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Introduction

The cell wall of gram positive bacteria is host to a wide variety of molecules
and serves a multitude of functions most of which are critical to the viability of the
cell. The primary purpose of the cell wall is to provide a rigid exoskeleton for
protection against both mechanical and osmotic lysis. It also serves as an attachment
site for proteins that interact with the bacterial environment, particularly with the
host, where the proteins aid the initiation and propagation of infection via adherence

to host tissue and immune system evasion' #2,

The structure of gram-positive bacterial cell wall

The cell wall of gram-positive bacteria is a peptidoglycan macromolecule
with attached accessory molecules such as teichoic acid, teichuronic acid and
muramic acid®. The glycan strands of the cell wall consist of repeating units of the
disaccharide =~ N-acetylmuramic  acid-(f1-4)-N-acetylglucosamine =~ (MurNAc-
GlcNAc) (Figure 1) . In most cases, the D-lactyl moiety of each MurNAc is linked
to a short peptide component through an amide bond’”®. Such wall peptides (WP) are
in turn cross-linked with other peptides called cross bridges (CB) that are attached to
neighboring glycan strands. This generates a three dimensional molecular network
that surrounds the cell and provides the desired exoskeletal function'®"?.

While the repeating disaccharide MurNAc-GlcNAc unit is found in all
bacterial peptidoglycans, WP and CB composition varies between species. In
Staphylococcus aureus, the WP attached to MurNAc is composed of the amino acids
L-Ala, D-iGlu, L-Lys, and D-Ala, and a pentaglycine moiety functions as the CB.
On the other hand, in Listeria monocytogens, the L-Lys is replaced by meso-
diaminopimelic acid (m-DPM) and m-DPM itself acts as the CB'*.

The synthesis of gram-positive bacterial cell wall

Cell wall synthesis in gram-positive bacteria can be divided into three
separate stages that occur in distinct subcellular compartments, the cytoplasm, the
membrane, and, finally, the cell wall itself (Figure 2)">"7. In Staphylococcus aureus,
peptidoglycan synthesis begins by generating UDP-MurNAc from UDP-GIcNAc
and phosphoenolpyruvate (PEP)'®. Five amino acids, L-Ala, D-isoGlu, L-Lys, and
the D-Ala-D-Ala dipeptide, are linked to UDP-MurNAc in four consecutive steps, to

generate UDP-MurNAc-pentapeptide or Park's nucleotide'®?*. Park's nucleotide is
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Figure 1. Peptidoglycan structures from S. aureus, S. pyogenes, and
L. monocytogenes"®. Glycan chains are linked to short wall peptides through the lactyl
moiety of MurNAc. Adjacent wall peptides can be linked through crossbridge
peptides (pentaglycine in S. aureus or dialanine in S. pyogenes). In some cases, such
as L. monocytogenes, adjacent wall peptides are linked via an amide bond between the
g-amino group of a m-Dpm residue at position 3 of one wall peptide and the carboxy
terminus of the D-Ala residue at position 4 of the adjacent wall peptide.
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Figure 2. Biosynthetic pathway of cell wall assembly'®>. The generation of cell wall
precursors begins in the cytoplasm, resulting in the synthesis of Park's nucleotide
which is then transferred to a lipid carrier in the membrane to generate lipid 1. After
further modification, the lipid-anchored peptidoglycan precursor is translocated to the
extracellular face of the cytoplasmic membrane. The peptidoglycan precursor is
subsequently incorporated into the cell wall by transglycosylation and transpeptidation
reactions with the concomitant displacement of the lipid carrier. The terminal D-Ala of
the wall pentapeptide is subject to substitution by cross-linking to other wall subunits
or can be removed by the action of a D-alanyl-D-alanine carboxypeptidase.

MN: N-acetylmuramic acid; GN: N-acetylglucosamine; D-iGlu: D-isoglutamic acid;
UMP/UDP/UTP: uridine mono/di/tri phosphate; PEP: phosphoenol pyruvate; Glys:
pentaglycine.



Introduction

then linked to an undecaprenyl-pyrophosphate carrier molecule by phosphodiester
bonds to generate Css-PP-MurNAc-L-Ala-D-isoGlu-L-Lys-D-Ala-D-Ala, or lipid I.
UDP-GIcNAc is linked to the muramoyl moiety of lipid 1 to generate the
disaccharide lipid I precursor [Css-PP-MurNAc(-L-Ala-D-isoGlu-L-Lys(Glys)-D-
Ala-D-Ala)-B1-4-GIcNAc)**%. Lipid II is further modified by the addition of a
pentaglycine moiety to the e-amino of lysine”” 2. Finally, the modified lipid II-
pentaglycine precursor is translocated across the cytoplasmic membrane to serve as
the substrate for peptidoglycan assembly.

