231A n.d. n.d. — nd.
Cdgrtat 40 + 0.1 1.6 + 0.4 16+ 3 2.5+ 06
H160A 2.5+ 06 0.70 + 0.02 - 0.36 + 0.09
C222A n.d. n.d. — n.d.
R231A n.d. n.d. — nd.
SagreA? 1600 + 100 1.8 + 0.1 73.3 + 10.1° 86 £ 5

“All kinetics are approximations as saturating concentrations were not able to be measured. bTranspeptidation steady-state kinetic parameters for
CdSrtA were determine by the monitoring rate at which the enzyme ligated an FELPLTGGSG peptide to the NSpaA domain via a lysine—isopeptide
bond. “n.d., not determined because an insufficient amount of product was detectable. dTranspeptidation steady-state kinetic parameters for 'SrtA
were determined by monitoring the rate at which the enzyme ligated GGG and FELPLTGGSG peptides via a backbone peptide bond. Reported
values are the average from three measurements, and the error is the standard deviation. “Values are reported from Frankel et al. (2005) and
measures reactions between a Abz-LPETG-Dap(Dnp)-NH, and pentaglycine.”” NRefers to transpeptidation kinetics measure when NSpaA is varied
and FELPLTGGSG concentration is held constant. *Refers to when FELPLTGGSG peptide is varied and NSpaA is held constant.

bond formation with apparent Ky, values for NSpaA (NKy,) and site. Inspection of the crystal structure “SrtA suggests that lid
the LPLTG peptide (°Ky) of 70 + 10 M and 2 + 1 mM, residues 178 to A88 can be deleted without disrupting its
respectively (Table 1). Similar turnover numbers were tertiary structure, as the remaining P77 and S89 amino acids
measured in each experiment, with a maximal value of 26 + are positioned adjacent to one another in three-dimensional
10 (X107 s) (obtained when NSpaA is held constant at 500 space.”® Indeed, the measured steady-state kinetic parameters
uM and the LPLTG peptide is varied). for a lid-deletion “SrtA® (residues N37—Q257 of “SrtA in
Formation of the “SrtA-LPLT Thioacyl Intermediate which the amino acids 178 to A88 are deleted) reveal that it is
Is a Rate Limiting Step in Catalysis and Can Be more active than “SrtA®™; there is a 7-fold improvement in
Accelerated by Completely Removing the Lid. “?SrtA*™ the apparent k., while the NKy; and SKy values are only
is the most active form of “SrtA thus far discovered and modestly affected (Table 1).
contains three substitutions in the inhibitory lid structure To address why “SrtA® is catalytically more active than
(D81G, W83G, N85A).>> We reasoned that an enzyme variant CdgrtA®M, we investigated how lid removal affected catalysis. By
with the entire lid deleted might exhibit even higher analogy to the prototypical **SrtA enzyme, “ISrtA presumably
transpeptidation activity by completely unmasking the active catalyzes lysine—isopeptide bond formation via a two-step
1626 https:/dx.doi.org/10.1021/acs.bioconjchem.0c00163
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process (Scheme 1).¥*73! 1n the transpeptidation mecha- To determine if differences in the rate of the hydrolytic side
nism, ©ISrtA’s C222 thiol presumably functions as a reaction cause the “SrtA® and “SrtA®™ enzymes to produce
differing amounts of transpeptidation product, we measured
Scheme 1. Schematic Showing the Overall Mechanism of the ability of each enzyme to proteolyze the LPLTG peptide
CdSrtA-Catalyzed Isopeptide Formation (Top) and a substrate using reversed-phase HPLC. In these reactions, only
Potential Hydrolytic Side Reaction (Bottom) the enzyme and LPLTG peptide are present. Interestingly,
" . even though “USrtA® and “ISrtA®™ catalyze transpeptidation at

'SpaA ‘SpaA=LPLT 5 : e ;
Transpeptidation 25 °C, the rate at which the hydrolytic side reaction occurs at
8 >—< this temperature is very slow for both enzymes, with less than
T Zl! A LPLT - 5% of the LPLTG peptide substrate cAonsumed by the enzyme
N A (Figure 3A, left). In fact, because this assay employed excess
G e =mgl amounts of peptide relative to enzyme (50 uM enzyme and
H OI, Hydrolysis \LPLT 500 uM peptide), much of the observed peptide consumption

can be attributed to formation of the thioacyl intermediate and

not to repeated rounds of proteolysis. This finding is in marked
Sa -

nucleophile to attack the threonine carbonyl carbon in the contrast to the archetypal *SrtA enzyme, which proteolyzes

LPLTG sorting signal to form a C4SrtA-LPLT thioacyl more than 60% of its sorting signal peptide substrate when

intermediate. Then, the enzyme recognizes the K190 side identical reaction conditions areC (lilsed gFigureC;;A, rig/[ht). Thus,
chain amine group located within NSpa.A, which resolves the we conclude that for both the ““SrtA® and ““SrtA™™ enzymes
thioacyl intermediate to form the lysine—isopeptide linked the transpeptidation pathway is dominant and the hydrolytic
NSpaA-LPLT product. In $*SrtA, a side reaction also occurs in side reaction occurs only to a minor extent.
which a water molecule attacks the thioacyl intermediate ngeworidered whether the superior transpeptidation activity
instead of a primary amine, resulting in the hydrolysis of the of ““SrtA® originated from its ability to form the ecf;ZYmesgl
intermediate to release the LPLT peptide.”” In this side LPLT thioacyl intermediati e rapidgzl' thar\:{ SrtA
reaction, the enzyme effectively functions as a protease, (Scheme 1). For both the “‘SrtA® and “'SrtA™ enzymes,
cleaving the LPLTG peptide substrate at the peptide bond this intermediate is readily observable in LC-MS mass spectra
that joins the threonine and glycine residues. ““SrtA has also when they are incubated with the LPLTG peptide (Figure 3B).
been shown to proteolyze its LPLTG peptide substrate, but the This finding is consistent with the low proteolytic activity of
kinetics and extent of proteolysis have not been rigorously each enzyme and suggests that the two steps of catalysis are
measured.”>>* independent of one another—each enzyme can form and
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Figure 3. Characterization of “SrtA* and “SrtA%. (A) Representative reverse phase HPLC trace showing the change in the concentration of
LPLTG peptide due to proteolysis by “SrtA*™ (blue) and *SrtA™" (green) at 25 °C after 0 (solid lines) and 24 h (dashed lines). (B) Mass
deconvolution of LC-MS data of “ISrtA*™. The acyl-intermediate at 24,851 Da is approximately 700 Da higher than where the enzyme is at 24,150
Da. (C) Comparison of the amounts of acyl-intermediate in the presence and absence of NSpaA measured over a feriod of three hours. “SrtA®™
without NSpaA (white) in comparison to “SrtA* without NSpaA (gray) shows the faster formation of the “ISrtA® acyl-intermediate. In contrast,
both enzymes form these intermediates at similar rates when “SpaA is present (“!SrtA* (blue) and “!SrtA* (red)). (D) Data showing the amount
of reduced active site C222 thiol in the “SrtA®™ and “USrtA® enzymes. Freshly produced samples of each enzyme were either treated with an
excess amount of DTT or a buffer control for one hour. The proteins were then digested with trypsin, reacted with iodoacetamide, and the extent of
cysteine alkylation determined by mass spectrometry. The experiments were performed in triplicate.
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Figure 4. Role of the X residue in transpeptidation. (A) SDS-PAGE analysis of product formation when “ISrtA*™ was reacted with NSpaA, and a
series of LPXTG peptides in which the identity of the amino acid at the X position was systematically varied. Reactions (200 M enzyme, 200 M
NSpaA, S mM DTT, and 1 mM Peptide) were measured after 24 h. The most reactive sorting signal peptides contained nonpolar X residues, while
those containing polar residues were less reactive. (B) As in panel (A), but “SrtA® was used instead of “SrtA®™. Similar trends in activity are
observed. (C) Histogram plot showing the amount of product created for each peptide in the library. The fraction of NSpaA converted to NSpaA-
LPXT is shown. The data was obtained by analyzing the SDS-PAGE data (panels A and B) using the program Image].

maintain the enzyme—acyl intermediate in the absence of the
NSpaA nucleophile. Moreover, it is compatible with our
previously published cellular studies of class C sortases in
which long-lived and stable acyl—enzyme intermediates were
established to be important for catalysis.”> To determine if
CgrtA® and “IsrtA*M differed in their ability to perform the
first step of catalysis, we tracked thioacyl intermediate
formation at various times after mixing the enzymes with the
LPLTG peptide (25 uM and 1 mM of enzyme and LPLTG
peptide, respectively). The intermediate formation was
followed over a 3 h period; the same duration was used to
measure transpeptidation activity. This analysis revealed that
CdSrtA® forms the thioacyl intermediate more rapidly than
CdSrtA™, with ~17 + 2% of “ISrtA® joined to the peptide
after 30 min, while it takes up to 3 h for “ISrtA*™ to form
similar levels of this reaction intermediate (Figure 3C).
Interestingly, when similar time course experiments are
performed in the presence of both NSpaA and LPLTG
substrates, significantly lower amounts of thioacyl intermediate
are observed for each type of enzyme (~5% for both “SrtA®
and ©4SrtA®M). As the reaction conditions are identical to those
used to measure transpeptidation activity, this data suggests
that the formation of the acyl-intermediate is rate-limiting.
Thus, we conclude that improved transpeptidation activity of
CdSrtA® results from its ability to form the acyl-intermediate at
a faster rate than ISrtA®™,

The Identity of the “X” Residue within the LPXTG
Sorting Signal Affects the Rate of Transpeptidation.
Structural and computational studies of class A and B sortases
bound to their respective sorting signals have revealed that
they do not recognize the side chain of the X residue within
their respective LPXTG-type sorting signal substrates because
it projects away from the enzyme into the solvent.”>**** The
structures are consistent with detailed substrate specificity
analyses of the class A SigrtA enzyme, which revealed that
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LPXTG sorting signals containing any amino acid at the X
position can be used as substrates.’”® However, “ISrtA and
other class C sortases are unique, because they contain a lid
structure whose proximity to the active site could affect
recognition of the LPXTG sorting signal (Figure 1C).*
Indeed, our prior studies of “SrtA® revealed that a leucine to
alanine substitution at the X position of the LPLTG sorting
signal slowed transpeptidation.”> To investigate this issue in
greater detail, the “SrtA® and “SrtA®™ enzymes were tested
for their ability to utilize as transpeptidation substrates 20
distinct LPXTG peptides in which the X position was varied.
For these studies, the “ISrtA® and ©ISrtA™M enzymes were
incubated with NSpaA and each member of the peptide library,
and the amount of cross-linked product was then determined
by SDS-PAGE (Figure 4A,B). Significant variation in reactivity
is observed for the different library members. However, in
nearly all cases, CdSrtA® is more active than ©4SrtA®M,
consistent with the steady-state kinetic measurements that
employed the LPLTG peptide (Table 1). Interestingly, both
enzymes exhibit similar sequence preferences. In particular,
they preferentially use sorting signals containing phenylalanine,
histidine, methionine, tyrosine, and leucine at the X position,
while their least reactive substrates contain negatively charged
side chains at this site. In all cases, peptides containing leucine
at the X position are very reactive, explaining why this amino
acid is present in the native LPLTG substrate present in SpaA.
The X position-dependent activity of “SrtA is distinct from
what has been observed for SSrtA, as similar peptide library
studies have shown that after 24 h exposure all peptides in the
library are processed to a similar extent by $*SrtA.** The
molecular basis underlying the observed variation in peptide
reactivity is not known, but it is not caused by the presence of
the lid as similar trends in activity are observed for “4SrtA®™
and ©ISrtA”,

Cysteine and Arginine Active Site Residues Are
Required for Catalysis. Based on sequence homology with

https://dx.doi.org/10.1021/acs.bioconjchem.0c00163
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the well-studied S:SrtA sortase, three conserved residues in
CdSrtA are presumably required for catalysis: H160, C222, and
R231 (Figure 1B).***” However, their role in catalyzing
lysine—isopeptide bond transpeptidation in vitro has not been
determined. We therefore used the HPLC-assay to measure
the transpeptidation activities of “SrtA®™ and ©ISrtA®
enzymes containing alanine substitutions at these sites. For
both enzyme variants, C222A and R231A substitutions
completely abrogate transpeptidation activity, demonstrating
that they have critical functions in catalysis (Table 1).
However, “ISrtA® and “SrtA* enzymes harboring H160A
substitutions retain some enzyme activity, exhibiting similar
turnover numbers that are reduced by 44% and 94% as
compared to their native forms, respectively. In the well-
studied S?SrtA transpeptidation reaction the analogous
histidine, cysteine, and arginine residues are essential for
catalysis in vitro (R197, C184, and HI120 in the $artA
sequence).jé The cysteine thiol functions as a nucleophile,
while the arginine guanidinium group (R197 in $1SrtA) has
been proposed to facilitate catalysis by stabilizing oxyanion
tetrahedral intermediates.”” Our finding that the C222A and
R231A sortase variants are completely inactive is consistent
with these residues having similar functions.”® It is also
compatible with pH dependence of the transpeptidation
reaction, which occurs most rapidly at pH values between
7.5 and 8. We were surprised that “ISrtA containing a H160A
substitution retained some activity, since the analogous
alteration in $*SrtA disrupts transpeptidation in vitro.’® In
SagrtA, the histidine side chain has been proposed to function
as a general acid and base, protonating the amine of the leaving
group glycine residue as the threonine—glycine peptide bond
in the LPLTG sorting signal is broken, and facilitating the last
step of catalysis by deprotonating the incoming amine
nucleophile that resolves the thioacyl intermediate to produce
the final transpeptidation product (Scheme 1).22°¥ Whole cell
studies have shown that “ISrtA containing H160A are
incapable of assembling surface pili*® The residual activity
observed in the HI60A enzyme suggests that residues in
addition to H160 in “ISrtA may facilitate these steps in vitro,
albeit less efficiently.

We wondered whether the superior activity of “ISrtA*
relative to “SrtA®™ could be attributed to differences in the
oxidation state of the C222 sulfhydryl group that is influenced
by the presence of the lid. This is because the sulfhydryl group
can in principle become oxidized to unreactive disulfide,
sulfenic, sulfinic, and sulfonic forms that are non-nucleo-
philic.*” No significant differences in disulfide formation were
observed for the two proteins in nonreducing SDS-PAGE and
MALDI experiments. To investigate whether they formed
more oxidized states, freshly purified “ISrtA® and ©4SrtA®M
enzymes were incubated for one hour in buffer A (50 mM
Tris-HCl, 300 mM NaCl, at a pH of 8.0) with, and without, a
reducing agent (S mM DTT). The amount of C222 (the
protein’s only cysteine) present in the active thiol form was
then determined by adding iodoacetamide, digesting with
trypsin, and analyzing by mass spectrometry. The percent of
reduced thiol was calculated by measuring the amount of C222
in each enzyme that was derivatized with carboxyamidomethyl
as compared to the total amount of C222 in its various
oxidation states. In the absence of reducing agent, 89 + 4 and
79 + 10% of ISrtA’™ and ©ISrtA® contain a reactive thiol,
respectively. Moreover, only small increases in the amount of
reactive thiol are observed when the DTT reducing agent is
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present; under these conditions, 94 + 3% and 93 + 5%
Cd5rtASM and CUSrtA® are reactive, respectively (Figure 3D).
Thus, the C222 sulfhydryl in freshly purified CdgrA™ and
CdSrtA® primarily exists in a reduced, transpeptidation
competent state. A caveat is that ionization efficiencies may
differ for alkylated and nonalkylated forms of a cysteine-
containing peptide. Nevertheless, the similarity between the
+/=DTT values implies that C222 is primarily reduced. It
should be noted that we have found that C222 can become
oxidized and unreactive if the enzymes are stored for more
than several weeks, and their activity can be restored by
incubating them with DTT. Therefore, including DTT in the
labeling reactions is recommended as a precaution.
Improved Protein Lysine Labeling Using ©ISrtA%,
Having defined substrate and reaction conditions that are
optimal for activity, we directly compared the peptide labeling
efficiencies of “ISrtA™ with the newer ISrtA* enzyme.
Consistent with our steady-state kinetic analyses, a temporal
analysis using identical conditions clearly shows that Cdgrea
(blue trace) produces more cross-linked product than

100 q
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Figure 5. Labeling activity of “ISrtA®™ and ©ISrtA®. Reactions
containing each enzyme were performed using identical conditions:
100 uM enzyme, 100 uM NSpaA, and either 1 or 4 mM LPLTG
peptide. “ISrtA® exhibits superior labeling activity at all measured
time points. The experiments were performed in triplicate.

Cd5rtA™ (red trace) (Figure 5) (100 uM enzyme, 100 uM
NSpaA and 1 mM LPLTG peptide at 25 °C). In particular,
when ©ISrtA® is used, ~90% of NSpaA is modified with
peptide within 12 h, a higher amount than is achieved with
C45rtA™ even after 24 h. Notably, even faster labeling can be
achieved using “ISrtA® by increasing the concentration of
LPLTG peptide in the reaction to 4 mM, which enables 90 +
2% of NSpaA to be modified within 6 h (Figure 5, green trace).
This is finding is compatible with the relatively high SKy (2 =
1 mM), which makes it challenging to saturate the enzyme
with sorting signal substrate (Table 1). As “SrtA*™ has
previously been shown to be capable of labeling NSpaA with a
peptide fluorophore, “ISrtA* can be expected to more active in
these labeling reactions as well.”” Similar comparisons were
performed at 37 °C instead of 25 °C. “ISrtA® becomes less
active at elevated temperatures because it is less thermostable
than “ISrtA®™., However, both the rate and yield of product
formed by “ISrtA® at 25 °C are superior to what “ISrtA™™
produces at 37 °C. Thus, CdSrtA2 should be used for labeling
reactions that are performed at room temperature.
Comparison with the Prototypical *SrtA Sortase.
S3SrtA is the best-studied member of the sortase superfamily

https://dx.doi.org/10.1021/acs.bioconjchem.0c00163
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and is routinely used to modify the N- and C-termini of
proteins.'>** ©4SrtA and S*SrtA catalyze mechanistically related
transpeptidation reactions, but differ in the type of nucleophile
that they use, ie., a lysine e-amine within NSpaA and the N-
terminal amine group within an oligoglycine peptide,
respectively. In order to directly compare their activities, an
established HPLC assay was used to measure the rate at which
S3SrtA joins the LPLTG peptide previously used in studies of
C4SrtA to its triglycine substrate (Gly,), a reaction that creates
a FELPTGGGG peptide product (Table 1).*”*" The steady-
state kinetic values measured from this analysis are generally
consistent with published values that used a much shorter
fluorogenic labeled peptide.”” Our direct comparison reveals
that SSrtA forms backbone peptide bonds ~40-times faster
than ©SrtA® creates lysine—isopeptide bonds (Table 1).
Interestingly, both enzymes exhibit generally similar Ky, values
for their substrates, with each exhibiting millimolar Ky; values
for the sorting signal substrate (CdSrtAA, 1.6 = 0.3 mM; SSrtA,
7.33 + 1.01 mM), and approximately ~10-fold lower Ky
values for their respective amine nucleophiles (“ISrtA%, 160 +
30 uM; $SrtA, 180 + 10 uM).”’ In addition, based on prior
studies by the McCafferty group and the studies presented
here (Figure 3), for both $SrtA and “ISrtA the first step of
catalysis is rate limiting—the formation of the thioacyl
intermediate (Scheme 1).*”*" It is unclear why this step is
so slow in both enzymes. However, it has been shown that
$3SrtA primarily exists in an inactive form in which only a small
fraction (ca. 0.06%) of enzyme contains catalytically capable
Cys184 thiolate and His120 imidazolium forms that are
capable of reacting with the sorting signal to form the thioacyl
intermediate.*”*""*> Whether the active site of “ISrtA also
primarily exists in a catalytically dormant state remains to be
determined. Startlingly, we found that ©ISrtA is quite
inefficient at proteolyzing the LPLTG substrate, which is in
stark contrast to previously reported studies of *SrtA that have
shown that it catalyzes this reaction with a k., of 0.28 + 0.02
s™! (Figure 3A).”” Presumably this difference originates from
distinct active site features that enable *SrtA to use water as a
nucleophile much more efficiently than “ISrtA (Scheme 1).
This idea is substantiated by our observation that the thioacyl
intermediate in the “SrtA reaction forms to an appreciable
extent in the absence of the nucleophile (Figure 3C). The
reduced proteolytic activity of “!SrtA is presumably advanta-
geous, limiting the release of partially assembled pili from the
bacterial cell surface. Similar to ©SrtA, under certain
conditions *SrtA can catalyze formation of a lysine isopeptide
bond.**™** A thorough study by Dasgupta and colleagues
demonstrated that $*SrtA can join the sorting signal and
lysine—containing peptides together via an isopeptide link-
age.44 However, the reaction was inefficient and exhibited poor
substrate specificity; even after 12 h, the ligation reaction was
incomplete and a range of distinct isopeptide-linked products
were generated. Moreover, during these reactions a significant
amount of the sorting signal was proteolyzed, suggesting that
iSrtA does not discriminate between lysine and water
nucleophiles. This is in contrast to “SrtA® and ©4SrtA™™,
which produce lysine isopeptide-linked products at high yields
with only limited proteolysis of the sorting signal substrate. A
current limitation of the ““SrtA-labeling system compared to
$38rtA is that it requires the target protein to be expressed as a
fusion to NSpaA to achieve maximum labeling. However,
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because NSpaA is a small protein its presence is unlikely to
affect the function of the target protein.

In conclusion, we have characterized the in vitro kinetics and
mechanism of lysine—isopeptide bond forming activity of
CdgrtA, and discovered “ISrtA® which is ~7-fold more active
than previously reported enzyme variants. This bioconjugation
activity is beginning to rival that of microbial transglutaminases
from Streptomyces mobaraensis, which can be used to join
biomolecules isopeptide linkages between glutamine and lysine
side chains.*® Although promising, these enzymes have not
gained wide usage in site-specific protein labeling, presumably
because of their penchant to catalyze spurious ligations.**™* In
contrast, “ISrtA exhibits a high level of specificity for its
substrates, ligating peptides containing a LPXTG sequence to a
specific lysine residue within the NSpaA domain. The
molecular basis of specificity for the K190 side chain remains
unknown, but presumably originates from protein—protein
interactions between the NSpaA and “SrtA-LPLT thioacyl
intermediate that function to properly position the nucleophile
for catalysis. It may also arise from NSpaA structural features
that provide an environment for K190 that lower its pK,. Our
mechanistic analysis also provides insight into the function of
the lid, which is widely conserved in sortase enzymes that
assemble pili. We show that in vitro its presence primarily
affects the rate of thioacyl intermediate formation, and that it
does not have a significant role in recognizing NSpaA or the X
residue within the LP(X)TG sorting signal. Further improve-
ments in “SrtA®-mediated labeling activity may also be
possible, as we estimate that current versions of the enzyme
catalyze in vitro transpeptidations ~10*—10° times more slowly
than the native enzyme when it is located on the cell surface. A
number of approaches could be used to improve the kinetics of
protein labeling, including discovering variants of “/SrtA* that
have superior thermostability and employing strategies that
increase the effective substrate concentration by either
immobilizing the reactants or fusing the enzyme to its
substrates.’’”** Finally, further improvements may also be
achieved by obtaining a greater understanding of the process of
substrate recognition and catalysis.

H METHODS

Protein Reagents. Purified “ISrtA®™ pilin sortase (resi-
dues N37—Q257 of SrtA from C. diphtheriae) and enzyme
variants were expressed and purified as described previously.*”
Briefly, proteins were expressed from a pE-SUMO (Life-
sensors) plasmid in E. coli BL21 (DE3) cells. The cells were
grown up in LB supplemented with 500 xg/mL of Kanamycin
at 37 °C until they reached an ODgqy, of ~0.6. The cells were
induced with 1 M IPTG and then left to express at 17 °C for 8
to 12 h. After, the cells were removed from the incubator and
pelleted at 8670g for 15 min. The pellets were then dissolved
in a buffer of 50 mM Tris-HCl, 300 mM NaCl, at a pH of 8.0
(lysis buffer). Subsequently, the cells were lysed using high-
pressure emulsification and then fractionated via centrifugation
at 22,720g for SO min. Afterward, the cell lysate was purified via
IMAC-Co** purification. Proteins were eluted from the resin
using a lysis buffer supplemented with 200 mM Imidazole. The
His,,-SUMO tags were removed via treatment by Hise,-Ulpl
protease at 1 mg/mL and subsequent purification by IMAC-
Co?*. Afterward, the protein was purified by size exclusion
chromatography via the AKTA Pure (GE) and with Superdex
75pg resin. Protein purity was confirmed by SDS-PAGE. pE-
SUMO expression plasmids encoding “SrtA® variants were
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created using standard molecular biology methods and
confirmed by nucleotide sequencing. NSpaA (residues E30 to
$195) and *SrtA (S. aureus Sortase A, residues Q60—K206)
were purified as described previously.”*** All purified enzymes
were stored at —20 °C in buffer A (50 mM Tris-HCI, 300 mM
NaCl, at a pH of 8.0) supplemented with 40% glycerol. The
FELPLTGGSG peptide (LPLTG peptide) used in the
transpeptidation and hydrolysis assays was synthesized by
Peptide 2.0.

Transpeptidation Assays. An HPLC-based assay was
developed to quantify the kinetics of “SrtA catalyzed lysine—
isopeptide bond formation. In this assay, the NSpaA protein
containing the reactive lysine is ligated to a FELPLTGGSG
peptide (LPLTG, where the underlined residues correspond to
the sorting signal) by the pilin sortase, followed by
quantification using a HPLC C4 column. Reactions were
performed in 100 yL volumes and contained 25 uM of pilin
sortase (either SrtA™ or ©4SrtA%), DTT (5 mM), either
constant or variable amounts of LPLTG peptide (1 mM or 0.5
to 4 mM), and either constant or variable amounts of NSpa.A
(500 uM, 62.5 to 500 uM). All components were dissolved in
buffer A. At these substrate concentrations, an estimated Ky
for NSpaA and LPLTG was determined. Reactions were
initiated by adding the pilin sortase from a 2 mM stock
solution, incubated for 3 h at 25 °C and then flash-frozen with
liquid N, and stored at —20 °C. The reactions were analyzed
using a Phenomenex C4 column (§ ym, 4.6 X 150 mm) and
with an initial dwell time of 3 min at 36% CH;CN/0.1% TFA
followed by a linear gradient from 36% to 46% CH;CN/0.1%
TFA for 10 min at 1 mL/min was applied. The column was
subsequently flushed with high concentrations of CH;CN/
0.1% at 1 mL/min. NSpaA containing peaks were detected at
215 nm and the amount of substrate converted to product was
calculated by integrating the area under the HPLC traces. The
identity of each peak in the HPLC chromatogram was
confirmed via MALDI-TOF MS. The activity of “ISrtA was
compared to *SrtA, which catalyzes a transpeptidation
reaction that forms a backbone—backbone peptide bond
between LPXTG and oligoglycine peptides. **SrtA trans-
peptidation activity was measured as described previously.*
These reactions were performed in an identical manner to the
C4SrtA reaction described above, except that they contained 25
UM SSrtA instead of “ISrtA and were supplemented with 10
mM calcium in Buffer A, and triglycine (Gly; peptide) (62.5
#M to 1 mM) instead of NSpaA. Reactions were quenched 15
min after mixing by adding an equal amount of 1 N
hydrochloric acid (HCI). The reaction products were
separated by HPLC using a Phenomenex C18 column (10
pm, 4.6 X 150 mm) and a linear gradient from 26% to 30%
CH,CN/0.1% TFA over 8 min (1 mL/min). All HPLC
experiments were performed on an Agilent 1100 HPLC. For
both the %SrtA and “ISrtA reactions kinetic parameters were
obtained by fitting the data with Sigmaplot 12.0.

Two types of transpeptidation assays were used to
investi%ate sorting signal specificity of the ©SrtA™ and
CISrtA” enzymes for the X residue within the LPXTG sorting
signal. A total of 20 peptides were tested in which the X
residues in the FELPXTGGSG was varied (Peptide 2.0).
Reactions were performed in buffer A with a total volume of 35
uL. The reactions contained: either “4SrtA*M or “4SrtA® (200
M), DTT (5 mM), NSpaA (200 uM), and one of the
FELPXTGGSG peptides (1 mM, Peptide 2.0). Trans-
peptidation reactions performed at 25 °C for 24 h, and then
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quenched by flash freezing in liquid N, and stored at —20 °C.
Five microliters of each reaction was diluted 4 times in SDS
loading buffer and separated using a 12% SDS-PAGE gel, then
visualized by Coomassie staining. The resulting bands were
analyzed with Image] with the zero hour time point used as a
control for activity.

Hydrolysis and Cysteine Oxidation Measurements,
The hydrolytic activity of *SrtA and ©ISrtA variants was
determined using an HPLC-based assay that monitors the
ability of each enzyme to cleave the LPLTG peptide between
the threonine and glycine residues. Reactions were performed
in buffer A supplemented with 10 mM calcium and contained a
total volume of 100 pL: sortase (SO uM), LPLTG (500 M),
and DTT (S mM). Reactions were incubated at 25 °C for 24 h,
and then quenched by adding an equal volume of 1 N HCL.
Reaction products were separated on a Waters C18 Column
(10 pm, 4.6 X 150 mm) using a linear gradient from 26% to
30% CH;CN/0.1% TFA over 8 min at 1 mL/min. The
reaction was monitored at 215 nm and the identity of each
peak in the HPLC chromatogram was confirmed via LC-MS.

The oxidation status of the active site cysteine by monitoring
susceptibility to iodoacetamide alkylation. ©ISrtA®™ and
C4SrtA* were purified and stored in buffer A. Enzymes were
then either treated to a final concentration of S mM of DTT or
a buffer control for 1 h before being frozen at —20 °C.
Subsequently, the proteins were defrosted and alkylated in 25
mM iodoacetamide and exchanged four times into 100 mM
ammonium bicarbonate buffer using Amicon 3 kDa centrifugal
filters.>* Trypsin digestion was performed overnight at 37 °C.
C18 Stage Tips were used for desalting prior to tandem mass
spectrometry. Peptides were separated and measured on an
EASY-Spray HPLC column (25 cm X 7S um ID packed with
PepMap RSLC C18, 2 um particles, Thermo Scientific) with
an online Easy-nLC 100 chromatography system to a Orbitrap
mass spectrometer (Q-Exactive Orbitrap, Thermo Scientific).
Precursor ions were selected using data-dependent acquisition
(top 10) and fragmented using collision induced dissociation
(CID) at a normalized collision energy of 27. Raw MS/MS
files were converted to mgf format (Thermo Proteome
Discoverer, Thermo Scientific ver. 1.4) and were searched
against a sequence database using MASCOT (Matrix Science).
Searches employed variable cysteine carbamidomethylation
and methionine oxidation. The precursor mass accuracy was
set to 10 ppm, while that for product ions was set to 0.02 da.
Once identified, the fully digested peptides’ intensities were
quantified from the area under the curves. Intensities of
carbamidomethylated peptides were normalized by dividing
against the summed intensity of the three most abundant
peptides identified.

Acyl-Intermediate Detection with LC-MS. LC-MS
reactions to compare acyl formation with and without the
presence of NSpaA were performed in buffer A and contained a
total volume of 100 uL: sortase (25 M), DTT (5 mM),
LPLTG (1 mM), and NSpaA (250 M) or buffer. All reactions
were incubated at 25 °C and 10 uL time points were removed
and frozen with liquid N, before being stored at —20 °C. An
experiment containing only the enzyme (no peptide added)
was performed to provide an external standard for the amount
of unmodified enzyme in the mass spectrum. Because the
CISHA-LPLT acyl intermediate cannot readily be separated
from unmodified “SrtA by chromatography, its amount in the
assay is estimated from the mass spectrometry data by
assuming that the acyl-intermediate and unmodified enzyme
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ionize to similar extents. Before being run on the LC-MS
system, samples were then diluted with 90 L of 200 mM L-
tryptophan (internal standard) and then measured on a Zorbax
300SB-C3 (3.5 ym, 3.0 X 150 mm) with an Agilent 6530 Q-
TOF and Agilent 1260 Infinity HPLC with a gradient of 30—
99% over 6 min at 0.8 mL/min. The data was analyzed with
Agilent MassHunter Qualitative Analysis. Note that, although
the sequence of NSpaA has been verified, the mass of NSpaA
and the acyl intermediate in the spectrum is 88 Da larger than
the mass predicted based on the primary sequence. The origin
of this difference is not known. The amount of enzyme and
acyl-intermediate was calculated by integrating the area under
the curve for each peak.
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4.1 Overview

Gram-positive bacteria assemble pili (fimbriae) on their surfaces to adhere to host
tissues and to promote polymicrobial interactions. These hair-like structures, although very thin
(1-5 nm), exhibit impressive tensile strengths because their protein components (pilins) are
covalently crosslinked together via lysine-isopeptide bonds by pilus-specific sortase enzymes.
While atomic structures of isolated pilins have been determined, how they are joined together by
sortases and how these inter-pilin crosslinks stabilize pilus structure is poorly understood. Using
a reconstituted pilus assembly system and hybrid structural biology methods, we elucidated the
solution structure and dynamics of the crosslinked interface that is repeated to build the
prototypical SpaA pilus from Corynebacterium diphtheriae. We show that sortase-catalyzed
introduction of a K190-T494 isopeptide bond between adjacent SpaA pilins causes them to form
a rigid interface in which the LPLTG sorting signal is inserted into a large binding groove.
Cellular and quantitative kinetic measurements of the crosslinking reaction shed light onto the
mechanism of pilus biogenesis. We propose that the pilus-specific sortase in C. diphtheriae
uses a latch mechanism to select K190 on SpaA for crosslinking in which the sorting signal is
partially transferred from the enzyme to a binding groove in SpaA in order to facilitate catalysis.
This process is facilitated by a conserved loop in SpaA, which after crosslinking forms a
stabilizing latch that covers the K190-T494 isopeptide bond. The pilus structure and sortase-
catalyzed assembly mechanism presented here are likely conserved in Gram-positive bacteria

that display pili.

This chapter is written as a manuscript to be published. Much of the work described here

is done in collaboration with Professor Hung Ton-That’s lab at UCLA School of Dentistry.
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4.2 Introduction

The cellular surface of many bacteria is elaborated with thin appendages called pili (also
called fimbriae) which have a range of roles including twitching motility, conjugation,
immunomodulation, biofilm formation and adherence'?. These long proteinaceous fibers are key
virulence factors that mediate initial host-pathogen interactions, which are subsequently
strengthened by more intimate contacts from shorter pili and cell-wall attached adhesins'"3. As
the infection progresses, pili also facilitate biofilm formation, protecting invading microbes from
host immune clearance and exogenous antibiotics'*814. Gram-positive bacteria display very thin
(1-5 nm)*® hair-like pili that nevertheless possess enormous tensile strength because their
protein components are crosslinked together by lysine isopeptide bonds. These crosslinked
fibers are displayed by a wide range of pathogenic and commensal Gram-positive bacteria, but

their structures and mechanism of assembly remain poorly understood?810-13,

Pili in Gram-positive bacteria are assembled by pilus-specific sortase enzymes that
crosslink the pilus subunits (called pilins) together via lysine-isopeptide bonds. Our current
understanding of this process has been significantly advanced by studies of the SpaA pilus in
Corynebacterium diphtheriae, a pathogen that causes pharyngeal diphtheria®'"'31®. The SpaA
pilus mediates adherence to the pharyngeal epithelium, and is formed from three types of pilins;
the pilus shaft is formed by SpaA and the tip and base are formed by SpaC and SpaB,
respectively'’. The C. diphtheriae pilus-specific sortase (“SrtA) assembles the pilus by
catalyzing a repetitive, irreversible transpeptidation reaction that covalently links the pilin
subunits together via an isopeptide bond. The shaft of the pilus is formed by ~100-250
crosslinked SpaA pilins'®. CdSrtA-catalyzed SpaA polymerization begins when SpaA pre-pilin
proteins containing a N-terminal signal peptide sequence are exported via the Sec pathway and
retained on the extracellular surface via a C-terminal cell wall sorting signal (CWSS). ©ISrtA

then crosslinks SpaA proteins together via a two-step process. First, an LPLTG sorting signal
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sequence within the CWSS is cleaved between Thr and Gly residues by the sortase, generating
a thioacyl linked ©“SrtA-SpaA intermediate in which the enzyme’s active site cysteine residue is
covalently linked to the carbonyl atom of the sorting signal threonine. In the second step, a
lysine e-amine group originating from another SpaA pilin attacks the thioacyl linkage in the
CdSrtA-SpaA intermediate, thereby joining distinct SpaA proteins together via a K190-T494
isopeptide bond (Fig. 1A). The reactive lysine in SpaA is housed within the N-terminal domain
and is part of a highly conserved WxxxVxVYPK sequence motif that is found in many pilin
proteins'’. The shaft of the pilus is constructed by repeating this two-step process and a similar
CdSrtA-catalyzed reaction is used to add the SpaC tip pilin to SpaA. Pilus assembly is completed
by incorporating the SpaB basal pilin, which promotes pilus-attachment to the cell wall using a
distinct housekeeping sortase ““SrtF®. Pilus biogenesis is thought to occur within “pilusosomes”
on the cell surface, at which pilin substrates and pilus-specific sortases co-localize to facilitate

rapid polymerization'®.

Despite their importance in bacterial physiology and pathogenesis, only structures of
isolated, non-crosslinked pilins have been determined at atomic-level resolution'®. This is
because it has been challenging to obtain homogenous crosslinked pili that are suitable for
biophysical analyses, and because Gram-positive pili are thin and flexible, making them difficult
to study using CryoEM and X-ray crystallography. Crystal structures of isolated pilins have
revealed that they contain IgG-like Cna-type domains and frequently one or more
spontaneously forming intra-domain isopeptide bonds that impart significant resistance to
mechanical forces'®2". Internal isopeptide bond linkages exist as either D- or E-type, and are
extremely stabilizing, allowing pilin domains to withstand the highest unfolding forces yet
reported for a globular protein?°. Atomic-level structures of sortase crosslinked pilins have yet to
be visualized, but a transmission electron microscopy study of the Streptococcus pneumoniae

RrgB pilus enabled the periodicity and polarity of individual subunits within the pilus fiber to be
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determined??. This work revealed that the subunits in the pilus are arranged in a head-to-tail
manner, enabling sortase-catalyzed isopeptide crosslinking between the lysine and LPxTG
motifs located at the N- and C-terminal ends of the pilin, respectively. In crystals, similar head-
to-tail packing arrangements are observed, but whether these lattice interactions are also

present in the intact pilus is not known.