Cell wall assembly of peptidoglycan is catalyzed by penicillin binding
proteins (PBPs)®. PBPs promote the polymerization of glycan from its disaccharide
precursor, i.e., the successive addition of MurNAc(-L-Ala-D-isoGlu-L-Lys-D-Ala-
D-Ala)-GlcNAc to Css-PP-MurNAc(-L-Ala-D-isoGlu-L-Lys-D-Ala-D-Ala)-
GlcNAc, and the transpeptidation (cross-linking) of wall peptides®®. The latter
reaction results in the proteolytic removal of the D-Ala at the C-terminal end of the
pentapeptide and the formation of a new amide bond between the amino group of the

crossbridge and the carbony| group of D-Ala at position 4"

Importance of bacterial cell-surface proteins

As mentioned earlier, the cell wall also serves as a site of attachment of a
large number of proteins. As these proteins form the primary inter'face between the
host and the pathogen, most of them play an indispensable part in the establishment
and propagation of infectious disease. Such proteins enact a wide variety of roles;
they function as (i) transporters that allow selective passage of molecules and

exclude harmful substances®" *?; (ii) adhesins that attach or adhere to specific

surfaces or tissues" > **; (iii) enzymes that mediate specific reactions on the cell
surface important for the survival of the organism®; (iv) protective structures to
prevent phagocytic engulfment or killing® *’; (v) antigenic disguises to bypass
activation of host immune defenses®; (vi) endotoxins that cause an inflammatory
response in the host; and (vii) receptors that can respond to temperature, osmolarity,
salinity, light, oxygen, nutrients, etc., resulting in a molecular signalling cascade in

the cell®> %,
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Mechanism of attachment of bacterial cell-surface proteins

To date, five major mechanisms for cell-surface display of proteins have
been elucidated (Figure 3). (i) Choline binding proteins, like LytA of
Streptococcus pneumoniae, bind to choline-substituted teichoic acid (TA) or
lipotechoic acid (LTA) via recognition motif present as repeat sequences (20
residues repeat) at the C-terminus*" “%; (i) Membrane anchored proteins, like
ActA of L. monocytogenes, are anchored to the cell membrane by an anchor
sequence composed of positively charged and hydrophobic residues®; (iii)
lipoproteins, like BlaZ of Staphylococcus aureus, have an N-terminal lipoylated
cysteine that is responsible for tethering the protein to the cell-membrane** *; (iv)
LTA binding proteins, like InIB of Listeria, are bound to membrane LTA through
80-amino acid tandem repeats that start with the dipeptide Gly-Trp (GW repeats)*®
7. (v) LPXTG proteins, exemplified by Protein A of S. aureus, are covalently
linked to the cell wall peptidoglycan by the action of a transpeptidase called Sortase
A. Sortase anchored proteins are the only surface proteins known to be covalently
linked to the cell wall*®.
Sortase catalyzed attachment of proteins to bacterial cell wall

A large number of surface proteins are anchored to the cell wall by the action
of the sortases, a recently discovered family of membrane-associated cysteine
transpeptidases®. Sortase enzymes are characterized by an N-terminal secretory
signal and a conserved TLXTC sequence motif towards the C-terminus. This motif
contains the catalytic cysteine which is indispensable for transpeptidation activity™
52

Surface proteins anchored by this mechanism have special recognition
sequence motifs at their C-terminus which are recognized, cleaved and thereafter
attached to the cell wall by sortases. For example, Staphylococcus aureus Sortase A
(SrtA), which is the prototypical sortase, recognizes a C-terminal LPXTG motif. It
cleaves the motif at the Thr-Gly bond and attaches the —-COOH group of the Thr to
the terminal amine of the pentaglycine CB of staphylococcal peptidoglycan®.

Sortase-catalyzed cell surface attachment of proteins is a universal
phenomenon as sortase homologues have been identified in all gram-positive

bacteria examined till date including sporulating gram-positives like Clostridium and



LytA ActA BlaZ InlB Protein A

S.pneumoniae L.monocytogenes S.aureus L.monocytogenes S.aureus

Cell wall

Cytoplasmic } 3) 3 (ﬁé
membrane S é!
Cytoplasm Choline binding Membrane Lipoprotein LTA binding LPXTG
protein anchored protein protein protein

Figure 3. Major types of surface proteins in gram-positive bacteria*®.