In this study, we used a recently developed in vitro pilus assembly system and hybrid
structural-biology methods to gain insight into the structure and biogenesis mechanism of the
SpaA pilus from C. diphtheriae. We first determined the NMR structure of the N-terminal domain
of SpaA crosslinked to the sorting signal peptide and then used SAXS, NMR and
crystallographic data to model the structure of the isopeptide-linked SpaA-SpaA building block
that is repeated to construct the pilus shaft. We show that crosslinking is accompanied by a
large disordered-to-ordered structural change in the SpaA pilin, which forms an inter-pilin
interface that differs markedly from packing interactions observed in crystals of the isolated
SpaA. Quantitative measurements of kinetics of the sortase-catalyzed transpeptidation reaction
suggest that the enzyme uses a latch mechanism to select the appropriate lysine residue on

SpaA for inter-pilin crosslinking.
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4.3 Results

4.3.1 NMR structure of the crosslinked NSpaA-signal complex.

To learn how Gram-positive pili are stabilized by inter-pilin lysine-isopeptide bonds, we
examined how these crosslinks ligate SpaA pilins together to construct the shaft of the C.
diphtheriae SpaA pilus'®'®. The SpaA shaft pilin contains three autonomously folded domains,
N-terminal (NSpaA, residues 53-195), middle (MSpaA, residues 195-349) and C-terminal (°SpaA,
residues 350-500) domains?3. SpaA pilins are joined together via inter-pilin crosslink bonds that
connect the NSpaA and ®“SpaA domains; a lysine-isopeptide bond links the side chain g-amine
group of K190 within NSpaA to the carbonyl group of the T494 residue present in a LPLTG
sorting signal sequence that immediately follows “SpaA in the primary sequence (Fig. 1A).
Previously, we demonstrated that a mutationally activated ““SrtA enzyme covalently crosslinks
peptides containing the LPLTG sorting signal sequence to NSpaA, a process that mimics the
reaction that is repeated to build the shaft of the pilus?-25. We first employed this enzyme to
produce the NSpaA-signal complex, in which the K190 side chain in NSpaA is joined via an
isopeptide bond to the threonine residue in a sorting signal peptide (KNAGFELPLT peptide that
corresponds to residue K485 to T494 in “SpaA) (Fig. S1). Heteronuclear multidimensional NMR
spectroscopy was then used to determine the atomic structure of the complex using a total 2076
experimental restraints, including 66 intermolecular NOE distance restraints (Table S1, Fig.
83). The structure of the complex is well defined by the NMR data, as the backbone and heavy
atom coordinates of residues T3-Q192 and G488-T494 in the ensemble can be superimposed
to the average structure with a root mean square deviation (rmsd) of 0.47 £ 0.09 and 0.82 +

0.07 A, respectively (Fig. 1C).

NSpaA adopts a CnaB-type fold that binds the crosslinked sorting signal via a large
groove formed by residues within strands BF and BG (Fig. 1D). The bound signal contains a

characteristic kink at its single proline residue, causing it to form a L-shaped structure that
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spans from the K190 attachment site to a wedge-shaped opening between the FG loop and
helix a12-2%, The conserved LPLT residues in the sorting signal form nonpolar interactions with
a conserved surface on NSpaA and bury ~630 A? of solvent exposed surface area (Fig. 1B). A
detailed summary of these interactions is provided in Fig. $5. The C-terminal T494 residue in
the signal is joined via an isopeptide linkage to the sidechain of K190 located at the end of
strand G, and partially masked from the solvent by residues that connect strands A and B
(called the AB loop) (Fig. 1D). The AB loop extends over the P492-1.293-T494 portion of the
sorting signal, contacting the T494 methyl group via interactions with the side chains of Q69,
L76, and 179 (Fig. 1E). Interestingly, G73 in the AB loop is highly conserved amongst proteins
that contain the pilin motif (Fig. S4) and is located at the tip of the loop where the chain reverses
direction and is in close contact with the bound sorting signal. The positioning of the N-terminal
end of the structured portion of the signal is defined by intermolecular NOEs to the aromatic
sidechain of F489, which is nestled into a hydrophobic region positioned directly underneath the
first turn of a1. Signal residues N-terminal to F489 are disordered and exit the binding groove
via an opening between the FG loop and helix a1, which must therefore form the inter-pilin

interface in the shaft of the SpaA pilus.

4.3.2 Crosslinking triggers the closure of a stabilizing latch over the inter-pilin linkage.

A comparison of the structure of the NSpaA-signal complex with a previously determined
1.6-A crystal structure of unmodified SpaA protein reveals striking conformational differences
(Fig. 4.2D). While the apo- and complexed-forms of the NSpaA domain adopt generally similar
tertiary structures (their backbone coordinates can be superimposed with a RMSD of 2.3 A),
crosslinking causes a significant rearrangement in the AB loop, as well as more subtle changes
in the positioning of the EF loop and a1 helix. In the complex, the AB loop rests against the
body of the protein, encapsulating the K190-T494 isopeptide linkage, while in the structure of

the unmodified SpaA protein coordinates for residues Q69-179 in the AB loop are missing
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because they exhibit scant electron density?®. To determine if the AB loop undergoes a
disordered-to-ordered transition upon signal attachment by sortase, we assigned the backbone
chemical shifts of apo-NSpaA and acquired "H-"°N steady-state NOE relaxation data for apo-
NSpaA and the NSpaA -signal complex. Consistent with the NMR structure of the complex, the
largest differences in the backbone chemical shifts occur for residues that form the signal
binding groove and the AB loop (Fig. 4.2A, B). Interestingly, the "H-"°N steady-state NOE data
reveal that signal attachment significantly retards motions in the AB loop, as residues M63-G86
in apo-NSpaA exhibit small magnitude steady-state NOEs indicative of high mobility, whereas in
the NSpaA-LPLT complex they are rigid with values of ~0.8 (Fig. 4.2C). Covalent signal
attachment also quenches motions on the opposite side of the binding pocket, as similar, albeit
smaller trends are observed for residues in the FG loop that contacts the N-terminal end of the

sorting signal near the inter-pilin interface.

Limited proteolysis experiments of apo-NSpaA and the NSpaA-LPLT complex indicate
that the protein in the complex is ~42% more resistant to proteolytic degradation after 24 h (Fig.
S6A). The NSpaA-signal complex is also slightly more thermostable based on differential
scanning fluorimetry experiments (its A,G° increases by ~0.9 kJ) (Fig. S6B)?"-2%. Taken
together, these data indicate that the AB loop becomes ordered upon pilin crosslinking, forming

a latch structure that shields the isopeptide linkage and stabilizes NSpaA.

4.3.3 Solution structure of the inter-pilin SpaA-SpaA interface.

To gain insight into the structure and dynamics of the inter-pilin interface that is repeated
to build the SpaA pilus, we used the activated “4SrtA enzyme to generate a crosslinked SpaA-
NSpaA dimer (M.W. 31 kDa); in the dimer NSpaA is crosslinked via its K190 residue to the
sorting signal that resides in a 11 amino acid C-terminal tail that immediately follows the *SpaA
domain (Fig. 4.1A). NMR spectra were acquired using samples of the dimer in which either the

CSpaA or NSpaA domains were selectively labeled with nitrogen-15. A comparison with the

98



corresponding spectra of the isolated domains reveals that crosslinking causes substantial
chemical shift changes, suggesting that the domains pack against one another in the dimer
(Fig. S7A, B). This is substantiated by molecular correlation time (1c) measurements using NMR
>N relaxation data; as the 7. of the “SpaA-NSpaA dimer is 18.0 ns, much longer than expected if
the domains were simply connected by a flexible linker that enabled them to freely re-orient (the
T, values of the isolated NSpaA and ®SpaA domains are 8.7 and 9.5 ns, respectively) (Fig. S7D).
Small angle X-ray scattering (SAXS) data of the crosslinked dimer also indicate that it is
generally inflexible as evidenced by the distance distribution (Fig. S8A) and normalized Kratky
plots of the data (Fig. S8B). Thus, both NMR and SAXS analyses are in agreement and indicate

that the domains within the dimer are immobilized with respect to one another.

The solution structure of the crosslinked “SpaA-NSpaA dimer was determined using an
integrated approach that employed SAXS, NMR and crystallographic data. An initial model of
the ®°SpaA-NSpaA complex was constructed using the crystal and NMR structures of *SpaA
(PDB:3HR6) and NSpaA-LPLT (this work), respectively. SAXS data were then employed to
drive multi-state rigid-body modeling of the complex using the MultiFOXS approach?. To
account for potential domain-domain flexibility, 10,000 models were calculated and residues in
the C-terminal tail of “SpaA (K483-A488) that bridge the globular domain and the sorting signal
were allowed to move freely during the calculations (see Methods). A single state model of the
CSpaA-NSpaA dimer best fits the SAXS data, further indicating that the domains are arranged in
a defined orientation (Fig. S8C). In the structure, the FG loop in NSpaA is inserted between the
UV and PQ loops in ®SpaA, thereby positioning the sorting signal following ®SpaA within
NSpaA'’s peptide binding groove (Fig. 4.3A). The protein-protein interface buries 1,270 A2 of
solvent exposed surface area® and is further stabilized by interactions between the N-terminal
portion of helix a1 in NSpaA and UV loop in “SpaA. This packing arrangement explains why the

W181 residue within the WxxxVxVYPK motif is conserved, as its indole side chain appears to
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play a key structural role in stabilizing SpaA-SpaA interface by packing into a hydrophobic
surface formed by residues A450 and Y453 in °SpaA’s UV loop. Stabilizing electrostatic
interactions surround this nonpolar interface (Fig. 4.3B, top). On one side, the negatively
charged D179 side chain in NSpaA’s FG loop is packed against a cationic surface on “SpaA
formed by residues K485 (signal peptide) and R374 (PQ loop) (Fig. 4.3B, bottom left), while on
the other side, hydrophilic interactions occur between residues at the N-terminal end of a1 helix
in NSpaA (T99, T100 and Q101) and residues located in °SpaA’s UV loop (K483, K484, E454)
(Fig. 4.3B, bottom right). Notably, the SAXS-derived solution structure of the “°SpaA-NSpaA
dimer presented here differs markedly from the head-to-tail packing arrangement observed in
crystals of the isolated SpaA protein? and only the SAXS model is compatible with NMR data

(described in Fig. S9).

4.3.4 The sorting signal must be partially transferred to SpaA to initiate crosslinking.
Guided by the solution structures of the NSpaA-signal complex and the crosslinked
CSpaA-NSpaA dimer, we employed in vitro crosslinking and cellular assays to probe the
mechanism of pilus biogenesis. Initially, NSpaA proteins containing amino acid substitutions at
conserved sites within the SpaA-SpaA interface were tested for their ability to serve as
substrates for ““SrtA using an in vitro gel-based assay that monitors the covalent attachment of
a sorting signal peptide fluorophore to NSpaA (Fig. 4A)?*. Some of the largest defects in
transpeptidation activity occur when NSpaA residues that contact the LPLT sorting signal in the
NSpaA-signal complex are altered (L168D, V187D) or when the K190 nucleophile and residues

immediately adjacent to it are changed (H60A, Y188G and K190A).

Variants exhibiting significant defects in reactivity were further evaluated using a newly
developed HPLC-based assay that quantitatively measures the steady-state kinetics of
crosslinking? (Fig. 4B, S$10). In the HPLC-based assay, the sorting signal peptide is held in

excess, such that effects of NSpaA substitutions on the second step of transpeptidation are
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revealed, i.e. the rate at which the K190 lysine e-amine group in NSpaA attacks the thioacyl
linked ©SrtA-SpaA intermediate. The V187D and Y188G variants exhibit the largest defects in
transpeptidation and alter sidechains that are positioned immediately proximal to the K190
nucleophile (kca/Km values are less than 1% of wild-type protein) (Fig. 4B). Both substitutions
reduce catalytic turnover, suggesting that they are needed to properly form the active site used
to form the isopeptide bond. The HE0A variant also exhibits reduced catalytic turnover,
presumably because its imidazole ring stabilizes the positioning of the Y188 sidechain through
pi-stacking interactions. Interestingly, disrupting contacts between NSpaA and residues in the
sorting signal that are positioned distal to the site of isopeptide formation also reduce the rate of
transpeptidation by increasing the Ky (A170S, W181A). This suggests that when the thioacyl
CdSrtA-SpaA intermediate formed in the first step of catalysis encounters NSpaA, the sorting
signal bound to the ®“SrtA’s active site must move from the enzyme into the binding groove on

NSpaA to form a catalytically active complex that performs the final step of transpeptidation.

Bacteria expressing SpaA proteins containing single amino acid substitutions in the
sorting signal binding groove also show defects in pilus display. As shown in Fig. 4C,
immunoblotting analysis of protein samples collected from the culture medium (S) and cell wall
(W) fractions of corynebacterial cells expressing wild-type SpaA produced abundant SpaA
polymers detected in the cell wall fractions, with some polymers secreted into the extracellular
milieu. These protein polymers (P) have high molecular weights as they were not well separated
by SDS-PAGE electrophoresis. Strains expressing SpaA with HG0A, L168D, and W181A still
produced SpaA polymers, albeit less abundantly as compared to wild-type SpaA. Consistent
with the in vitro analysis, mutants V187D and Y188G exhibited a significant pilus assembly
defect, with reduced pilus polymerization and accumulation of SpaA precursors. To corroborate
the fractionation results, the same set of strains was analyzed by immuno-electron microscopy,

whereby cells were stained by SpaA antibodies, followed by staining with 12-nm gold particles
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conjugated to IgG. Consistent with the western blotting analysis and in vitro kinetic
measurements, severe effects are observed when V187D and Y 188G substitutions are
introduced near the site of K190 crosslinking. These variants are unable to assemble long and
abundant pili as compared to the wild-type SpaA (Fig. 4D, V187D and Y 188G panels) while less
severe effects are observed for the HG0A mutant strain that exhibited higher activity in vitro (Fig.
4D, compare SpaA and H60A panels). Finally, A170S and W181A mutants designed to alter
residues that contact the sorting signal but are positioned distal to the site of crosslinking also
produced fewer pili as compared to the wild-type SpaA. The L168D mutant assembled short pili
and the W181A mutant appeared to be fragile, with broken pili surrounding the cells (Fig. 4D,
L168D and W181A panels). Thus, both the in vitro and cellular data suggest that signal transfer
from the enzyme to the sorting signal pocket on SpaA is required for efficient catalysis, as
mutation of this surface impairs crosslinking. This explains previously reported findings that
CdSrtA can only crosslink sorting signals to K190 when it is housed in a structurally intact NSpaA

domain?*.
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4.4 Discussion

Using a recently developed in vitro assembly reaction?*2?° and integrative structural biology
methods, we determined the structure and dynamics of the lysine-isopeptide bond crosslinked
CSpaA-NSpaA interface that is repeated to build the shaft of the C. diphtheriae SpaA pilus (Fig.
1A). The structure of NSpaA covalently attached to the “SpaA sorting signal was first determined
by NMR, and then SAXS data of the SpaA-SpaA complex was used in conjunction with the crystal
structure of the ®SpaA domain to model the solution structure of the inter-pilin interface that is
formed by sortase crosslinking of the “SpaA and NSpaA domains. This work reveals that sortase
crosslinking immobilizes the pilin subunits, triggering the formation of an extensive inter-pilin
interface in which the sorting signal following ®SpaA is inserted into a non-polar groove on NSpaA
(Fig. 3A). Residues within the conserved WxxxVxVYPK pilin motif line the binding groove and
when altered slow transpeptidation in vitro and in cells (Fig. 4). Our results shed light onto the
structure and dynamics of the shaft of the SpaA pilus, which can be modeled using our structure
of the *SpaA-"SpaA complex and a previously reported structure of the intact SpaA protein (Fig.
3D)®. The shaft is formed by SpaA pilins that are arrayed in a head-to-tail manner with successive
sortase-installed inter-pilin isopeptide bonds positioned on opposite faces of the polymer and
each crosslinked SpaA-SpaA unit forming a “S” shape because of a ~140° kink at the “SpaA-
NSpaA junction. The SpaA pilus and other Gram-positive pili are presumably flexible, as they
appear as non-linear, hair-like structures in transmission electron micrographs (Fig. 4D)'02233,
This flexibility likely originates from intra-pilin motions that occur between the N-terminal and
middle domains, as crystal structures of isolated pilins have revealed a small interface between
the domains that allows them to adopt different positions with respect to one another®*-%. The
strongest evidence comes from studies of the GG-SpaD shaft pilin from Lactobacillus rhamnosus,
as its N-terminal domain adopts a range of bent conformations relative to the body of the protein.
Some flexibility in the SpaA pilus may also originate from motions at the inter-pilin *°SpaA-NSpaA

interface, as it is primarily formed by hydrophilic interactions between the proteins (Fig. 3B).

103



However, these motions are presumably modest, since the normalized Kratky plot of the SAXS
data for the ®SpaA-NSpaA complex reveals a clear bell-shaped curve at low g values with a
maximum peak height of 1.32 at a peak position of 2.29, which are only slightly larger than
expected for a rigid, compact structure (Fig. $S8)*'*2. When adorned with its SpaC tip pilin, the
SpaA pilus adheres C. diphtheriae to human pharyngeal cells, preventing disengagement of the
microbe by withstanding significant pulling forces caused by coughing, sneezing, mucociliary flow,
etc**#. Our model of the pilus explains how it can withstand these forces, as the sortase-installed
T494-K190 crosslink between adjacent SpaA pilins effectively bypasses the entirety of the NSpaA
domain (Figs. 1D, 3B). Thus, as originally predicted by single molecule pulling experiments, the
load bearing spine of the pilus only goes through the middle (MSpaA) and C-terminal (°SpaA)
domains, which contain spontaneously forming intra-pilin isopeptide linkages that can bear large

pulling forces of ~525 pN?21:23:4%,

To assemble pili, ““SrtA and other pilus-specific sortases select for crosslinking a single
lysine on the surface of their pilin substrates. As sortases are relatively small enzymes, how this
specificity is achieved has remained unclear. Our results suggest that selectivity is achieved using
a latching mechanism that relies upon tertiary structural features present in the SpaA protein.
Figure 5 shows a working model of lysine-isopeptide bond forming step catalyzed by “?SrtA that
adds a single SpaA protein to the shaft of the pilus. This reaction forms a K190-T494 lysine-
isopeptide bond between SpaA proteins, connecting the sorting signal (red) following the °SpaA
domain (green) to the K190 amine group in NSpaA (blue) (Fig. 5A). Presumably, two thioacyl
linked enzyme-substrate intermediates mediate this interaction and are tethered to the membrane
via their respective ““SrtA enzymes'®'®. The growing (SpaA), polymer is housed in a “ISrtA-
(SpaA). intermediate in which the carbonyl group in residue T494 of the C-terminal sorting signal
on the polymer is attached via a thioacyl bond to ©“SrtA’s active site cysteine. New SpaA proteins

enter the reaction as similarly bonded thioacyl enzyme-substrate intermediates (°SrtA-SpaA)
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after their sorting signals are nucleophically attacked by the enzyme’s active site cysteine residue
(not shown). A single protein is then added to the shaft when the reaction intermediates form a
ternary complex that enables the K190 nucleophile on “?SrtA-SpaA to resolve the thioacyl bond
in the ©4SrtA-(SpaA).. During this process the growing pilus is transferred from one enzyme to
another and is then poised to react with a new ©9SrtA-SpaA intermediate to continue the

polymerization reaction.