SrtA SrtB SrtC SrtD
-adhesion -iron acquisition  -pili formation -spore formation
-immune evasion
-internalization

Figure 4. Diversity of sortase biology®®. CM, cell membrane; CW, cell wall; OM,
outer membrane; SC, spore coat; ES, exosporium.
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Bacillus. Most bacterial genomes encode more than one sortase like protein with
some, like Bacillus cereus and Streptomyces coelicolor, encoding as many as
seven>>°, Sortases, however, seem to have been lost entirely from the two groups of
gram-positives that have evolved furthest away from the archetypal gram-positive
cell wall - the mycobacteria, with its highly complex cell wall and the mycoplasmas,
which lack a cell wall. Curiously, sortase homologues have also been found in a few
gram-negative organisms like Shewanella putrefasciens; their significance, however,

remains to be elucidated™’.

Types of Sortases

The large number of newly identified sortase analogues necessitated the
development of a classification system. Till date, two attempts at cataloguing
sortases have been reported. Dramsi and coworkers® analyzed complete genome
sequences from 22 gram-positive bacterial species and found 61 sortase homologues
which they partitioned into four classes called sortase A, B, C and D. This
partitioning was based on differences in their primary structure as well as the motifs
that they recognized in their target proteins (Figure 4).

In another report, Comfort and coworkers> analyzed 72 bacterial genomes
and found a total of 176 sortase homologues with 42 genomes encoding at least two
enzymes. They classified the sortase homologues into S classes: sortase A, sortase B,
subfamily C, D and E. Their basis of classification was also differences in primary
structure and recognition motifs.

The sortase A and B families are in common in the two systems; subfamily 3
corresponds to class C and subfamily 5 to class D. The additional subfamily 4
described by Comfort and coworkers clusters in the class D family of the Dramsi
system.

The sortase A enzymes, including staphylococcal Sortase A (SrtA), harbor
an N-terminal signal peptide cum transmembrane domain and the signature catalytic
TLXTC sequence near the C-terminus. Bacteria encode only a single sortase A
homolog and genes encoding sortase A are never found clustered within the same
locus as their substrates. An analysis of various substrates suggests that sortase A

enzymes are specific for the LPXTG motif and are responsible for anchoring a
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majority of LPXTG containing surface proteins most of which play important roles .
in bacterial adhesion, invasion, immune evasion etc.

The sortase B enzymes, including the archetype Sortase B (SrtB) form
Staphylococcus aureus, also harbor an N-terminal signal peptide/transmembrane
domain and the C-terminal TLXTC motif. S. aureus SrtB is required for membrane
anchoring of IsdC, an NPQTN motif containing protein that is important for iron
acquisition. Other motifs recognized by SrtB homologues are NAKTN (or NPKSS)
in L. monocytogenes, NPQTG/NSKTA in B. halodurans, and NPKTG/NSKTA in B.
anthracis and B. cereus’. Genes encoding members of this class and its putative
targets are often part of the same genomic locus. Analysis of substrates reveals that
sortase B proteins appear to be involved in iron metabolism as they contain the
NEAT (near transporter) domain implicated in iron transport™.

The sortase C is the largest class of sortases and is characterized by the
presence of a C-terminal hydrophobic membrane that is hypothesized to serve as the
membrane anchor (Type I anchored membrane proteins) unlike the rest of the
sortase family that contain N-terminal membrane anchoring sequences and are type
I proteins. Class C sortases also recognize and anchor LPXTG containing proteins
and several genomes have been shown to contain both sortase A and sortase C
homologues. Studies on Streptococcus pyogenes indicate that despite possessing
similar sorting signals the two sortase classes function in a non-redundant fashion in
the cell and differentially sort proteins bearing similar motifs®. As class C sortases
are always found clustered with their potential substrates, coordinated expression
may be one way by which this substrate selectivity is achieved. It has been shown
that assembly of pili on the surface of Corynebacterium diptheriae requires class C
sortases®’. Homologues of the gene encoding the major pilin subunit SpaA and
accompanying sortase machinery required for covalent tethering of pilin subunits

62, 63 In

also seem to exist in S. pneumoniae, E. faecalis and S. agalactiae
Actinomycetes, class C sortases have been found to play a role in the assembly of
fimbriae, composed of LPXTG subunit proteins, at the bacterial surface® ®. They
have also been implicated in the formation of aerial hyphae in S. coelicolor®.
Sortase D class is composed of homologues that recognize a non-standard
sorting signal, LAXTG. Similar to sortase A, sortase D genes are never positioned

adjacent to their predicted substrates. The function of LAXTG containing proteins
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remains to be elucidated although they have been implicated in bacterial sporulation
and the developmental programs of bacilli or streptomyces®® ¢’

Most gram-positive bacteria encode sortases from two or more classes and
studies indicate that there is no substrate overlap and that sortases of different
classes function non-redundantly in sorting proteins to the cell surface. Class A
sortases appear to be responsible for anchoring a majority of surface proteins in
gram-positive bacteria and hence, are often referred to as ‘housekeeping’ sortases.
Sortases belonging to other classes are predicted to play a more specialized role,
anchoring on average far fewer proteins that frequently contain unusual sequence

motifs in their sorting signals.
Staphylococcus aureus Sortase A (SrtA)

Domain structure of SrtA and its substrates

Staphylococcus aureus SrtA, the archetypical sortase, is a 206 amino acid
protein with an N-terminal signal peptide cum membrane anchor sequence and a C-
terminal TLXTC motif (Figure 5). It is a typical Type II membrane anchored
protein, i.e., it is anchored to the cell membrane via an N-terminal hydrophobic
sequence such that its C-terminus, which contains the active site, faces the
extracellular milieu®. Deletion of the first 59 amino acids (SrtAase) provides for a
soluble and catalytically competent enzyme that is easily expressed and purified by
routine chromatographic techniques®.

Surface proteins that are attached to the cell wall by SrtA have an N-terminal
secretory signal that is presumed to promote translocation across the bacterial cell
membrane (Figure 6). They also have a characteristic C-terminal cell wall sorting
(CWS) signal which comprises of a conserved LPXTG motif followed by a stretch
of about 20 hydrophobic residues and a short positively charged tail®®, The CWS
signal is hypothesized to temporarily retain the translocated protein within the
plasma membrane until the substrate is recognized and cleaved by SrtA®’. For
example, S. aureus Protein A, which is the model SrtA substrate, contains an
LPETG motif followed by a 25 residue long hydrophobic domain and a § residue
long positively charged tail’® " (Figure 6).
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Transmembrane sequence site

N ~ I T XTI ~ C

Figure S. Diagrammatic representation of SrtA. The N-terminal signal peptide
cum transmembrane sequence and the C-terminal catalytic motif, TLXTC, with the
active site cysteine is shown.
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Cell Wall Sorting signal (CWS) '
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Figure 6. Diagrammatic representation of a typical SrtA anchored protein. The
N-terminal signal peptide and the C-terminal CWS signal with the conserved LPXTG
motif are depicted. The lower panel shows the amino acid residues in the CWS signal
of staphylococcal Protein A.
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Substrate specificity of SrtA

Kruger et al & analyzed the substrate specificity of SrtA using an LPXTG
derived peptide library and found that the kinetically preferred residues in positions
1, 2, 4 and 5 of the LPXTG motif were consensus residues Leu, Pro, Thr and Gly
respectively. In position 3, where high residue variability has been reported, all
amino acid substitutions were tolerated although a 10-fold variation was observed
between the best substrate (LPMTG) and the worst substrate (LPTTG). The
prototypical substrate, LPETG, which mimics the sortase recognition motif of
protein A, was found to be a moderate substrate for the enzyme. SrtA was found to
exhibit a marked preference for Met, Tyr, Leu, Gln and Asn at this position. /-
branched amino acids such as Ile, Val and Thr were poorly tolerated and neutral
amino acids like Gln and Asn were preferred over their charged counterparts like
Glu and Asp. In position 1, Leu could be substituted with Met with modest
efficiency although other hydrophobes were not tolerated. Similarly Pro in position
2 could be substituted with an Ala residue. The greatest variance was observed at
position 4 where in addition to Thr, SrtA processed substrates containing Ala, Ser,
Val and Leu. No variants of the Gly residue at position 5 were tolerated. Hence,
SrtA exhibits high selectivity for the Leu, Pro, Thr and Gly residues found in the
LPXTG consensus motif although it is capable of accepting point alterations, albeit
at significantly reduced efficiency. Residues following the LPXTG motif also seem
to have some impact on the activity of SrtA. The results from a peptide substrate
library based on an expanded motif (LPXTGX'X?), suggested that Gly residue at X'
was preferred over other amino acids” . However, the enzyme did not seem to have

any preference for amino acids at position X2,

SrtA,se structure and catalysis

NMR and X-ray crystallography of S. aureus SrtA,so revealed that the
enzyme adopts a unique eight-stranded S-barrel with an a-helix and two 3-turn
helices connecting the S strands (Figure 7)%% 775 A pocket created by 4, A7 and
/8 forms the binding site for the peptide substrate and delineates the active site of
the enzyme. The catalytic cysteine, Cys'84, is located in the 7 strand; two residues,