Our results suggest that the isopeptide-bond forming reaction occurs through a latch
mechanism in which selectivity for K190 is achieved by first requiring that the sorting signal be
transferred from the enzyme to NSpaA in order to initiate catalysis (Fig. 5B). The most
parsimonious orientation of the enzyme-substrate reactants in the ternary complex aligns the
sorting signal binding pockets on the enzyme and NSpaA, enabling a simple translation movement
to transfer the signal between the proteins. This orientation explains why the AB loop is flexible,
as it can readily be displaced outwards to allow K190 access to the enzyme’s active site.
Moreover, this arrangement positions ©“SrtA’s B7/B8 loop near K190, providing a rationale for why
many of its residues are highly conserved and important for catalysis?®. We surmise that within
the ternary complex the sorting signal must be partially transferred to the binding groove on NSpaA
in order to activate K190 for catalysis. This is because several NSpaA variants that alter contacts
to sorting signal residues but are positioned distal to the site of crosslinking slow transpeptidation
by increasing the enzyme’s Ky for NSpaA (Fig. 4B, W181A/A170S). Partial signal transfer would
act as a zipper, juxtaposing K190 and the “SrtA-(SpaA), thioacyl bond, potentially creating a
microenvironment that deprotonates the e-amine for nucleophilic attack on the thioacyl linkage.
This would seem essential, since in the isolated NSpaA protein the AB loop is dynamic (Fig. 2C)
and thus transiently exposes the side chain of K190 to solvent such that it presumably adopts a
protonated, non-nucleophilic state at physiological pH (its calculated pKa is ~10.1)*8_As the

isopeptide bond forms, our NMR data reveal that the AB latch closes, undergoing a disordered-
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to-ordered transition that shields the bond and stabilizes the protein. Latch closure may also help
drive the dissolution of the ternary complex, freeing the transferred polymer for another round of
catalysis. The latch mechanism is likely a conserved feature of sortase-catalyzed pilus biogenesis
reactions, as structures of shaft pilins solved in their apo-states also contain disordered AB
loops?0:23:36:4049-53 ~ Ag pili in Gram-positive bacteria are important virulence factors, the results
reported here could be useful in guiding the development of novel antibiotics that work by

inhibiting pilus assembly.
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4.5 Methods

4.5.1 Production of the NSpaA -LPLT complex and “SpaA-"SpaA dimer.

The amino-terminal domain of the SpaA protein from C. diphtheriae (NSpaA, residues E53-
S$195) was produced and purified as described previously?*25. The NSpaA-LPLT complex was
generated by enzymatic covalent ligation of synthetic peptide to ['*C,'®N] NSpaA using a
previously described activated variant of ©4SrtA2426 (CdSrtA3M, residues N37-Q257, containing
D81G/W83G/N85A mutations). Complete modification of NSpaA to its cognate sorting signal
peptide occurred after incubation of 100 uM ©4SrtA3M-Hiss, 100 uM NSpaA and 1 mM synthetic
peptide derived from the SpaA sorting signal motif (KNAGFELPLTGGSGRI) (Peptide2.0) in
modification buffer (50 mM Tris pH 8.0, 300 mM NaCl, 5 mM TCEP) for 24 h at room
temperature. Sortase and unreacted peptide was removed from the reaction by HisPure Co?*
purification and subsequent concentration by Amicon spin filters with a 10 kD MWCO and
complex formation was confirmed by MALDI-TOF MS as well as SDS-PAGE analysis. The
sample was exchanged into NMR buffer (50 mM NaH2PO4 pH 6.0, 100 mM NacCl, 8% D20,
0.01% NaN3) and diluted to a concentration of 1.2 mM for NMR studies. Subsequently, the
sample was lyophilized and re-dissolved into 100% deuterated NMR buffer for additional NMR
studies. The crosslinked ®SpaA-NSpaA dimer was prepared as described for the NSpaA-LPLT
complex, but employed 300 uM ©SpaA (SpaA, residues R350-1500) instead of peptide. The
dimer was purified from the reaction components using HisPure Co?* IMAC (Thermo Scientific)
and size exclusion chromatography (Superdex Increase 10/300 GL, GE Healthcare). For NMR
samples of the dimer, either NSpaA or “SpaA was uniformly labeled with nitrogen-15 and the

other component was expressed in natural abundance nitrogen-14 media.

4.5.2 Immuno-electron microscopy and cell-fractionation studies.
Cells of the C. diphtheriae AspaA mutant expressing wild-type SpaA or individual SpaA mutants

from a plasmid were grown on HIB agar plates. A full loop of cells were collected, suspended in,
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and washed with PBS buffer. A drop (7 uL) of bacterial suspension in PBS was placed on the
carbon-coated nickel grids for immunogold labelling as previously reported®®*. Cells were
stained with antibodies against SpaA (a-SpaA; 1:100 dilution), followed by IgG antibodies
conjugated to 12-nm colloid gold particles. Cells were then stained with 1% uranyl acetate prior

to analysis using a JEOL JEM1200 electron microscope.

For fractionation studies, cells were cultured in HIB media supplemented with 30 ng/mL
kanamycin and grown to mid log phase (ODes0o=0.5-0.6). Cells were normalized to ODeqo at 1
before harvest. The harvested cells were fractionated into medium (S) and cell-wall associated
(W) fractions as described previously’. The samples were separated by 3-14% gradient SDS-

PAGE and analyzed by immunoblotting with a-SpaA antibody.

4.5.3 NMR structural determination and relaxation measurements.

NMR spectra were collected at 298K on Bruker Avance Il HD 600-MHz and Avance NEO 800-
MHz spectrometers equipped with triple resonance probes. NMR data were processed with
NMRPipe®®, and analyzed using CARA% (version 1.8.4), XIPP® (version 1.19.6 p0), and
NMRFAM-Sparky®®. 'H, 3C, and N protein chemical shift were assigned using the following
experiments: ®°N-HSQC, *C-HSQC, HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO,
HBHA(CO)NH, HNHA, HNHB, CC(CO)NH, H(CCCO)NH, HCCH-COSY, HCCH-TOCSY and
SN-TOCSY. Chemical shifts of the unlabeled (natural abundance) sorting signal peptide were
assigned using: 2D (F1,F2) "*C-fitered NOESY and 2D (F1) 3C,"*N-filtered TOCSY

experiments®®,

Protein NOE distance restraints were acquired from "°N- and *C-edited NOESY spectra (120 ms
mixing time), and intermolecular restraints were obtained from 3D (F1) '3C, N -filtered (F2) 3C
-edited NOESY-HSQC and (F1) 3C, 15 N-filtered (F2) '5N-edited NOESY-HSQC, and 2D (F1)

3C -filtered NOESY spectra. w and ¢ dihedral restraints were obtained from secondary *C
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chemical shifts as calculated by TALOS-N® and 3June measurements from the HNHA spectrum.
Additional @ angle restraints were obtained from analysis of '°N-edited NOESY spectrum.
Rotamer assignments and xi angle restraints for B-methylene protons were obtained through

analysis of ®N-TOCSY, HNHB, HN(CO)HB and N -ROESY spectra.

Structures were determined using the program XPLOR-NIH®"2_ |nitially, NOE cross peaks in the
3D N -edited NOESY-HSQC and ™C -edited NOESY-HSQC spectra were assigned
automatically using the program UNIO’10%3%4, The NOESY data were then manually inspected
using he program Xipp®’ to verify all cross peak assignments and to identify additional distance
restraints. An iterative procedure was used to refine the structure of the protein-peptide complex.
In the final round of calculations, 200 structures were generated, which yielded a total of 110 with
no NOE, dihedral angle, or scalar coupling violations greater than 0.5 A, 5°, or 2 Hz, respectively.
The structures were sorted based on lowest overall energy and the top 40 were selected as the
ensemble to represent the structure of \SpaA-LPLT and have been deposited in the Protein Data

Bank. The programs MOL-MOL® and PyMOL®¢ were used to generate figures.

The N relaxation data were collected using 1 mM "N, *C-labeled samples of the apo- and
NSpaA-signal complex dissolved in H2O on a Bruker Avance 600-MHz NMR spectrometer
equipped with a triple resonance cryogenic probe. Data were analyzed using SPARKY®® and
included: N longitudinal relaxation rates (R1), transverse relaxation rates (Rz), and {'H}-"°N
heteronuclear NOEs. Quantifiable relaxation data could be measured for all parameters for 84
and 97 of 143 backbone amides for the apo- and NSpaA-signal complexes, respectively. For
inclusion in the calculations data from each residue must meet the following criteria: isolated 'H-
SN cross peaks and {'H}-'*N NOE values of >0.6. For backbone R+ (**N) and Rz ("°N)
measurements at 600 MHz, the same relaxation delays were used for both apo- and NSpaA-
signal complex samples. R1(**N) measurements used delays of 7= 1500, 1000, 500, 300 (x2),

100, and 50 ms. R2("°N) measurements used delays of 17 (x2), 34, 51, 68, 85, 119 (x2), 153,
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and 170 ms. To calculate expected rotational correlation times based on molecular weight, the
following relationship between hydrodynamic radius and protein molecular weight was

employed:

3| 3M
4mtpN,

~
=

+r,

Where M= molecular weight of the protein, p = the average density for proteins (1.37 g/cm?3),

N.= Avogadro’s number and r,= hydration radius (1.6-3.2 A)®’.

After calculating the hydrodynamic radius of the protein of interest, and assuming a spherical
approximation, the Stokes’ law equation was used to calculation an expected rotational
correlation time:

_ 4mr®
e = T3kt

Where n= the viscosity of the solvent, r = hydrodynamic radius (calculated above), k =
Boltzmann constant, and T = acquisition temperature. Experimental values of 1. for the complex

and isolated domains were estimated using the ratio of T4+ and T2 NMR relaxation rates®®.

4.5.4 Differential scanning fluorimetry (DSF) and protease sensitivity measurements.

The melting temperature and thermodynamic parameters were extracted from DSF data by a
method described previously®. Briefly, NSpaA proteins were diluted to 50 uM in assay buffer (50
mM Tris pH 8.0, 300 mM NaCl), supplemented with 15X SYPRO Orange (Sigma) at a total
volume of 20 pL. Thermal denaturation reactions were run on a CFX Connect gPCR system
(BioRad). A heating rate of 0.2°C/min was employed from 4 to 95 °C and fluorescence
measurements (excitation at 525 + 10 nm, detection at 570 £ 10 nm) were acquired after each

0.5° step increase. The melting temperature for each protein was determined by the First
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Derivative method, after averaging the three replicate measurements. The T, is defined as the
midpoint of the transition from folded to unfolded and is identified spectroscopically as the
temperature where the rate of fluorescence increases with respect to temperature is greatest.
The T was then used to calculate the equilibrium constant of unfolding, as previously

described®.

For the limited proteolysis experiments, either NSpaA or the NSpaA-signal complex was
dissolved in assay buffer (50 mM Tris pH 8.0, 300 mM NaCl) at a concentration of 20 uM in a
volume of 100 uL. Trypsin protease stock solutions were created as described by the
manufacturer (Sigma). 0-200 ng of trypsin protease was added to the reactions and incubated
at 37°C. Samples from each reaction were taken after 6 and 24 hours, separated by SDS-

PAGE, and analyzed by densitometry.

4.5.5 Quantitative transpeptidation measurements.

The gel-based fluorescence assays were performed at room temperature as previously
described?*%. All reactions included 25 uM ©4SrtA2, 250 uM fluorescent sorting signal peptide
(FITC-KNAGFELPLTGGSGRI), and 25 uM wild-type or variant NSpaA. Time points were taken
after 24 h and the resultant reaction mixture was separated by SDS-PAGE. The protein gels
then washed in ddH-O and fluorescence data was acquired with a Pharos FX gel imager
(BioRad). Fluorescein isothiocyanate (FITC) was detected by excitation with a 488 nm laser line
and detection with a 515-545 nm emission filter. The same gel was then stained with

Coomassie to visualize the total protein content of each lane.

Quantification of the kinetic parameters of transpeptidation was carried out by separation of the
reaction components by reverse phase high performance liquid chromatography (RP-HPLC) at
various time points and substrate concentrations. Each reaction was incubated at room

temperature and proteins were dissolved in assay buffer (50 mM Tris pH 8.0, 300 mM NaCl),
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containing 50 uM ©?SrtA A78-87, 1 mM sorting signal peptide (FELPLTGGSG), 5 mM DTT and
50-300 uM wild-type or mutant NSpaA. Different variants were incubated either 3.5 h (wild-type,
L62D, ABA15, A170S) or 16 h (H60A, W181A, V187D, Y188G) depending on reactivity. The
reactions were stopped by flash freezing in liquid nitrogen after incubation. Each reaction
condition was run in duplicate. 25 pL of each reaction was injected onto a Water Symmetry 300
C4 HPLC column (4.6x150 mm, 5 um particle size). Proteins were eluted by applying a gradient
from 35 to 46% acetonitrile (with 0.1% trifluoroacetic acid) over 12 minutes at a flow rate of 1
ml/min. Elution of proteins was monitored by absorbance at 215 nm. Peak height of each elution
in the HPLC trace was measured by integration of peak areas using Graphical Analysis
(Vernier). Data was plotted as Lineweaver-Burke in order to calculate kinetic parameters for

each NSpaA variant.

4.5.6 Small-angle X-ray scattering (SAXS) analysis.

Scattering data were generated at the SIBYLS beamline (Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory)®. Purified *SpaA-NSpaA complex (10 mg/mL) was
dissolved in size exclusion chromatography (SEC) buffer (50 mM NaH;PO., pH 6.5, 100 mM
NaCl, 0.01% NaNs) and applied to a Shodex KW-802.5 SEC column for SEC-SAXS. Scattering
of the buffer without protein was obtained using SAXS data from the SEC run where no protein
was eluted, and was subtracted from the merged data of frames corresponding to the elution of
the complex. Radius of gyration (Rg) and maximal particle dimension (Dmax) were calculated by
Guiner analysis (BioXTAS RAW™) and GNOM (ATSAS software package), respectively.
Calculated from the Guinier approximation, the radius of gyration (Ry) and forward scattering
intensity (I(0)) were determined to be 25.1 A and 51.0 A, respectively. From the distance
distribution function, the Dmax and Porod volume were calculated to be 8.7 nm and 3.72x10* A3,
respectively. The rod-like conformation of the dimer can be inferred from these low resolution

structural parameters, as a spherical with 287 residues would be expected to have a Rg and Dmax
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of 19.8 A and 5.1 nm, respectively (Ry ~ 33n and D,y = 2.6Rg)41. Inspection of the normalized

Kratky plot of the SAXS data reveals a clear bell-shaped curve at low g values with a maximum
peak height at 1.32 at a peak position of 2.29, which indicates a small contribution from disordered
regions of the complex (idealized peak height and position are 3/e ~ 1.1 and gR; = V3 =~ 1.73,
respectively)*'“2. The program GASBOR’! was used to calculate low resolution ab initio models
in which each residue of the protein is represented as dummy residues (DRs), starting from a
random distribution inside a search box with long axis of diameter Dmax, followed by a simulated

annealing protocol to condense the DR distribution to fit the experimental scattering data.

For rigid body modeling, we began by generating the “SpaA-NSpaA isopeptide dimer starting
structure by merging the crystal and NMR coordinates of *SpaA (PDB:3HR6) and NSpaA-LPLT
(this work), respectively, into a single coordinate file using PyMOL®®. The coordinates were
energy minimized in GROMACS'? to remove steric clashes or inappropriate geometries. Based
on the lack of electron density in the crystal structure in positions C-terminal to K484, and lack
of defined peptide orientation in our NMR complex N-terminal to F489, the positions in the
sorting signal from K483-A488 were defined as flexible residues and generated 10,000
conformations which explored the conformational space available through rotation of those
backbone dihedrals using a Rapidly exploring Random Tree (RRT) search algorithm in the
Integrative Modeling Platform (IMP) software package’. A SAXS profile was then generated for
each model using the FOXS method and the best scoring multistate models were enumerated.
The MultiFOXS algorithm predicted two single state models, one with a significantly better fit to
the experimental SAXS data (x?=0.89, 1.24). For subsequent analysis, we chose the model with
the superior x2value. No multi-state models were predicted, ruling out the possibility that the

complex consists of an ensemble of conformations in solution.

113



4.6 Figures and Table

Figure 4.1 — An isopeptide bond between a C-terminal cell wall sorting signal peptide and
reactive lysine in the N-terminal domain of pilin protomers forms the linkage SpaA
molecules. A) Schematic of pilus polymerization with full length SpaA molecules. An expanded
view of the two portions of the crosslinked SpaA polymer investigated in this study, “SpaA-
NSpaA complex and NSpaA-signal, are boxed in grey dashed lines and solid black lines,
respectively. B) The SpaA-signal peptide complex is represented in surface representation with
relative conservation of each residue indicated by a color gradient ranging from highly variable
positions (blue) to highly conserved residues (yellow). The peptide (magenta sticks) is docked
into a highly conserved, nonpolar binding groove on SpaA. C) A bundle of the 40 lowest energy
structures of the SpaA-peptide complex are displayed. The backbone of the NTD domain is
represented by blue ribbons. The five C-terminal residues of the sorting signal peptide are
depicted as red sticks and Lys190 is shown as green sticks. D) Secondary structural elements
of the NMR structure are highlighted in the energy minimized average NMR complex structure.
E) An expanded view of the peptide binding interface shows how the peptide is bound in the
cleft of NSpaA. Residues on SpaA exhibiting intermolecular NOEs to the peptide are shown as
sticks. The AB loop is colored purple and slightly transparent. Interacting residues in the core of

the domain and within the AB loop are colored yellow and pink, respectively.
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Table 4.1 — Structural statistics of the solution structure of NSpaA-signal complex.