His'?" and Arg'?’, are positioned in close proximity to the sulfhydryl group of Cys'™




Figure 7. Crystal structure of SrtA,sy and SrtA soc 1g4a1 — Peptide complex” (A) The
core of SrtA,s is an 8-strand f barrel. /4, 7 and B form a concave structure
containing Cys'®*. (B) LPETG bound in the SrtAsocys1gsaia aCtive site. STtA soc . 1gqa1s 1S

an active site mutant (Cys'®**—>Ala) whose crystals are isomorphous with those of
STA 5.

Figure 8. NMR structure showing the active site of SrtA,s, and the Ca?" binding
site’2. (A) an enlarged view of the active site showing the amino acid residues in close

vicinity to the active site Cys'®*. (B) Ribbon drawing of SrtA s, showing the putative
Ca?* binding site.
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and are considered crucial for catalysis though their mechanistic contributions are
still under investigation. Using a cyanoalkene analog of LPETG and NMR analysis,
three residues located adjacent to the active site (Thr'®’, Ile'®? and Ala''®) were

shown to undergo rearrangement upon substrate binding (Figure 8A). In agreement

with the hypothesis that these three residues are crucial for recognition and
stabilization of bound substrate, amino acid substitutions of these residues have
profound effects on SrtA activity’®,

Calcium ions are known to stimulate SrtAase activity. A conserved calcium
binding site is formed by the side chains of Glu'®, Glu'® and Glu''? within the 33-
4 loop and possibly Glu'”' from the 36-57 loop (Figure 8B). The binding of Ca**
ions is important for structural rearrangements of a disordered loop covering the

52,7

active site that enables substrate binding *> ™ 77 1t has been recently reported that

sortase can form dimers in-vitro; its significance vis-a-vis catalysis has not been

elucidated yet’™ .

Sortase catalyzed surface protein anchoring

Surface proteins that are attached to the cell wall by sortase are synthesized
in the bacterial cytoplasm as precursors harboring an N-terminal signal peptide and a
C-terminal sorting signal (P1 precursor; Figure 9). After initiation into the Sec
secretion pathway, signal peptidase cleaves the N-terminal signal peptide to generate
the P2 precursor. The hydrophobic domain of the sorting signal is thought to
temporarily retain the polypeptide in the membrane, thereby allowing the LPXTG

184 attacks and cleaves |

motif to be recognized by SrtA. The sulfhydryl group of Cys
the scissile Thr-Gly bond and forms a thioester bond with the carboxyl group of Thr. ‘
The thioester linked acyl-enzyme intermediate, is subsequently resolved by the ‘
nucleophilic attack of the amino group of the pentaglycine cross-bridge of the |
peptidoglycan precursor lipid II forming the P3 intermediate. The P3 intermediates
are subsequently incorporated into the envelope via the transglycosylation and
transpeptidation reactions of cell wall biosynthesis, ultimately generating mature
product (M), i.e., surface proteins that are covalently linked at the C-terminal end to

the cell wall envelope53‘ e
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Figure 9. SrtA mediated anchoring of surface proteins®®. The black bar and + indicate
the hydrophobic domain and the positively charged tail of the CWS signal
respectively. CY: cytoplasm; PM: plasma membrane; CW: cell wall.

Figure 10. Genomic organization of the S. aureus isd locus. SrtB is located in an
operon with a putative Fe transporter (isdE, isdF) and a surface protein with a C-
terminal NPQTN sorting signal (isdC). Adjacent to this operon are two LPXTG
containing proteins that are SrtA substrates. All transcriptional units contain a Fur box
upstream of their putative promoters.




Introduction

Staphylococcus aureus Sortase B (SrtB)

Domain structure and substrate specificity

The staphylococcal genome encodes for another sortase called Sortase B
(SrtB). SrtB is a 246 residue protein with a putative N-terminal signal
peptide/transmembrane sequence (the first 30 residues at the N-terminus) and a
TLXTC motif at the C-terminus. Deletion of the transmembrane segment yields a
soluble enzyme that can be expressed and purified by routine procedures. Unlike
SrtA, which is transcribed as a single gene, s7¢B is part of an operon called the isd
(iron-responsive surface determinant) locus (Figure 10). This locus is composed of
eight proteins (IsdA-G, SrtB) which together make up an iron scavenging and
transport system®'. Specifically, the locus encodes cell-wall heme binding proteins
(IsdA, IsdB, IsdC), a membrane based heme transport system (IsdD, IsdE, IsdF), a
heme degrading monooxygenase (1sdG), and SrtB¥ # The transcription of the locus
is regulated by the ferric uptake regulator protein (Fur) which binds to a DNA
sequence called the Fur box and represses transcription during iron-replete
conditions** ¥