(SA)? (s4)
Root mean square deviations
NOE interproton distance restraints (A)®
All (2070) 0.027 + 0.002 0.040
Intermolecular (66) 0.017 £ 0.006 0.019
Dihedral angles restraints (°)¢ (314) 0.528 + 0.058 0.752
3Juna coupling constants (Hz) (91) 0.534 + 0.031 0.762
Secondary '3C shifts (p.p.m.)
3Ca (125) 1.067 £ 0.184 1.041
13Cp (125) 1.414 £ 0.185 1.374
Deviation from idealized covalent geometry
bonds (A) 0.011 + 0.00002 0.004
angles (°) 0.673 + 0.006 0.530
impropers (°) 0.312 + 0.009 0.517
PROCHECK results (%) @
most favorable region 778+14 81.1
additionally allowed region 20.7+1.5 18.0
generously allowed region 1.5+0.5 0.9
disallowed region 0.0+ 0.0 0.0
Coordinate Precision (A) ®
Protein backbone 0.47 £0.09
Protein heavy atoms 0.82 + 0.07

2 (SA)? represents an ensemble of the 40 best structures calculated by simulated annealing. ( S4

¥ represents the avera'%e enerfgkl-minimized structure. The number of terms for each resfraint is

given in parentheses. None of the structures exhibited distance violations greater than 0.5 A,
ihedral angle violations greater than 5°, coupling constant violations greater than 2 Hz

®  Distance restraints: 570 sequential, 233 medium (2 < residue separation < 4) and 795 long
range (>4 residues apart)

¢ '{he ?xperimental dihedral angle restraints were as follows: 133 ¢, 135 v, and 46 1 angular
restraints

¢ PROCHECK-NMR' data includes residues 52-195 of NSpaA and residues 488-494 of the signal
peptide. For the structured regions of the protein and peptide, 98 + 1 % of the residues were in
the favored or allowed regions of the Ramachandran plot

¢ The coordinate precision is defined as the average atomic root mean square deviation (rmsd)

of the 40 individual SA structures and their mean coordinates. These values are for residues

%4-192docf NStpaA and residues 488-494 in the signal peptide. Backbone atoms refers to the N,
* and C” atoms
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Figure 4.2 — The AB loop undergoes a disordered-to-ordered transition during following
crosslinking. A) 'H-""N HSQC correlation spectra of apo-NSpaA (green) and NSpaA-signal
complex (blue) are overlaid. The positions of residues with differences larger than 0.5 ppm in
composite chemical shift are indicated on the plot. B) Chemical shift perturbations for each
residue are plotted with respect to primary sequence. CSPs are binned into >0.75 ppm, 0.75-0.5
ppm, 0.5-0.25 ppm, and 0.1-0.25 ppm (indicated by red dotted lines of increasing transparency).
C) Heteronuclear NOE data is graphed as a function of primary sequence for apo-SpaA (green)
and SpaA-signal (blue). D) A surface rendering of the complex, with the AB loop (purple), FG
loop and a1 helix (blue) highlighted with cartoon representations and the signal peptide shown
as magenta sticks. The apo-NSpaA structure is aligned to the NMR complex and the
corresponding secondary elements are shown in green to highlight conformational shifts. The

backbone coordinates can be superimposed with a RMSD of 2.3 A.
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Figure 4.3 — SAXS structure of the SpaA-SpaA junction. A) The best fit single-conformation
rigid body model from the MultiFOXS calculation (°SpaA - green, NSpaA- blue). B) Details of the
interface formed by the solution structure of the “SpaA-NSpaA complex. In the top panel, the
two domains and the interacting loops are shown as surface and cartoon representations,
respectively. The two bottom panels depict expanded views of two interaction faces with “SpaA
mediated by the FG loop and a1 helix of NSpaA. C) GASBOR ab initio model from solution
scattering, shown as grey spheres. The rigid body model calculated by MultiFOXS is aligned
with the GASBOR model and depicted in ribbon representation. Bottom and right shapes are
the same GASBOR models rotated counterclockwise by 90 degrees around y-axis. D) Model of
a dimer of full length SpaA molecules comprising the pilus shaft. Coordinates from the crystal
structure of full length SpaA molecules (PDB: 3HR6) were arranged in head-to-tail
arrangements according to the interface determined by the MultiFOXS model of the “SpaA-

NSpaA structure (color gradient blue to green from N-term to C-term).
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Figure 4.4 — In vitro and in vivo validation of key residues on the SpaA acceptor domain.
A) Gel fluorescence assay to rapidly screen a library of NSpaA variants. The top panel shows an
SDS-PAGE gel visualized by FITC fluorescence, indicating the presence of ““SrtA (top band) or
NSpaA (bottom band) conjugated to fluorescent peptide. The bottom panel shows the same
SDS-PAGE gel visualized by Coomassie staining, in order to visualize the total protein
composition of each lane. Peptide-labeled NSpaA variants typically have slightly lower
electrophoretic mobility than the corresponding apo-NSpaA variant. B) Bar graph comparing the
catalytic efficiency (keat/ Km) of each mutant to the corresponding kinetic parameters of wild-type
NSpaA. C) Cells of the C. diphtheriae AspaA mutant expressing wild-type SpaA or individual
SpaA mutants from a plasmid were grown to mid-log phase and subjected to cell fractionation.
Protein samples collected from the culture medium (S) and cell wall (W) fractions were analyzed
by immunoblotting with specific antibodies against SpaA (a-SpaA). Molecular mass markers in
kDa and SpaA polymers (P) and monomer (arrow) are indicated. D) Cells of strains used in (C)
were immobilized on carbon-coated nickel grids, stained with a-SpaA, followed by IgG-
conjugated 12-nm gold particles and 1% uranyl acetate prior to electron microscopy; scale bars

of 0.5 um.
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Figure 4.5 — The revised mechanism of pilus biogenesis. A) The general mechanism of
sortase-mediated pilin ligation is illustrated. “SrtA has characteristic N-terminal “lid” appendage
(blue) which occludes the catalytic cysteine residue, which must be opened to allow substrate
entry to the active site, which allows for the formation of an enzyme-SpaA acyl intermediate. To
build the SpaA pilus, two sortase-pilin acyl intermediates interact. The ©“SrtA-(SpaA), species is
tethered to the elongating pilus fiber and forms a transient ternary complex with ©“SrtA-SpaA
(an acyl intermediate tethered to a single SpaA protomer). The reaction results in the transfer of
the elongating pilus from the first to the second species via a new isopeptide linkage to the
newly incorporated SpaA protomer. B) Molecular details of pilus biogenesis that occur during
the above generalized reaction are depicted. The acyl reaction intermediate encounters another
SpaA molecule on the cell surface and the molecules are arranged such that the peptide
docking sites and reactive cysteine and lysine of ““SrtA and SpaA, respectively, are juxtaposed.
This ternary complex in which both SpaA substrates are bound to the pilin polymerase is called
the attack complex. The sorting signal peptide (red) is bound in the ©“SrtA binding pocket (dark
grey). Prior to transpeptidation, the signal peptide is partially transferred to the binding groove of
the SpaA acceptor substrate. After the signal peptide binds efficiently to SpaA, the pilin lysine
(K190, green) nucleophilically attacks the acyl linkage, resolving the intermediate and resulting
in a SpaA-SpaA isopeptide linkage. The orientation of the molecules suggests that the AB loop
of the SpaA acceptor (purple) may engage in loop-loop interactions with the B7/88 loop of ““SrtA
(grey). Following transpeptidation, the previously disordered AB loop collapses into a rigid latch-
like conformation over the isopeptide linkage which provides additional stability to the linkage

unit.
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5.1 Overview

Spatial arrangements of proteins can influence their functions and potentiate synergistic
interactions. Cellulolytic degradation of biomass is an excellent example of an enzymatic
pathway that is enhanced by colocalization of related enzymes through substrate channeling. In
natural systems, these enzymes are often displayed together on a large protein array which is
tethered to the bacterial surface to enable synergistic lignocellulose degradation. Recent
advances in designed protein cages enabled us to reconstitute this higher order spatial
arrangement in a controllable manner. Chapter 5 describes a collaborative effort with Dr. Todd
Yeates’ lab (UCLA) to design a platform for displaying multiple enzymes on protein cages which
yield highly efficient cellulose degrading machines. My contributions to this study included
sortase-mediated bioconjugation of cellulolytic enzymes to the engineered cage scaffolds,
quantification of cellulase modification, and measurement of cellulolytic activity of the resultant

cellulolytic nanoparticles.

This chapter is reprinted with permission from a peer-reviewed article “Designed Protein
Cages as Scaffolds for Building Multienzyme Materials.” McConnell, S.A., Cannon, KA.,
Morgan, C., McAllister, R., Amer, B.R., Clubb, R.T. and Yeates, T.O. ACS Synth. Biol. 9 381-

391 (2020). Copyright 2020 American Chemical Society.
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ABSTRACT: The functions of enzymes can be strongly affected by their
higher-order spatial arrangements. In this study we combine multiple new
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ments between proteins—as a novel platform for organizing multiple
enzymes (of one or more types) in specified configurations. As a scaffold
we employ a previously characterized 24-subunit designed protein cage
whose termini are outwardly exposed for attachment. As a first-use case, we
test the attachment of two cellulase enzymes known to act synergistically in
cellulose degradation. We show that, after endowing the termini of the cage
subunits with a short “sort-tag” sequence (LPXTG) and the opposing
termini of the cellulase enzymes with a short polyglycine sequence tag,
addition of sortase covalently attaches the enzymes to the cage with good
reactivity and high copy number. The doubly modified cages show
enhanced activity in a cellulose degradation assay compared to enzymes in
solution, and compared to a combination of singly modified cages. These new engineering strategies could be broadly useful in the
development of enzymatic material and synthetic biology applications.
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dvances in protein engineering have created specifically

designed nanocages that self-assemble into precise
architectures.' ™ The construction of symmetric nanocages
from multiple copies of one (or a few) distinct protein subunits
endows them with unique shapes, large sizes, a high degree of
structural regularity, and polyvalency, among other features.
Current efforts are focusing on developing these designer
assemblies into useful materials.'”"" Recently emerging
applications include the creation of nanocages to encapsulate
nucleic acids in their interior,"*"* or to display specific protein
components on their exterior. Developments of the latter type
include the display of viral antigens to increase neutralizing
antibody responses to infections,'* antifreeze enzymes to
increase ice-binding capacity,15 and small proteins for structure
determination by cryoelectron microscopy.'!”

In principle, designer protein nanocages could be ideal
platforms for displaying enzymes with precisely defined spatial
relationships. These structures could effectively mimic
naturally occurring enzyme complexes that increase the
efficiency of multistep reactions by channeling intermediates
between sequentially acting enzymes. The utility of channeling
substrates between sequentially acting enzyme sites has been
exploited in diverse natural systems, from single molecule
enzymes such as tryptophan synthase,'® to giant compartmen-
talized metabolic complexes.”” ™' Such natural systems have

© 2020 American Chemical Society
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motivated numerous synthetic biology efforts to improve
enzyme performance and pathway flux by colocalizing enzymes
in specific arrangements. Theoretical and computational
studies have examined the structural and geometric regimes
where channeling advantages might be significant,””™>* and
diverse combinations of enzymes and scaffolding frameworks
have been explored for increasing pathway flux*> ™7 (reviewed
by Whitaker and Dueber,®® as well as Quin et al’).
Notwithstanding recent studies employing very large natural
protein cages (ie., bacterial microcompartments and encapsu-
lins) to enclose multiple’ or single enzymes or other
proteins,‘w'm_43 to the best of our knowledge, the exceptional
spatial control afforded by designed (non-natural) nanocages
has yet to be harnessed for such applications. We begin to
explore those possibilities here.

Lignocellulosic plant biomass is a highly abundant and
attractive renewable feedstock for producing biofuels and
chemicals. However, its recalcitrance to hydrolysis limits its
cost-effective usage on an industrial scale. A common approach
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Figure 1. Assembly architecture of the T33-21-sort-tag cage design. (A) The self-assembling T33-21-SR protein nanocage consists of 4 copies of
each of two trimeric protein components, T33-21A (blue) and T33-21B (green). The A and B components are engineered to include a C-terminal
sort-tag (red) or His tag, respectively. (B) Schematic diagram for attaching cellulase enzymes to the nanocage. (Top) A linear sequence diagram of
the reaction catalyzed by sortase to add a cellulase enzyme to the B subunit of the designed cage. (Bottom) A structural depiction of the assembly
produced. The recombinant cellulase enzymes are in shades of purple. The nucleophilic pentaglycine is pink. The peptide epitope for immune-

detection is yellow.

to degrade lignocellulose into its component sugars is to
employ a consortium of synergistically functioning cellulase
enzymes that have distinct substrate specificities. Lignocellu-
lose is comprised of varying amounts of cellulose (25—55%),
hemicellulose (8—30%), and lignin (18—35%).** Cellulose is a
polymer of f3-1,4-linked glucose molecules that can hydrogen-
bond with other cellulose polymers to form both amorphous
and crystalline regions. It is synergistically degraded by three
types of cellulases: endoglucanases, exoglucanases, and p-
glucosidases.45 Endoglucanases attack within a cellulose strand
to hydrolyze the p-1,4-glucosidic bonds, producing new
reducing and nonreducing ends that can be further broken
down by exoglucanases. The shorter cellodextrin chains that
are produced by these enzymes, including the disaccharide
cellobiose, are then degraded into glucose monomers by f-
glucosidases.*** Hemicellulose is a sugar polymer that is
composed of a number of different types of pentose and hexose
sugars.”” As compared to cellulose, it is more readily degraded
by a range of enzymes, including among others: xylanases,
arabinases, and mannases.***’ Finally, lignin, which surrounds
and blocks enzyme access to cellulose and hemicellulose, is a
complex polymer containing a mixture of ghenolic compounds
linked through radical coupling reactions.” A large number of
enzymes are needed to degrade it, including peroxidases and
laccases.***47%*

Clostridium thermocellum and other species of anaerobic
bacteria efficiently degrade lignocellulose using cellulosomes,
large surface displayed protein com7p1exes that house cellulases
with complementary activities.”* >’ Clustering different types
of cellulases within these structures promotes enzyme synergy,
where the cellulolytic activities of the complexed enzymes are
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greater than that of individual enzymes due to their
complementary activities and optimal enzyme spacing.**~*
The presence of both hemicellulases and cellulases within the
cellulosome also enables hemicellulose and cellulose fibers to
be removed simultaneously, thereby overcoming potential
physical hindrances. The benefits of the C. thermocellum
cellulosomal system have been quantified: its specific activity
against crystalline cellulose is 15-fold higher than the secreted
enzyme system from T. reesei.’’ Moreover, placement of the
cellulosome on the microbial surface increases the rate of
hydrolysis by promoting cellulose-enzyme-microbe synergy. In
this process, sugar uptake by the microbe presumably becomes
more efficient by promoting import of the products into cells
and by removing potential enzyme feedback inhibitors such as
glucose and cellobiose from the environment.®*®> The
complex interplay of natural cellulases (e.g,, in the cellulosome)
makes this system an attractive target for enzymatic engineer-
ing.

In this study, we sought to develop a modular platform to
produce designer nanocages that display multiple enzymes in
high copy number on their exterior. Diverse methods have
been employed for attaching enzymes or other types of
proteins to scaffolds. These include noncovalent methods
based on protein or nucleic acid recognition motifs; 2725343537
covalent connections by direct genetic fusion (ie., linear
extension of two sequences) ;4477 and covalent connections of
other types and origins, including isopeptide bonds. In the
latter category, the SpyTag/ SE!Catcher system and its variants
have been widely exploited. /64=67 Ror modifying designed
protein cages, previous modification methods have attached
proteins via noncovalent interactions or by expressing

https:/dx.doi.org/10.1021/acssynbio.9b00407
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externally displayed proteins as genetic fusions with a cage
subunit. Here we develop a unique approach that harnesses the
sequence specificity and robust ligation activity of the S. aureus
sortase A (SrtA) enzyme, a widely used cysteine trans-
peptidase. We show that the surface of a designer nanocage can
be elaborated with multiple cellulase enzymes using a sortase
enzyme as the linking catalyst. Nanocage labeling is efficient,
yielding cellulolytic protein nanoparticles whose component
enzymes function synergistically. This system enables practi-
cally any protein or peptide-containing molecule with an
exposed terminus to be grafted onto the exterior of a protein
cage (or other oligomeric assembly). It also represents a step
toward creating more elaborate cellulase-coated materials that
could be useful in producing renewable biofuels and chemicals.

B RESULTS AND DISCUSSION

We developed a general method to create enzyme-coated
designer nanocages toward the goal of emulating naturally
occurring multienzyme complexes that catalyze reactions with
improved activity and fidelity. As a first-use case, we sought to
coat a designed nanocage known as T33-21% with cellulase
enzymes, which are known to exhibit synergistic activity
against crystalline cellulose when clustered together within
protein complexes such as cellulosomes. T33-21 nanocages are
constructed from two types of protein subunits (T33-21A and
-21B) that spontaneously assemble into a “dual tetrahedral
architecture” that contains 12 copies of each subunit (Figure
14).

In our procedure, enzymes are covalently attached to
preassembled nanocages using the S. aureus sortase A
transpeptidase, a powerful bioconjugation tool that joins
biomolecules together via a backbone—backbone peptide
bond.”*"7¢ Sortase links two proteins together when they
contain LPXTG and oligoglycine sequences at their C- and N-
termini, respectively. It catalyzes a transpeptidation in which
the Thr-Gly bond within the LPXTG sequence is broken, and
then replaced with a new Thr-Gly peptide linkage to the N-
terminal amine group within the oligoglycine sequence (Figure
1B); in the present scenario this gives rise to a native
polypeptide backbone connection. Among the suite of
designed protein nanocages of known structure as candi-
dates,'" we reasoned that T33-21 nanocages would be good
substrates for modification by sortase, as the C-termini of its
subunits are outwardly disposed and thus potential sites for
sortase modification, once modified to contain a LPXTG
sequence. We therefore produced T33-21 nanocages in which
the sequence of the T33-21A subunit is recombinantly
extended to contain a C-terminal LPXTG sequence (“sort-
tag”).

After purification, protein cages bearing sort-tags at their
termini were covalently modified with purified cellulases whose
sequences were recombinantly extended to contain an N-
terminal penta-glycine (Gly;) sequence. To maximize their
reactivity, the enzyme fusions were designed to unmask the
terminal glycine during the purification procedure (see
Methods). Short peptide epitope tags (myc and FLAG) were
also appended to the C-termini of each cellulase for
immunological probing. As a test of utility, cages were
modified with the Cel48S exoglucanase and Cel8A endoglu-
canase from C. thermocellum, two enzymes that are well
characterized and known to synergistically degrade cellulose.*®

T33-21 nanocages harboring “sort-tags” (on 12 exposed
termini) were efficiently modified with cellulases upon reaction
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with sortase. Initially we developed conditions to modify cages
with a single type of enzyme, either Cel48S or Cel8A. In these
reactions, 1 uM of assembled T33-21 nanocage containing a
“sort-tag” was incubated with 1 uM of sortase and 150 uM
cellulase possessing a N-terminal GS sequence. In order to
increase the rate of cage modification, we utilized a sortase
variant that has 120-fold greater activity than the wild-type
enzyme.71 Sortase bioconjugation reactions are reversible, as
the products contain N-terminal glycine and LPXTG
sequences and can therefore react with sortase to regenerate
the initial reactants. We mitigated this problem by conducting
the reaction in dialysis conditions to remove the short peptide
cleava7ge product and by restricting reaction times to 60
min.”” " SDS-PAGE analysis of the modification reactions
confirmed that the cages were modified, as the T33-21A (21A-
LPETG) protein component is progressively converted into
higher molecular weight ligated species as the reaction
proceeds (Figure 2A). In particular, 21A-LPETG was
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Figure 2. Sortase-catalyzed modification of cages. (A) The ligation
reaction is tracked by SDS-PAGE separation of reaction components
at different time points. Expected molecular weights for the products
and substrates are indicated. Left panel: single-enzyme modification
with Cel8A, middle panel: single-enzyme modification with Cel48S,
right panel: double modification with both cellulases. For the double
modification, a ratio Cel8A:Cel48S ratio of 2:1 was desired, so the
cages were first reacted with Cel8A for 30 min, then Cel48S was
added for an additional 30 min incubation. (B) Size exclusion was
used to purify cellulolytic cages from monomeric cellulase
components. Representative chromatogram from the two-enzyme
modification reaction from gel filtration purifications.

converted to 21A-Cel8A and 21A-Cel48S fusion polypeptides
when the reactions were performed with appropriate cellulases
harboring an N-terminal Gy sequence (left and middle panels
of Figure 2A, respectively). On the basis of the quantification
of the band intensities, we estimate that ~70—90% T33-21A is
modified after 1 h.