IsdC appears to be the only surface protein substrate in S. aureus that is
anchored by SrtB, which cleaves the substrate at the Thr-Asn bond of the NPQTN
motif and immobilizes it at the cell wall cross bridges™. Although the SrtB substrate
specificity, mechanism of action and anchor structure of SrtB protein substrates is
not very well studied, it is thought to function in a manner similar to SrtA, i.e., by
attacking the Thr-Asn peptide bond of the NPQTN sorting motif, forming a thioester
bond with the carboxyl group of Thr and thereafter transferring it to the pentaglycine
crossbridges of lipid II.

Structure of SrtBas

The crystal structure of SrtBaso (amino terminal 30 residues deleted version
of SrtB) has been elucidated (Figure 11). SrtBaso is composed of an eight-stranded
[-barrel core containing mainly antiparalell f strands (numbered A1-M8), five a-
helices (numbered H1-HS), several loops and a hairpin turn®’ . The topology of the f-

barrel is identical to that observed in SrtAase. The SrtBaso crystal structure differs



Figure 11. Structure of SrtB,;,*” Individual S strands and « helices are labeled. The
catalytic Cys?? is shown as a ball-and-stick model

Figure 12. Superimposition of SrtB,;, and SrtA,;; NMR model®”. The NMR SrtA 5,
backbone ribbons are shown in red, and the SrtB ,;, is in other colors. The N-terminal
two-helix bundle and helices H4 and HS observed in the SrtB,,, crystal structure are
not observed in the SrtA,;, NMR structure.
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from the SrtAaso crystal structure by the insertion of a four-turn a-helix and a one-
turn 3o helix between the £6 and 57 strands, and a two-turn 3 helix and one-turn o
helix between the S4 and g5 strands. Also, the N-terminal of SrtBa3o forms two
well-defined o helices not found in SrtAase (Figure 12). The catalytically important
Cys®® is located at the tip of the 87 strand®,

Sortases, surface proteins and microbial pathogenesis

Staphylococcus aureus is a human and animal pathogen that has the ability to
penetrate into the deep layers of host tissue causing suppurative lesions in virtually
all organ systems®, Staphylococci lack pili or fimbrial structures and instead rely on
surface protein mediated adhesion of host cells or invasion of tissues to evade the
immune system and establish disease®. Furthermore, S. aureus utilizes surface
proteins to sequester iron from the host tissue during infection®®, A majority of
surface proteins involved in these aspects of staphylococcal disease are sortase
substrates, i.c., they are covalently linked to the staphylococcal cell wall by the
action of either SrtA or SrtB.

Significance of Sortase-anchored surface proteins in S, aureus

Using cell sorting signals as queries in bioinformatics searches, 18-21 genes
encoding putative sortase anchored surface proteins have been identified in S.
aureus (Table 1). The number of genes varied with the strain under investigationgo.

Microbial surface components recognizing adhesive matrix molecules
(MSCRAMMs) are bacterial elements crucial for host tissue adhesion and invasion®.
Fibronectin binding proteins, FnbpA and FnbpB, are MSCRAMMs responsible for
binding to fibronectin. As fibronectin is found in the extracellular matrices of most
tissues as well as in soluble form in body fluids, staphylococci can adhere to
virtually all tissues as also to serum coated foreign objects like catheters or artificial
heart valves" '

The collagen binding protein, Cna, which binds to collagen, is important in
staphylococcal strains that cause connective tissue disorders or osteomyelitis”>**.
S. aureus strains clump in the presence of plasma. This phenomenon, which

has been exploited for diagnostic purposes, is due to the interaction of two
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Table 1. Staphylococcus aureus cell wall anchored surface proteins

Surface protein Ligand Motif Sortase
Protein A (Spa) Ig, von Willebrand Factor, LPETG A
TNRF
Fibronectin binding Fibronectin, firbrinogen, LPETG A
protein A (FnbpA) elastin
Fibronectin binding Fibronectin, fibrinogen, LPETG A
protein B (FnbpB) elastin
Clumping factor A (CIfA) | fibrinogen LPDTG A
Clumping factor B (CIfB) | Fibrinogen, keratin LPETG A
Collagen adhesion (Cna) | Collagen LPKTG A
SdrC Unknown LPETG A
SdrD Unknown LPETG A
SrdE Unknown LPETG A
Pls Unknown LPDTG A
SasA Unknown LPDTG A
SasB Unknown LPDTG A
SasC (Mrp) Unknown LPNTG A
SasD Unknown LPAAG A
SasE/IsdA Heme LPKTG A
SasF Unknown LPKAG A
SasG/Aap Unknown LPKTG A
SasH Unknown LPKTG A
Sasl/HarA/IsdH Haptoglobin LPKTG A
SasJ/IsdB Hemoglobin, heme LPQTG A
SasK Unknown LPKTG A
IsdC Heme NPQTN B
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MSCRAMMs, clumping factor A and B (CIfA and CIfB) with soluble fibrinogen®>
96

The serine(S)-aspartate(D) repeat containing proteins (Sdr C, D and E)
contain putative high affinity fibrinogen as well as calcium binding domains
although no such interactions have been demonstrated yet’” %%,

S. aureus protein A (Spa) binds to the Fc terminus of immunoglobulins (Ig)
resulting in the uniform coating of staphylococci with antibodies which ‘masks’ the
microbe from the immune system. Spa also binds to the von Willebrand factor, a
serum polypeptide that promotes physiological homeostasis of blood, as also to
TNFRI1 (tumor necrosis factor receptor 1), a signaling molecule involved in pro-

inflamatory cytokine response and innate immunity>'®'

. Sequestration of these
molecules is hypothesized to promote bacterial survival in the host.

Pathogenic bacteria have an absolute requirement for iron during the
infectious process. Four Isd proteins, IsdA, IsdB, IsdC and IsdH/HarA, are involved
in binding heme or hemoproteins and appear to play a role in scavenging of iron
during staphylococcal infection. IsdA, IsdB and IsdC are encoded by the isd locus
whereas HarA/IsdH is encoded by a gene situated outside the locus. HarA/IsdH has
been shown to bind haptoglobin/hemoglobin complexes; IsdB binds to
hemoglobin®® ' 'S All the four proteins, including IsdC which is the only
staphylococcal substrate of SrtB, are capable of binding to heme. It has been
proposed that these proteins are involved in capturing hemoproteins, liberating
heme, and promoting heme transport across the bacterial cell wall envelope.

The functions of twelve S. aureus surface proteins (SasA, B, D, SasF-H, Sask,
SdrC-E and Pls) is not yet known. Sas C was recently characterized as the multidrug

resistance protein (Mrp).

Significance of Sortase anchored proteins in pathogenesis

Given the importance of cell surface proteins, loss of the sortase genes leads
to defective pathogenesis of gram-positive bacteria. Effect of deletion of SrtA has
been éssessed and reported in various models. When injected at a sub-lethal dose
into the blood stream of mice, sr4- mutants display a 2-log reduction in bacterial
growth in multiple organ systems as well as a 1.5-log increase in the lethal dose

(LDso) compared to wild-type strains. The mutants were also cleared form the blood
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stream faster and much more effectively than their wild type counterparts™. In the
septic arthritis model, staphylococcal inoculations into the blood stream lead to joint
infections resulting in cartilage and bone destruction. In experimental endocarditis,
lesions on the heart valves serve as a site of deposition of staphylococci, causing
destructive damage of endocardial tissue. In both model systems, srt4- mutants
displayed large reductions in pathogenesis. Jonsson er al'™ reported that in the
septic arthritis model, mice infected with the knockout mutants showed improved
survival as compared to those injected with wild-type staphylococci. In the
endocarditis model, Weiss and coworkers'® reported a two-fold higher mortality
with the wild type S. aureus Newman strain as compared to the srz4- isolates. When
non-bacterial thrombotic endocarditis was induced by the insertion of a polyethylene
catheter into the heart of experimental animals, a significant difference between the
mean cardiac bacterial counts for the wild-type strain and the srz4- strain was
observed. They proposed that the srt4 gene deletion and the ensuing loss of the
ability to anchor cell surface proteins, such as those responsible for fibrin binding,
affected the ability of the srt4- strain to infect and colonize in the cardiac
environment. Similar results were also reported by Bubeck et al'® using an
experimental model of S. aureus lung infection which monitors the development of
acute pneumonia and disease-associated mortality following intranasal inoculation of
mice with staphylococci. Animals infected with srt4- mutants showed a significant
reduction in mortality as compared to their wild-type counterparts.