We then generated cages modified with both types of
cellulases by repeating the modification reaction using mixtures

https://dx.doi.org/10.1021/acssynbio.9b00407
ACS Synth. Biol. 2020, 9, 381-391
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of the purified Cel48S and Cel8A enzymes. As both enzymes
contain the same sortase-reactive N-terminal G sequence, they
can be expected to be stochastically ligated to the T33-21A
subunit of the cage. Prior studies have shown that maximal
synergy is observed when the endoglucanase is present in
higher abundance relative to the exoglucanase.”’ Cages were
therefore modified using a 2:1 ratio of Cel8A:Cel48S, leading
to the expected ratio of the 21A-Cel8A and 21A-Cel48S
polypeptides in the modified cages (Figure 2A, right panel). To
estimate the number of cellulases attached to each cage, the
cage complexes were purified using size exclusion chromatog-
raphy (Figure 2B and Figure S1) and then analyzed using
quantitative Western blotting. Purified singly (S and Cage-8A)
and doubly (Cage-8A/48S) modified nanocages were sub-
jected to SDS-PAGE followed by immunoblot detection of the
myc- or FLAG-epitopes present on Cel48S and Cel8A,
respectively (Figure 3). This analysis confirmed the presence
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Figure 3. Detection of cellulase enzymes on purified cellulolytic cage
by immunoblot analysis. Cellulase components are detected by a-
FLAG antibody for the endoglucanase Cel8A or a-myc for the
exoglucanase Cel48S, in combination with a secondary rabbit a-
mouse IgG conjugated to horse radish peroxidase. For both
immunoblots, a band corresponding to the ligated product T33-
21A-cellulase is observed when incubated with the corresponding
immunoblot. Negligible amounts of monomeric cellulase are visible in
each purified stock. No cross reactivity between the myc and FLAG
epitopes is observed in cages lacking the epitope of interest (e.g,, no
signal is observed for Cage-8A in the a-myc immunoblot).

of the appropriate cellulase on each type of nanocage; probing
gels with an antimyc antibody revealed the presence the 21A-
Cel48S polypeptide in Cage-48S and Cage-8A/48S (Figure
3A), whereas a band with a molecular weight consistent with
the 21A-Cel8A polypeptide is detected with an anti-FLAG
antibody only in the Cage-Cel8A and Cage-Cel8A/Cel48S
nanocages (Figure 3B). Absolute amounts of each type of
enzyme attached to the cages were estimated by comparing
band intensities of serial-diluted nanocages with corresponding
standard curves obtained using known amounts of purified
Cel8A or Cel48S (Figure S2). This analysis reveals that the
single modified Cage-8A cages are coated with ~5.8 Cel8A
enzyme molecules and the Cage-48S cages are coated with
~5.5 Cel48S enzyme molecules. On average, ~48% and ~46%
of the available 21A subunits in the cages are modified with
Cel8A and Cel48S, respectively, in the single modified cage
experiments. As expected, a greater fraction of the 21A
subunits are labeled with enzymes in the doubly modified
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Cage-8A/48S cages (~71% of the 21A subunits) because
nearly twice as much cellulase substrate was used in these
labeling reactions. On the doubly modified Cage-8A/48S
structure, ~5.8 and ~2.8 mol equiv of Cel8A and Cel48S,
respectively, are present. Assuming that the attachment of
enzymes is stochastic and the attachment sites are independent
of each other (see Materials and Methods), about 96% of the
cages are expected to carry at least one copy of the lower
abundance Cel48S component, and 85% would carry at least
two copies. More than 99% of the cages would carry at least 2
copies of the higher abundance Cel8A component.

The Cage-8A/48S complex was examined by negative stain
electron microscopy (EM) to confirm that they retained their
ordered structure after enzyme attachment (Figure 4). Before
cellulase attachment with sortase, images of unmodified cages
correspond closely to previously published EM images of T33-
21 nanocages (Figure 4A)." This is expected and demonstrates
that adding the “sort-tag” to the solvent exposed C-termini of
the 21A subunits does not adversely affect cage assembly or
stability. After fusing Cel8A and Cel48S to the cage via sortase,
the symmetry of the cage assemblies is partially lost, but the
scaffold core maintains its correct size and shape (Figure 4B).
Notably, the presence of the cellulase enzymes is evident
despite the flexible linkage to the T33-21A subunit, with the
added components appearing as distinct puncta localized
around the scaffold core. The EM results confirm that
cellulases are attached to the exterior of the T33-21 nanocage.

Enzymes immobilized to the surface of the nanocage are
active and function synergistically to degrade crystalline
cellulose. The ability of the modified nanocages to degrade
crystalline Avicel was determined using standard methods that
monitor the production of reducing sugars (Figure S). Singly
modified cages containing Cel8A are more active than cages
that only contain Cel48S, an observation that accords with the
relative activities of the isolated enzymes (noncage attached).
This behavior is consistent with the distinct substrate
specificities of these enzymes, since crystalline cellulose is
expected to contain significantly fewer nonreducing ends that
are substrates for the Cel48S exoglucanase as compared to
internal sites that can be cleaved by Cel8A.°**' Importantly,
statistically significant gains in activity are achieved by
colocalizing both types of enzymes together on Cage-Cel8A/
Cel48S. The largest effects are observed within 8 h, with Cage-
Cel8A/Cel48S activity 2.7-fold greater than the activity
exhibited by a mixture of the singly modified cages with
cellulase concentrations matched to the doubly modified
experiment (Figure SA). The difference in glucose production
between divalent and monovalent cages mixtures with identical
amounts of cellulases indicates that the origin of the rate
enhancement is primarily due to synergistic effects afforded by
this system, not intrinsic activity enhancement of individual
enzymes derived from cage association. Colocalization of
sequentially acting cellulases on a protein cage scaffold
provides a mechanism for substrate channeling.

To quantify the effect of enzyme immobilization in the
different types of cages, we calculated the stimulation factor
(SF), as the fold increase of activity in the enzyme-coated cage
compared to the corresponding free enzyme®” (Table 1). Note
that the free enzymes used for comparison here are the same
recombinant constructs harboring N- and C-terminal peptide
tags. Strikingly, after 8 h Cage-Cel8A/Cel48S exhibits a SF
value of 3.9, whereas the corresponding mixture of singly
modified cages has a SF value of 1.5. This indicates that

https://dx.doi.org/10.1021/acssynbio.9b00407
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Figure 4. Representative negative stain EM images of the T33-21 cage before and after sortase ligation. (A) Individual T33-21 particles imaged
before sortase ligation closely match previously published micrographs of the original cage construct. Highlighted particles show clear views along
the 2-fold symmetry axis of the tetrahedron. (B) After fusing Cel8A and Cel48S to the cage via sortase ligation, distinct puncta localized around the
cage particles, corresponding to the attached cellulase enzymes, are observed.
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Figure 5. Degradation of cellulose substrate Avicel by cellulolytic cages. Enzyme-modified cages and corresponding free enzyme mixtures were
assayed at several time points (6, 8, 24 h). Cellulose degradation was quantified by the release of reducing sugars, which were analyzed by
incubation of reaction aliquots with dinitrosalicylic acid using established methods. (A,B) Initial reaction time course. (A) Cellulose degradation by
doubly modified cages (i, bearing both Cel8A and Cel48S enzymes) is compared at different time points to the activity of corresponding
concentrations of the same enzymes on singly modified cages. (B) Cellulose degradation by double modified cages is compared at different time
points to the activity of corresponding concentrations of the free enzymes in solution. (C,D) Extended time course of the same mixtures as shown
in panels A and B, respectively, showing a leveling off of activity over time. Statistical significance of divalent cages (Cage-48S/8A) and the mixture
of monovalent cages (sC-8A + sC-48S) was tested in Prism 8.2.1 using the Dunnett method of multiple comparisons. * represents p < 0.0S, **
represents p < 0.01, n.s. represents not significant.

colocalization of Cel8A and Cel48S on the same nanocage times (24 h) (Figure SB). The origin of this effect is presently
scaffold provides synergistic enzyme activity, consistent with unclear. Dynamic light scattering (DLS) and negative stain EM
the complementary endo- and exoglucanase activities of the
displayed enzymes. Further, synergy between the two enzymes
occurs only when held in proximity on the same cage particle,
and not when the enzymes are both dissolved freely in solution

control experiments suggest that the cages remain stable after
incubation at 37 °C for 24 h, with little to no disassembly of
cage particles evident by either method (Figure S3). The

or present on separate cage scaffolds. Interestingly, the overall leveling-off of activity over time likely reflects phenomena
activity and degree of synergy declines at longer incubation related to the complex cellulosic substrate, product inhibition,
385 hitpsi//dx.doi.org/10.1021/acssynbio.9b00407
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Table 1. Avicel Degradation by Cellulolytic Cages”

released glucose activity” sp. activity

cellulase (uM) (mU) (mU/mg) SE*
Cage:8A/48S 2203 + 24 0.46 51.0 3.8
Cage:8A 822 + 0.4 0.17 342
Cage:48S 49.9 + 12 0.10 26.0
Cage:8A + 83.6 £ 23 0.17 19.4 15

Cage:48S

Cel8A 67.9 £ 10 0.14 283
Cel48S 55.9 + 41 0.12 29.1
Cel8A + Cel48S 57.1 £ 65 0.10 13.2

“Released sugars from Avicel after 8h at 37C by mono singly
modified- or (two-enzyme) divalent doubly modified cages and
corresponding free enzymes. Cage-48S/8A = divalent two-enzyme,
doubly modified cages (T33-21:Cel8A:Cel48S), mC Cage-8A or
Cage-48S = monovalent singly modified cages (T33-21:Cel8A or
T33-21:Cel48S); Cel8A or Cel48S= free cellulase enzymes. b1U =
amount of enzyme producing lumol of reducing sugar per minute.
“SF = (released soluble sugars by cellulolytic cages)/(released soluble
sugars by the corresponding free enzyme pairs).

or perhaps other unanticipated molecular behavior that might
be of interest for future analysis.

Our system is distinct from previously reported protein
complexes that have sought to harness cellulase synergies by
colocalization. The most popular approach has been to
construct miniaturized cellulosomes (“mini”-cellulosomes) in
which cellulases are bound to a central scaffoldin polypeptide
via complementary dockerin-cohesin binding modules. While
significant increases in activity have been achieved, these
structures are generally not as cellulolytic as other complex
native cellulosomes.®*™% Their production can also be
laborious, as the large scaffoldin protein is notoriously difficult
to express and purify. Noncellulosome based strategies have
also been pursued, including functionalizing inorganic
ferromagnetic nanoparticles with cellulases,*” and more
recently using naturally self-assembling protein scaffolds to
display cellulases via dockerin-cohesin interactions.”” In one
such study, four different cellulases were engineered with
corresponding dockerin modules and mixed in different ratios
to create cellulolytic “Rosettazymes”.*® Direct activity compar-
isons with these systems are not possible at this time because
distinct assay conditions and cellulose substrates have been
employed. In addition, cellulose degradation is known to
exhibit nonlinear kinetics, causing measured values to be
heavily influenced by enzyme and substrate concentrations.
Bearing these limitations in mind, our cellulolytic cages display
a maximal specific activity of 0.05 U/mg and stimulation factor
of 3.9, which are comparable to related cellulolytic assemblies
that contained two or three cellulases.*”***® Moreover,
literature precedence suggests that straightforward additions
to our platform could yield further gains in nanocage
cellulolytic activity. These include adding a tethered p-
glucosidase to eliminate the buildup of cellobiose that can
cause product inhibition;*”*”*° adding cellulose binding
modules to promote targeting to cellulose;*>*#%>?! and
increasing cellulase diversity to expand the range of substrates
that can be degraded.*>*>""%?

Bl CONCLUSION

This study introduces a new sortase-based approach for
attaching multiple enzyme molecules to an ordered protein
scaffold. Here we chose a designed protein nanocage for the
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enzyme scaffold array, though the sortase-based strategy can be
used as easily to attach enzymes to other types of protein
arrays, including filaments and two or three-dimensional
extended materials. Essentially the sole requirement for the
substrate scaffold array is either exposed N- or C-termini that
can be engineered to contain sortase-reactive polyglycine or
LPXTG sequences for modification. The approach could also
be generalized for attaching more diverse molecules to
scaffolds. Indeed, prior to modifying our designed cage with
cellulase enzymes, as a first test of reactivity we demonstrated
the ability to attach a small SUMO protein domain (Figure
$4). In principle any type of biomolecule can be attached if it
contains a terminal glycine residue, which can be incorporated
easily into synthetic peptide substrates as well as lipids,
fluorophores, and other molecules using appropriate chem-
istries.

Wide applications are possible with the facile attachment of
proteins (or other molecules) to protein scaffolds. In this study
we demonstrated a potential use for multienzyme colocaliza-
tion, with notable synergistic effects, but this represents one of
many applications. Protein scaffolds have previously been
modified with functional groups in various ways including by
chemical reactions™*** to enable targeting to specific cells or
tracking. Methods to encapsulate enzymes inside protein cages
to promote specialized reactions, protect sensitive enzymes, or
to provide controllable substrate release have also been
reported.””****7*>%57% The present study opens yet another
new range of possibilities for protein and enzyme organization
based on sortase and nanocage technologies.

H MATERIALS AND METHODS

Recombinant Protein Expression and Purification.
T33-21 protein cages were prepared by coexpressing genes
encoding its T33-21A and -21B subunits from a pET-22b
plasmid (Novagen). Genes were purchased from IDT and
inserted via Gibson Assembly into the vector. The amino acid
sequences were the same as previously reported for the T33-21
cage,4 except that a 16-residue sortase recognition tag
(QSKKSELPETGGEEST) was appended to the C-terminus
of the A component. All cellulase proteins used in this study
were expressed with pE-SUMO (LifeSensors) expression
vector. The expression plasmids containing the individual
cellulase enzymes were ligated into a pSUMO expression
plasmid using Gibson Assembly. The assembly reaction was
engineered to include a penta-glycine repeat at the junction
between the SUMO and cellulase gene, such that cleavage by
the Ulpl protease yields a cellulase with a functional
pentaglycine (G;) nucleophile at its amino-terminus. This
approach avoids potential problems associated with the
incomplete removal of the N-terminal methionine that can
arise when sortase substrates are expressed in bacteria with the
glycine nucleophile directly following the start codon.®*7°
Additionally, each cellulase was appended at its carboxy-
terminus with a peptide epitope to enable immunological
identification of each of the cellulase components. An
improved pentamutant variant of the Sortase A protein from
Staphyloccocus aureus (SrtA) was used in this study, bearing the
following mutations: P94R/D160N/D165A/K190E/K196T.”!

For all protein constructs, E. coli BL21 (DE3) cells harboring
the target expression plasmid were grown in LB supplemented
with either ampicillin at 100 ug/mL (T33-21-SR) or
kanamycin at S00 pg/mL (cellulase constructs) at 37 °C
until ODyy, of ~0.6. Cells were induced with 1 mM IPTG and

https://dx.doi.org/10.1021/acssynbio.9b00407
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protein expression was allowed to proceed overnight at 17 °C.
Cells were then harvested by centrifugation (7000g for 10
min). Cells containing the T33-21-SR construct were lysed by
sonication in a buffer of 50 mM Tris pH 8.0, 250 mM NaCl,
and 20 mM imidazole. The protein cage was then subjected to
Ni-affinity purification on a HisTrap HP column (GE Life
Sciences) with gradient elution in the range of 20—500 mM
imidazole. Elution fractions containing the protein cage
components (confirmed by SDS-PAGE) were then dialyzed
into a buffer containing 25 mM Tris pH 8.0, 150 mM NaCl,
and 1 mM DTT to be used in subsequent experiments. All
cellulase proteins were purified as a His6-SUMO- fusion using
HisPure Co®* IMAC resin (Thermo Scientific) per the
manufacturer’s instructions. Briefly, cell pellets were resus-
pended in S0 mM Tris-HCl pH 8.0, 300 mM NaCl (lysis
buffer) and lysed by sonication. The cell lysate was then
fractionated by centrifugation (15000g for 40 min) and the
supernatant was loaded onto HisPure Co** IMAC resin.
Proteins were then eluted from the resin using lysis buffer
supplemented with 200 mM imidazole. The His6x-SUMO tag
was removed by adding His6-Ulpl protease, and subsequent
HisPure Co*" purification. All proteins were then loaded onto
a SuperDex75 size exclusion column as a final purification step.
Protein purity was determined by SDS-PAGE analysis.

Cellulase Labeling of Nanocages Using Sortase.
Sortase bioconjugation reactions to covalently ligate the
engineered cellulase components to synthetic protein cages
were performed as 1 mL reactions at room temperature. All
proteins were diluted into SrtA modification buffer (50 mM
Tris-HCI pH 8.0, 300 mM NaCl, S mM DTT, $ mM CaCl2).
The following protein concentrations were used for the
attachment reaction: 1 #M SrtA enzyme, 1 uM of assembled
T33-21-SR protein cages and 50—150 uM GS-Cel8A-FLAG
and/or 200 uM GS-Cel48S-Myc. Reactions were allowed to
proceed for 1 h while being dialyzed against sortase
modification buffer to remove the hydrolysis product and
prevent reverse reaction. The reaction components were then
separated using a precast NuPAGE 4—12% gradient Bis-Tris
protein gel (Thermo Scientific). Gels were stained with
Coomassie Blue G-250 for analysis of reaction progress.
Assembled cages were separated from other reaction
components, including monomeric cellulases and sortase,
using size-exclusion chromatography with a SuperDex75
column (GE).

Functionalized Nanocages Quantification. The num-
ber of enzymes that were attached to the purified cages were
quantified by Western blot using a-myc and a-FLAG
antibodies. Protein standards were created for each of the
cellulase constructs by dilution to known concentrations. On
the same SDS-PAGE gel, serial dilutions of each type of
cellulase-modified cage were run alongside the standards. After
the SDS-PAGE was run, the separated proteins were
transferred to a PVDF membrane using the iBlot2 device
(20W, 7 min, Invitrogen). The membranes were then
sequentially blocked, incubated with primary antibody
(mouse a-myc or a-FLAG), washed, incubated with secondary
antibody (rabbit a-mouse IgG-HRP), and washed again by
capillary action using the iBind system (Invitrogen).
Immunological detection of proteins with appropriate peptide
tags was facilitated by incubation of the membranes with
luminol substrate. Luminescent signal is detected by auto-
radiography film (Genessee Scientific, 30 s exposure). The
intensity of signal arising from lanes with protein standards
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(free cellulases of known concentration) was analyzed to create
a standard curve. Intensity arising from bands with serial
dilutions of the stocks of cellulolytic cages were fit to the
standard curve to yield a precise measurement of the amount
of cellulase present on each of the modified cages.

Estimates of the percentage of cages that would carry
multiple copies of the components enzymes were obtained by
evaluating binomial distributions, under the assumption that
attachment of enzymes to potential sites on the cage were
statistically independent. For the lower abundance component,
Cel48S, whose fractional attachment was 2.8/12 = 0.2333, the
fraction of cages expected to have 0 Cel48S attachments would
be 0.233'% = 0.041, and the fraction expected to carry only one
copy would be 12 X 0.233" X (1 — 0.233) = 0.151. Similar
calculations for the more abundant component (Cel8A)
indicate that less than 1% of the cages would carry fewer
than 2 copies of that enzyme.

A cellulose degradation assay was used to determine enzyme
activity. Avicel PH101 (Sigma) was prepared as described
previously,”* then diluted to the desired cellulose concen-
tration in cellulase assay buffer (S0 mM sodium acetate, pH
5.5). For the cellulose degradation assays, Cel8A (an
endoglucanase) and Cel48S (an exoglucanase) were selected
on the basis of their previously established synergistic
interactions. All cellulases were produced heterologously in
E. coli. As a preliminary confirmation of cellulolytic degradative
activity of the engineered cellulase constructs, reducing sugars
release was measured after incubation with a soluble
amorphous cellulose substrate (CMC). In order to measure
enzyme activity against more recalcitrant crystalline cellulose
substrates, aliquots of 800 ;L enzyme mixtures were added to
200 uL of 10% Avicel substrate to create 1 mL reactions at a
final Avicel concentration of 2%. Total enzyme amounts of
Cel8A, Cel48S and f-glucosidase were S, 4, and 100 ug,
respectively. The enzymatic activity assays were performed
while incubating at 37 °C with shaking at 225 rpm for specified
reaction periods. For each time point, 100 uL aliquots were
centrifuged to pellet the insoluble Avicel and 50 uL of the
supernatant was mixed with 75 uL 3,5-Dinitrosalicylic acid
(DNS) reagent for quantification of reducing sugars released
during the reaction, using glucose as a standard.””

Negative stain electron microscopy was used to characterize
the structure and integrity of the modified nanocages. Cage
constructs were imaged by electron microscopy to verify the
correct assembly of cages before and after the sortase-mediated
attachment of cellulase enzymes. Proteins were subjected to
size exclusion chromatography using a Superose 6 Increase 10/
300 (GE Life Sciences) column before application to EM grids.
Five uL of purified cages in the concentration range of 0.005
mg/mL to 0.02 mg/mL were applied to glow discharged,
Formvar/carbon-coated 300-mesh copper grids (Ted Pella,
Inc.) and stained with 2% uranyl acetate. Cages were imaged
on an FEI Tecnai T12 transmission electron microscope at 120
kv.

Dynamic light scattering of protein constructs was
performed on a DynaPro Plate Reader II system (Wyatt
Technology) to monitor the presence of cage assemblies of the
expected size in solution (Figure S3). DLS measurements were
made with protein concentrations of approximately 1 mg/mL.
Preincubation samples were measured in triplicate, while
postincubation samples were measured only in duplicate (due
to loss of some sample during pipetting and incubation), with
S acquisitions per replicate. Measurements that showed

https://dx.doi.org/10.1021/acssynbio.9b00407
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polydispersity values of 100% or more were considered
unreliable and were not included in the data analysis (all
other data points had a polydispersity of less than 34%).
Additionally, a minor species of 30 nm or more in radius was
detected in all sample readings. This also appeared in buffer-
only control samples and was thus treated as artifactual and left
out of the reported analysis.
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6.1 Overview

Methods to site-specifically label proteins with peptide conjugates or protein fusions
have many applications across biomedical and research fields. In particular, methods capable of
installing isopeptide linkages are especially useful as these linkages are proteolytically stable
and amenable to insertions at internal sites within proteins. Building on our knowledge of
Corynebacterium diphtheriae pilus biogenesis described in Chapter 2, we have developed a
new bioconjugation tool using rational mutagenesis to further activate the enzyme. In Chapter 6,
we demonstrate its utility as a tool to install fluorogenic peptides, create protein fusions, and
carry out orthogonal modifications at two sites on a single protein when combined with other

bioconjugation tools.

This chapter is reprinted with permission from a peer-reviewed article “Protein Labeling
via a Specific Lysine-Isopeptide Bond Using the Pilin Polymerizing Sortase from
Corynebacterium diphtheriae.” McConnell, S.A., Amer, B.R., Muroski, J., Fu, J., Chang, C.,
Ogorzalek Loo, R.R., Loo, J.A., Osipiuk, J., Ton-That, H. and Clubb, R.T. J. Am. Chem. Soc.

140 8420-8423 (2018). Copyright 2018 American Chemical Society.
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dual peptide-fluorophore labeling of a protein via lysine

ABSTRACT: Proteins that are site-specifically modified isopeptide- and backbone peptide-bonds, respectively.

with peptides and chemicals can be used as novel Gram-positive bacteria use specialized sortase enzymes to
therapeutics, imaging tools, diagnostic reagents and construct pili: long, thin fibers (0.2—3.0 ym X 2—10 nm) that
materials. However, there are few enzyme-catalyzed project from the cell surface to mediate bacterial adherence to
methods currently available to selectively conjugate host tissues, biofilm formation and host immunity modu-
peptides to internal sites within proteins. Here we show lation.”**° These structures are distinct from pili produced by
that a pilus-specific sortase enzyme from Corynebacterium Gram-negative bacteria because their protein subunits (called
diphtheriae (“SrtA) can be used to attach a peptide to a pilins) are cross-linked by lysine-isopeptide bonds that confer
protein via a specific lysine-isopeptide bond. Using enormous tensile sl‘.reng‘c}1.27’28 Recently, we reconstituted in
rational mutagenesis we created “‘SrtA®™, a highly vitro the assembly reaction that builds the archetypal SpaA-
activated cysteine transpeptidase that catalyzes in vitro pilus in C. diphtheriae, the causative agent of pharyngeal
isopeptide bond formation. Ca8rtA™ mediates bioconju- diphtheria.w CdSrtA functions as a pilin polymerase, perform-
gation to a specific lysine residue within a fused domain ing a repetitive transpeptidation reaction that covalently links
derived from the corynebacterial SpaA protein. Peptide adjacent SpaA pilin subunits together via lysine-isopeptide
modification yields greater than >95% can be achieved. bonds. As shown in Scheme 1, “SrtA cross-links adjacent
We demonstrate that “ISrtA®™ can be used in concert

with the Staphylococcus aureus SttA enzyme, enabling dual, Scheme 1. CdSrtA-Catalyzed Isopeptide Bond Formation

orthogonal protein labeling via lysine-isopeptide and

backbone-peptide bonds. LPLTG — 4+ NH,(CH, )4
K190

Enzymatic methods that site-specifically functionalize CdSrtAl

proteins are of significant interest, as they can enable
the creation of novel protein-conjugates for medical and

research applications.' > The Staphylococcus aureus sortase ?
(5*SrtA) has been developed into a powerful protein LPL{TC—NH|(CH,

» . 6—10 . . "
engineering tool. It catalyzes a transpeptidation reaction
that covalently modifies the target protein via a backbone .
peptide bond, by joining peptide segments that contain a SpaA proteins by connecting their N- (“Spa, residues 30—
194) and C-terminal (CSpaA, residues 350—500) domains,
which contain a reactive WioxVxVYPK pilin motif and LPLTG
sorting signal sequences, respectively. In the reaction, “ISrtA
first cleaves the LPLTG sequence in “SpaA between the
threonine and glycine, forming an acyl-enzyme intermediate in

LPXTG “sort-tag” and an N-terminal oligoglycine amine
11,12 —_— . .

group. '~ Several groups have now optimized this reaction to

modify proteins with a range of molecules, including drugs,

lipids, sugars, fluorophores, and peptides.l“’_zl While S*SrtA is

potent tool, it is almost exclusively used to modify target which the catalytic C222 residue in CdgrtA is joined to CSPaA's
proteins at their N- or C-termini, while it labels internal lysine threonine carbonyl atom. This transient intermediate is then
side chains as a side reaction with low sequence specific- nucleophilically attacked by the reactive K190 within NSpaA’s
ity.">**** Here we show that a mutationally activated sortase pilin motif resulting in a T494-K190 isopeptide bond between
enzyme from Corynebacterium diphtheriae (“‘SrtA) can site-
specifically install a peptide on a protein via a lysine-isopeptide Received: May 17, 2018
bond. “!SrtA and %SrtA have orthogonal activities, enabling Published: June 21, 2018
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CSpaA and NSpaA domains within adjacent pilin subunits.
Previously, we demonstrated that wild-type “ISrtA is catalyti-
cally inactive in vitro due to the presence of an N-terminal
polypeptide segment, called a lid, that masks the enzyme’s
active site (Figure 1A).2°7* Moreover, we showed that it was

l—'spaa x°spaa

ca_ M

SrtA

= NSpaA

— “SpaA

24hr

16188.21 MH+

17265.67 MH+

o

LPLT-C-H [CH_)

% Intensity

14000

16000

18000 20000

miz
Figure 1. Mutationally activated “ISrtA catalyzes lysine-isopeptide
bond formation. (A) The structure of “4SrtA"" harbors an inhibitory
“lid” structure (blue). Side chains that were mutated to activate the
enzyme are shown as yellow sticks. The surface of the catalytic site is
colored red. (B) Protein—protein ligation using the activated
Cd5rtA*M enzyme. SDS-PAGE analysis of the reaction demonstrating
formation of the lysine-isopeptide linked NSpaAx“SpaA product. The
reaction (100 M enzyme, 300 uM “SpaA and NSpaA) was sampled
at 0, 24, and 48 h. (C) High yield protein-peptide labeling with
C45rtA3M, MALDI-MS data showing that >95% NSpaA is labeled with
peptide containing the sort-tag, LPLTGpepjqer MALDI-MS spectra
recorded at 0 (black) and 24 h (red) are overlaid.

possible to activate the enzyme by introducing D81G and
WB83G lid mutations and we demonstrated that a soluble
catalytic domain harboring these mutations (“ISrtA™, residues
37-257 of ©ISrtA with D81G/W83G mutations) site-
specifically ligates the isolated NSpaA and “SpaA domains in
vitro.”

Toward the goal of creating a lysine modifying bioconjuga-
tion reagent we improved the ligation activity of “SrtA?M, we
defined substrate determinants that are required for catalysis.
In addition to the aforementioned D81 and W83 mutations in
Cd5rtA™, inspection of the crystal structure reveals three lid
residues that may stabilize its positioning over the active site
(179, N8S, K89). The ligation activities of triple mutants of
CdgreA containing the D81G and W83G alterations, as well
179R, N8SA or K89A substitutions were determined. A D81G/
W83G/NB8SA triple mutant, hereafter called CdSrA™, has the
highest level of ligation activity (Figures 1B and S1). After a 24
h incubation with the isolated NSpaA and “SpaA domains,
Cd5rtA™ produces 10.6-fold more cross-linked NSpaAx“SpaA
product than “ISrtA WT and 35% more product than “4SrtA?™
(Figure S1). The mutations in CdgreA3M presumably further
displace its lid, thereby facilitating enhanced binding of
CSpaA’s LPLTG sorting signal and subsequent acylation by
C222. This is substantiated by our finding that the CdgreAsM
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triple mutant exhibits the highest level of activity in a HPLC-
based sorting signal cleavage assay that reports on formation of
the acyl-enzyme intermediate (Figure S1) and previous studies
that have shown that alterations in the lid increase C222
reactivity with 4,4'-dithiodipyridine.”’

NSpaA and “SpaA are joined by “USrtA®™ via their respective
pilin motif and LPXTG sorting signal elements. To elucidate
determinants required for recognition of the K190 nucleophile,
Cd5rtA™ was incubated with a peptide containing the pilin
motif (DGWLQDVHVYPKHQALS) and either CSpa.A or a
peptide containing its C-terminal sorting signal (KNAG-
FELPLTGGSGRI) (Figure S2). In both instances, no
detectable product was observed, indicating that ©4SrtA®™
requires additional tertiary elements within NSpaA to recognize
K190. In contrast, when “SrtA*™ is incubated with NSpaA and
the peptide containing the C-terminal sorting signal, > 95% of
NSpaA is labeled with the peptide (Figure 1C). Moreover, LC-
MS/MS analysis of the cross-linked species reveals that the
components are joined via a site-specific isopeptide bond
between the threonine within the sorting signal peptide and
the Ne amine of K190 in NSpaA (Figure S3A).

We next demonstrated that “SrtA*™ can be used to label a
target protein via an isopeptide bond with either a peptide
fluorophore or another protein. In the labeling reaction a target
protein is first expressed as a fusion with the NSpaA domain
containing the pilin motif (hereafter called PM), and then
reacted with a LPLTG-containing biomolecule and CdgrtA’™
(Figure 2A). To demonstrate peptide fluorophore attachment
using CdsrtA®™ we incubated the enzyme with NSpaA and a

protein
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. __ protein /
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Figure 2. Labeling proteins via a lysine-isopeptide bond with
CdSrtAM, (A) Schematic showing ©ISrtA*M catalyzed labeling of
pilin motif (PM) fusion protein with a protein containing the LPLTG
sorting signal or a LPLTG peptide with a functional label. (B) SDS-
PAGE analysis of a fluoropeptide modification reaction containing
CdgrtA™ (100 uM) and MTLPLTG (1 mM) and either NSpaA
(K190A) (lanes 1—3) or NSpaA WT (lanes 4—6) (both 100 uM).
Top and bottom panels are the same gels visualized by fluorescence or
by Coomassie staining, respectively. Reaction progress was measured
at 0 (lanes 1,4), 24 (lanes 2,5) and 48 h (lanes 3,6). (C) Protein—
protein ligation with “ISrtA®™. As in panel (B), except reactions
contained GFP-LPLTG (300 uM) instead of the fluoropeptide.
Reactants were visualized with Coomassie staining at 0, 24, and 48 h
(lanes 1—3, respectively).
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fluorescent FITC-KNAGFELPLTGGSGRI peptide
(F'TCLPLTG). After incubating for either 24 or 48 h the
reaction components were separated by SDS-PAGE and
visualized by either Coomassie staining or FITC fluorescence
at 530 nm. “SrtA>™ labels NSpaA with the fluorescent peptide,
yielding a FITCLPLTxNSpaA cross-linked product (Figure 2B,
right). Fluorophore labeling is specific, as ¥SpaA harboring a
K190A mutation is unreactive in control experiments (Figure
2B, left).

To demonstrate that “SrtA™™ can also be used to join
proteins together via an isopeptide bond, the isolated PM was
reacted with green fluorescent protein engineered to contain a
C-terminal LPLTGGSGRI sorting signal sequence (GFP-
LPLTG). Incubation of these proteins with “ISrtA™™ resulted
in the appearance a higher molecular weight GFP-
LPLTxVSpaA cross-linked product (Figure 2C, $3B). Notably,
the “4srtA’™M protein—protein ligation reaction is versatile, as
labeling can be achieved with the PM fused to either the N- or
C-terminus of the target protein.

The ©“SrtA and S*SrtA enzymes recognize distinct
nucleophiles, suggesting that they can be used orthogonally
to selectively label a single target protein at different sites. To
demonstrate orthogonal labeling we created a fusion protein
that contained the Small Ubiquitin-like Modifier (SUMO)
protein harboring a pentaglycine peptide and PM at its N- and
C-termini, respectively (Gs-SUMOpy). Our dual modification
approach involves sequential reaction of the Gg-SUMOpy
substrate with each sortase and peptide fluorophores
containing the cognate sorting signal, as outlined in Figure
3A. To selectively modify G-SUMOpy, (species 1), it was first
incubated with “‘SrtA*™ and FITC-LPLTG,,, to create at high
yield Gs-SUMOpy-FITC (species 2) (Figure 3B). After
removal of excess FITC-LPLTG peptide using a desalting
column, the target protein was then labeled at its N-terminus
with AlexaFluorg,-LPATG using *SrtA. This was achieved by
incubating species 2 with $SrtA and AlexaFluory,-LPATG to

a
K - @-Lru—« - @-Lrr—K
G{sumo-pm) — G{sumo-PM) —— @-LPATG{SUMO-PM
@ FITC-LPLTG @ A546-LPATG @
b
Coomassie green channel red channel overlay

O] Ol (] Ol (2] Ll

PM|||‘|‘|||\|||||||||‘|||||||ii

Figure 3. Orthogonal protein labeling using “SrtA*™ and $SrtA. (A)
Sequential reaction scheme used to install fluorogenic peptides on a
target protein via peptide- and isopeptide bonds. G-SUMOpy; is a
SUMO target protein that is fused to N- and C-terminal nucleophiles,
pentaglycine (Gs) and the pilin motif (PM), respectively. (B) SDS-
PAGE analysis of reaction mixture taken at different steps in the
procedure: (1) prior to labeling, (2) after labeling with HICLPLTG
using “SrtA*, and (3) after labeling with AS46-LPATG using SrtA
(0.25/2 h incubations). Panels show as indicated fluorescence gel
imaging to detect FITC and AS46 fluorophores using 488/530 (green
channel) and $32/605 nm (red channel) wavelengths for excitation/
emission, respectively, and the merged image of the gels
demonstrating dual labeling. In the first panel, the same gel was
visualized by coomassie staining.

f+G-SUMO,
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produce the doubly labeled protein (species 3). Separation of
the reaction products by SDS-PAGE confirms dual labeling, as
the expected fluorescence for each probe is detected at ~33
kDa during the procedure (Figure 3B). In particular, FITC-
labeled Glys-SUMOpy is produced after treatment with
Cd5rtA®™  (488/530 nm excitation/emission), and persists
after treatment with S*SrtA that catalyzes the second
conjugation step with AlexaFluors,q (532/605 nm excitation/
emission). We note that a similar labeling strategy can
presumably be used for fusion proteins that contain the
SpaB basal pilin instead of NSpaA, as we have recently shown
that “4SrtA*™ can also use SpaB as a nucleophile in vitro.”” A
strength of our approach is the distinct nucleophile and sorting
signal substrate specificities of each sortase, which limits cross
reactivity. In addition to recognizing distinct nucleophiles, our
findings indicate that the sortases have unique sorting signal
substrate specificities; “*SrtA* is unable to hydrolyze or use as
a transpeptidation substrate sorting signals containing the
sequence LPATG that is readily used by $*SrtA, but instead it
is selective for peptides containing LPLTG (Figures S4, S5).
Moreover, the isopeptide bond created by CdsrtA™™ s not
significantly hydrolyzed by $*SrtA or “ISrtA after 24 h (Figure
S6). Thus, ISrtA acts preferentially on its LPLTG sorting
signal substrate, preventing potential reversal of LPATG
peptides installed by $*SrtA. Similarly, the isopeptide linkages
installed by ““SrtA are not a substrate for reversal by SSrtA or
CdgreA.

The bioconjugation chemistry catalyzed by “SrtA*™ enables
site-specific lysine labeling of a protein, creating an isopeptide
linkage that may be less susceptible to proteolysis than
conventional peptide bonds. An attractive feature of “SrtA®™
is its high degree of specificity for the e-amine nucleophile
within the pilin motif, which enables selective labeling.
Transglutaminases can also modify protein lysine residues,
but unlike “SrtA®™, these enzymes exhibit minimal substrate
specifity.”>*® Similarly, SrtA can modify lysines as a side
reaction that occurs with minimal specificity and at low
efficiency because the lysine e-amine is not **SrtA’s natural
substrate.'*>** Chemical methods that modify amino acid
side chains have also been developed, but they often require
cysteine or non-natural amino acid incorporation into the
protein and in some instances harsh reaction conditions.”” The
bioconjugation chemistry catalyzed by “SrtA®™ is functionally
similar to the nonenzymatic SpyTag/SpyCatcher system,’**”
but its enzymatic activity affords greater control making
Cd5rtA™ an attractive new tool to engineer proteins.
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Chapter 7

Selection Scheme and Discovery of Improved Variants of the “SrtA

Polymerase Enzyme for Bioconjugation
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7.1 Directed Evolution Overview

Over a very long time scale, natural evolution in every living organism on Earth has
produced advantageous phenotypes which are well adapted for diverse environmental
conditions. Random mutations in chromosomal DNA gives rise to aberrant protein variants
which may exhibit slightly different phenotypes than the wild-type gene product. Most of the
time, these replication mistakes are deleterious to the organism and result in decreased fitness
levels and are thus selected against. Other time, the mutations have no functional effect on the
phonotype. In rare circumstances, the genetic variation may result in a phenotype which is
useful to the organism, i.e. it imparts enhanced fitness. Thus, the basis for natural selection is

rare, but important, disfunction in the replication of genetic material.

For the specific applications in research, industry and therapeutic development,
scientists have recently harnessed this basic concept to accelerate the generation of genetic
variants and gene products with desired properties on a much shorter time scale. Deliberate
alterations to genetic material are introduced to produce highly diverse protein libraries, from
which members with desired properties are isolated by various selection methods. The process
involves an iterative workflow which alternates between generation of diverse genetic libraries
and screening or selection of functional variants. The top performing variants from previous
rounds are typically used as templates for further randomization in later rounds, such that
beneficial mutations accumulate throughout the evolutionary campaign. In this way, large
regions of the possible sequence space of a given gene can be accessed rapidly by introduction
of mutations to sites within the wild-type scaffold, resulting in impressive functional
enhancements as compared to progenitor molecule. Laboratory evolution of biomolecules has

proven to be a powerful strategy for improving or altering the activity of target biomolecules’?.

Genetic diversity is the critical starting point for any directed evolution approach.

Researchers must first decide the method by which they will randomize their gene of interest. In
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the most general case, completely random mutagenesis is applied to the gene of interest, often
by an error-prone DNA replication step®°. Treatment of template strands with mutagenizing
chemicals can also increase mutation rates®’. The protocol can be toggled to introduce more, or
fewer, mutations to each library member on average. With this method, mutations are evenly
distributed throughout the entire gene, at every single nucleotide position. The result is an
evenly randomized library with mutations spanning the entire gene. Where structures of the
gene product have been determined or extensive biochemical knowledge about the biomolecule
is available, it is possible to focus randomization only on specific regions. In these situations, it
is possible to avoid screening variants harboring mutations at positions with a low probability of
affecting activity. It is also possible to explore the sequence space of single sites much more
thoroughly (i.e. every possible amino acid substitution at a certain position can be tested)®®. By
simultaneously randomizing two or more amino acid positions which are known to interact with
one another, cooperative effects are observed in favorable cases. Finally, homologous
recombination is an approach which shuffles fragments from existing genes to combine useful
variations from many different homologous sequences with natural diversity into a single
evolved gene with novel characteristics'®''. Recently, advanced computational algorithms have
been developed to maximize the probability of a high-quality, folded variant library by defining
consensus sequences across many species to identify optimal crossover sites for recombination

of homologous proteins fragments'>-'4,

The second decision in a directed evolution campaign is the method of identifying
protein variants with desired characteristics. In all approaches, it is critical to maintain genotype-
phenotype coupling: the protein variant that exhibits a certain characteristic must be linked to
the gene that encodes it. Screening approaches are the first category of directed evolution
assays. In screens, each individual variant is assayed and ranked by some criteria. As a result,

these experiments can be extremely data-rich, but also relatively time-consuming. A large
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amount of information about the range of the phenotype gradient can be obtained, which is
often useful for informing threshold limits for subsequent rounds of selection, but the intensive
nature of these approaches often limits the library to a smaller size for practical reasons. One
such approach involves spatial separation of cells expressing each variant in multi-well
microtiter plates (MTPs)'>"". The resultant proteins can be purified and flexibly assayed by
almost any assay that can be rapidly conducted. This approach is required if specialized assays
are necessary, but is severely limited in its throughput. Directed evolution can also be coupled
to fluorescence-activated cell sorting (FACS)'®'®. This approach is especially well suited for
enzymes for which a fluorescence reporter assay can be developed. FACS-based screen can
screen libraries that are larger than MTP-based screens by ~4 orders of magnitude. Another
advantage of FACS screening is that it enables counter-screens to deplete undesirable
phenotypes from libraries?®. In vitro compartmentalization (IVC) is another screening method
where emulsions of single cells or cell-free expression systems are screened for activity by flow
cytometry or other methods?'. When the emulsion is broken, the DNA encoding the variants can

be recovered.

The second category of phenotype selection in directed evolution are bulk selections.
Selections remove the requirement to individually assess the phenotype of each variant by
applying a selective pressure such that only variants with activity above a certain threshold will
advance to the next round of the selection. Selection methods are massively high throughput
(library sizes on the order of 10"") and are limited only by the transformation bottleneck, which is
unavoidable when relying bacterial expression of proteins. Selections based on binding affinity
are common. In this approach, protein libraries are either displayed on the surface of cell or on
the coat of phage and the corresponding genetic material is encased inside the cell or phage?'-
2_The libraries are then selected based on binding properties, while the nonbinding proteins

are washed away and rejected. The linked genes are then easily isolated and sequenced for
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further rounds of selection. The activity of the protein library can also be linked to organismal
survival for purposes of screening. This is often accomplished by coupling enzyme activity with
expression of an antibiotic resistance gene?* or auxotroph complementation?>28, In both cases,
the activity of protein or reporter of protein activity confers survival to the cell encoding that
protein, while nonfunctional variants are rejected. Importantly, selections can often be
progressively tuned to increase selective pressure in subsequent evolutionary rounds, such that

the threshold for desired characteristic is continuously improved.
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7.2 Directed Evolution of Sortases

Sortases are excellent candidates for directed evolution. First, they have impressive
functional diversity (see Section 1.2). There are several families of sortase enzymes which all
recognize different substrates and have different functions. Functional diversity in homologous
proteins is considered a good predictor of successful in vitro evolution because theoretically, the
ancestral protein progenitor underwent natural evolution in the past to produce the current
assortment of homologs?’. A degree of functional promiscuity is another promising trait, as small
alterations to the parent protein can be expected to enhance this side reaction?®. Indeed,
sortase enzymes have a well-documented promiscuity in sorting signal and nucleophile
substrate selection?®-3'. It has also been speculated that evolvable proteins often exist in a
range of functionally diverse conformations and each separate conformation can be favored
mutationally®2. Again, sortases often have flexible loops which are implicated in reactivity®3-3¢. It
is not surprising then, that sortases have been the subject of many successful directed evolution

approaches15,16, 18-20,37

Despite the unique isopeptide-bond forming activity of pilin polymerizing sortases, no
directed evolution approaches have addressed this enzyme class to date. The pilin polymerase
from Corynebacterium diphtheriae, ©“SrtA, is the only enzyme of its class to be biochemically
reconstituted with robust activity®®. Based on the crystal structure, rational mutagenesis resulted
in destabilization of the conserved “lid” structure which sterically blocks substrate access to
catalytic residues, which activate this enzyme in vitro. Subsequently, additional mutations in the
“lid” further activated this enzyme, paving the way for its development into a bioconjugation tool
and full kinetic analysis of its isopeptide transpeptidation reaction in vitro®*4° (see Section 1.5).
Complete deletion of the “lid” yields an enzyme variant with significantly enhanced in vitro

transpeptidation (Figure 7.1).
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However, this bioconjugation system still has serious drawbacks which will limit its
widespread deployment. First, the transpeptidation reaction of ©“SrtA is still significantly slower
than the canonical S2SrtA sortase enzyme, requiring incubation times of up to 16 h to achieve
complete modification of substrates, compared to minutes for improved variants of S3SrtA%.
Second, “ISrtA is highly specific to a single lysine side chain, which is likely due to recognition
of tertiary elements within the NSpaA acceptor domain. This bulky domain may be undesirable
for many bioconjugation approaches, so minimization of this acceptor substrate is a priority.
Reduced specificity would be advantageous because a minimal pilin motif peptide tag could be
more easily engineered into proteins of interest in bioconjugation applications. Interestingly,
CdSrtA appears to recognize its acceptor domain through residues within a conserved motif
within its B7/B8 loop3?, providing an attractive target for optimization. Finally, while
destabilization of the inhibitory lid structure of “SrtA activates transpeptidation in vitro, it also

causes a significant decrease in protein stability (Figure 7.1C).

As such, future directed evolution efforts of ““SrtA will follow a three-pronged approach:
reprogramming of substrate recognition, improvement of thermal stability and acceleration of
transpeptidation kinetics. For our purposes, thermal stability enhancements will likely require a
random mutagenesis selection as stabilizing mutations are difficult to predict from the structure.
The rest of this chapter describes efforts to develop and optimize directed evolution methods

capable of achieving these goals.
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7.3 Cell-Based DHFR Selection Approach

Directed evolution requires thorough exploration of the progenitor protein’s sequence
space to uncover variants with novel properties. In the absence of pre-existing knowledge to
guide focused randomization, a random approach must be employed to search for mutations
which impart enhanced reactivity. However, comprehensive randomization becomes unfeasible
even for very short polypeptides (10" unique combinations are possible for a 10-residue
protein)'. Instead, library creation must focus on efficient sparse sampling of the sequence
space. Random sampling of mutations throughout the sequence may identify positions that are
important for catalysis or thermostability that are difficult to predict from the structure alone.
However, a library of significant size would have to be generated to get sufficient sequence
coverage, which would make manual screening onerous. Thus, we have developed a

complementation-style cell viability selection to handle very large libraries.

The basic scheme for this selection involves co-transformation of ©4SrtA variants with a
duet plasmid encoding two fragments of the murine dihydrofolate reductase (DHFR) gene
based a previous successful selection scheme using $2SrtA%¥. DHFR synthesizes
tetrahydrofolate, an essential precursor for many metabolic processes in prokaryotic cells*'. The
C-terminal fragment of mMDHFR expressed with an N-terminal fusion to the NSpaA acceptor
domain and the N-terminal domain is expressed with a C-terminal signal peptide (LPLTG)
(Figure 7.1). The C-terminal DHFR fusion is encoded upstream of the N-terminal fragment to
prevent stop codon readthrough which may result in a functional DHFR enzyme in the absence
of sortase-mediated ligation. ©“SrtA variants are generated by error-prone PCR using a low-
fidelity Taq polymerase with supplemented with 7 mM MgCl, and 0.25 mM MnCl, to increase
error rates*?. To minimize mutational bias, an unbalanced ratio of dGTP/dATP:dCTP/dTTP of
1:5 was employed. This protocol resulted in a mutational frequency which yielded 1-4 amino

acid substitutions. The resultant variant genes were then introduced into expression plasmids
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using a whole primer Megaprimer (MEGAWHOP) approach®. Finally, both plasmids were
simultaneously transformed into E. coli BL21 cells, which were then cultured in minimal media
lacking folates such that the cells would be dependent on DHFR-mediated folate production for
viability. Endogenous bacterial DHFR was inhibited by trimethoprim, so that folate production is
linked only to sortase-conjugated murine DHFR. In each cell, the metabolic defect will be
resolved and the cell will be viable if the murine DHFR is rendered functional by timely
transpeptidation via the ©ISrtA variant harbored in that cell. Conversely, if transpeptidation is too
slow, the cell will be not be viable and is selected against. Selective pressure for variants with
faster kinetics can be applied by shortening the transpeptidation window or increasing

trimethoprim concentrations.

Preliminary data indicates that this approach is feasible for selection. Cells grown in
trimethoprim have significantly slower growth as compared to uninhibited cultures. However,
cells co-transformed with sortase and DHFR plasmids have significant growth advantages over
cells with just DHFR plasmids, indicated that sortase is required for efficient ligation of the
DHFR and that DHFR complementation yields a functional protein in the presence of the fusion
tags added in this experiment (Figure 7.2). Future experiments using this approach may select

for C4SrtA variants with enhanced bond forming kinetics or altered substrate specificity.
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7.4 Fluorescence-Based Screen Approach

High-throughput fluorescence screening requires intensive evaluation of each variant,
but also reduces the probability of missing top mutations. Screening is also compatible with
focused randomization of specific sites. A popular approach combines initial identification of
important positions through selection of random mutagenesis libraries, followed by focused
mutagenesis of that position. Screens are lower throughput than selections, but provide more
information about relative activities of each variant which is often lost in selections. Thus, we

developed a screen along with our selection approach.

This screen is compatible with site-saturation mutagenesis library generation methods.
Using established site saturation primers (NNK/NNS), 95% fractional library coverage can be
achieved with a single 96-well MTP. Various approaches to reduce codon redundancy can also
reduce screening effort dramatically. Specifically, the 22c-trick is one approach which uses a
mixture of primers (NDT/VHG/TGG), which encode every single amino acid. Using this SSM
approach, only 66 colonies need to be screened for the same fractional library coverage, and
reductions in screening effort are even more pronounced when screen two or more sites by
SSM simultaneously (50% and 300% less screening effort for two and three saturated sites,
respectively)®. In our approach, we used three columns of the 96-well MTP for positive and
negative controls and the remaining 72 wells contained variants randomized by the 22c-trick.
Thus, we had greater than 95% fractional coverage of our library, meaning there is an excellent

probablility that each plate contains every possible variant.

The basis of the screen is a fluorescence reporter for activity based on the peptide
conjugation reaction catalyzed by ““SrtA, as described in “°. Briefly, 4SrtA is capable of
conjugating peptides encoding the LPLTG sorting signal motif to an acceptor domain (NSpaA,
residues 52-196) derived from its pilin substrate, SpaA. In this screen, a synthetic peptide is

utilized which is conjugated to fluorescein group at its N-terminus. The recombinant NSpaA
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acceptor is expressed with a C-terminal Hiss tag to facilitate purification. In the proof-of-principle
study, we expressed and purified variants of NSpaA in an MTP format and added exogenous
CdSrtA and the fluorescent peptide after purification. It is important to note however, that this
screen could also be carried out with randomized ©?SrtA expressed in the MTP and addition of
exogenous wild-type NSpaA. After the peptide is crosslinked to the NSpaA acceptor during the
incubation period, ©“SrtA and the signal peptide are removed from the wells by subsequent
washes, while NSpaA is retained on the IMAC resin. The fluorescently labeled NSpaA acceptors
in each well are then eluted to fresh 96-well plates for fluorescence readings (Figure 7.3). Also
note that the second round of wash steps can be omitted and the entire reaction can be
analyzed by fluorescence anisotropy in a plate reader if the proper controls are used (Figure
7.3B). The two techniques give directionally similar results, but small amounts of “ISrtA-FITC-
LPLT acyl intermediate in the unpurified approach contribute to noise in the anisotropy
measurements. Based on fluorescence readings, variants are then ranked based on their
degree of modification and top performers can be further assayed by orthogonal techniques to
verify their transpeptidation kinetics. Importantly, because this screen involves an in vitro assay
and is not dependent on cellular viability, heat shocks can be administered to purified proteins
before screening to assess thermostability. Future applications of this screen could involve
focused randomization of important sites on ©4SrtA or NSpaA from structural data or
thermostability screens of “SrtA. Beyond that, future efforts may be directed to engineering the
pilin motif into internal loops on test proteins and selecting for ““SrtA variants with specificity for
the pilin motif outside of the context of the NSpaA acceptor domain. Improved ©?SrtA variants
with enhanced kinetic parameters, optimized nucleophile preference, and improved
thermostability discovered by a tandem screening and selection scheme could be used as novel

isopeptide ligation tools with important implications in bioconjugation.
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7.5 Figures

Figure 7.1 — Comparison of ®SrtA3™ and ©9SrtA” variants. A) The transpeptidation activity of
both ©4SrtA variants is tracked by a gel-based assay. NSpaA (harboring the reactive K190
lysine) is conjugated to “SpaA (harboring the signal peptide) and the isopeptide NSpaA-°SpaA
product is monitored by separation of the reaction by SDS-PAGE. B) Gel densitometry was
used to quantify the product formation as a function of time. C) Differential scanning fluorimetry

(DSF) data shows differences in thermal stability between the two ©“SrtA lid variants.

= CISriA - °SpaA Tm
acyl intermediate
= NSpaA x °Spah 8000 - — CISrtAM) 38.0°C
— oS = CiSpaAr]| 28.0°C
~ "SpaA (apo)
+ “SpaA (apo)
- 6000
[
4
60000
ol
Cd, A
. S 4000
0
E *CdsrtAJM
a
+ 20000
3
b 2000 T T T T
° 0 20 40 60 80 100
0 10 20 30 40 50
Time (hours) Temperature

165



Figure 7.2 — DHFR fragment complementation selection. A) DHFR selection scheme.
Randomized ©“SrtA variants are generated through error-prone PCR (epPCR) and co-
transformed into E. coli BL21 cells. The DHFR fragments are expressed as fusions to the NSpaA
acceptor and signal peptide donor substrates for the ““SrtA-mediated transpeptidation reaction.
The cells are then grown in the presence of trimethoprim, a bacterial DHFR inhibitor, such that
efficient ligation of the two murine DHFR fragments is required for cell viability. During the
course of the selection, ©“SrtA variants with improved kinetics will be more viable and
predominate in the selection culture. After several days of selection, the cultures are plated and
individual ?SrtA variants are sequenced and their activity is quantified by in vitro assays. B)
Crystal structure of murine DHFR (PDB 1U70)* with the C-terminal and N-terminal fragments
colored red and blue, respectively. NADPH (green) and methotrexate (folate analog, cyan) are
shown as sticks, localized to the active site. Both fragments of DHFR (red and blue) must be
ligated together to form a competent active site. The position of the NSpaA and LPLTG signal
peptide fusions in this approach are shown as red and blue spheres (fused to the DHFR-C and
DHFR-N), respectively. C) Cell growth curves in media with different concentrations of
trimethoprim inhibitor are displayed as various shades of grey or blue lines for strains with both
CdSrtA and the DHFR plasmids or just the DHFR plasmid, respectively. Top, trimethoprim
growth curves are displayed along with uninhibited cultures as a line graph. Bottom, the same

data is depicted as a bar graph.
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Figure 7.3 — Fluorescence based screen. A) Schematic of screening procedure. NSpaA
variants are generated by targeted site-saturation mutagenesis and produced in a 96-well high-
throughput format. The variants are then simultaneously purified and retained on the cobalt
resin. Exogenous ©4SrtA and FITC-LPLTG peptide are then supplemented to each well and the
reaction is incubated at room temperature. During the incubation period, ©“SrtA covalently
ligates the fluorescent peptide to the K190 sidechain on each NSpaA variant. The degree of
labeling is dependent on the reactivity and kinetics of each variant. The reactions are again
purified to remove excess peptide and enzyme and fluorescence intensity is measured with a
plate reader. B) The fluorescence intensity in each well correlates with the degree of labeling.
The fluorescence measurements for each variant is compared to corresponding wells containing
positive controls (wild-type NSpaA and wild-type sortase) and negative controls (N\SpaA K190A
or ©4SrtA C222A). Fluorescence intensity measurements (after purification, top) and
fluorescence anisotropy (no purification, bottom) are displayed. C) The results of the
fluorescence assay were then verified by orthogonal measurements of transpeptidation (SDS-
PAGE and HPLC). SDS-PAGE data is shown for select wells with particularly high or low

fluorescence to verify the results of the fluorescence data.
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