The importance of sortase-attached surface proteins was further reinforced
by studies wherein the ability of surface proteins to elicit protective immunity was
assessed. Following vaccination with purified components, protective immunity was
assessed for Group B streptococcal, pneumococcal, and staphylococcal infections
and it was observed that by combining sortase substrates as vaccine antigens,
animals could be protected against a lethal challenge with the pathogen'®’. For
example, the combination of IsdA, IsdB, SdrD, and SdrE as vaccine antigens
protected mice against lethal challenge with S. aureus strains, including several
MRSA (Methicillin resistant Staphylococcus aureus) strains. Gaudreau et al 108
reinforced the significance of these results by their studies on the utility of a
multivalent polyprotein DNA vaccine for immunization against S. qureus. They

used a series of plasmids encoding cell wall attached proteins like CIfA, FnbpA and
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SrtA itself, either singly or combined as a polyprotein, to immunize mice. Upon
challenge with a virulent S. aureus isolate, a significantly larger number of
vaccinated mice survived as opposed to the control group. Vaccinated mice were
also observed to show no signs of arthritis when challenged the S. aureus Newman
strain which caused reactive arthritis in the controls.

Staphylococcal srtB- mutants do not show as drastic a decrease in virulence
as is observed for mutants lacking srz4. In the renal abscess model, s¥#B- mutant
staphylococci exhibited defects in persistence of infection and an overall decrease in
virulence in the infectious arthritis model. This corroborates the hypothesis that as
heme uptake is crucial during the infectious process, deletion of srB has a more
profound effect on persistence of infection rather than establishment®'- 1% 1%

Virulence attributes of sortase and surface protein extend well beyond
staphylococci, as defects in the pathogenesis of sortase mutants have been reported
for animal infections with many different species, including Actinomyces,

Enterococci, Streptococci, bacilli, and listeria''*'"®

. Collectively, these studies
illustrate the many important and diverse roles that surface proteins play during the

pathogenesis of infections caused by Gram-positive pathogens.

Impartance of sortases in the assembly of pili

Pili or fimbriae represent some of the most important virulence determinants
for bacterial infection of a mammalian host''> '°. These macro-molecular structures
consist of repeating protein subunits structured as the pilus shaft which extends from
the bacterial surface into the surrounding medium. The tip or cap of these fimbrial
shafts typically display adhesive properties that promote bacterial binding to
extracellular matrices or host cell receptors in the context of an infection''"'%,

Unlike gram-negative bacteria whose pili subunits are noncovalently
attached to each other and whose assembly is a non enzymatic process, gram
positive bacterial pili are covalently connected and their assembly requires the

presence of sortases®> ® 124125 The mechanism of assembly is best characterized in

Corynebacterium diptheriae.
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The prototype: Corynebacterium diptheriae pilus assembly

The genome of C. diptheriae contains three different pili gene clusters. Each
cluster forms a distinct pilus, designated as the SpaA (sortase-mediated pilin
assembly A), SpaD and SpaH type according to the major subunit that makes up
each pilus (Figure 13)®'. The assemblies of these pili require cognate sortases that
are encoded within each pilus gene cluster®" 12612,

The sortases involved in C. diptheriae pilus assembly are named SrtA, B, C,
D and E. These sortases belong to the class C category as they recognize the LPXTG
motif but are found clustered in the same gene loci as their substrates. The
housekeeping sortase of C. diptheriae, SrtF, belongs to class A'>.

The biogenesis of the SpaA pili requires four adjacent genes: spaAd, spaB,
spaC and srtA. SpaA is the major component of the pilus shaft, SpaB is spaced at
regular intervals along the shaft and SpaC is located at the pilus tip. The assembly is
catalyzed by a single sortase, SrtA, located within the spaA locus.

The SpaD and SpaH pilus assembly requires the action of two sortase
enzymes: SrtB and SrtC in case of SpaD; and SrtD and SrtE in case of SpaH.

Studies with deletion mutants have indicated that the housekeeping sortase,
SrtF, is required for efficient cell-wall attachment of all three types of polymerized
pilin subunits®' 1*°,

Sequence' analysis of the major pilin subunits SpaA, SpaD and SpaH
uncovered three key motifs involved in pilus assembly: the pilin motif,
WxxxVxVYPKN with an invariant lysine, the E box with an invariant glutamate and
the CWS signal. Bioinformatic analysis has revealed that these three motifs are
conserved in every gram-positive major pilin protein examined till date. As the
ancillary pilin subunits lack both the E box and the pillin motif, it is presumed that
the major subunits provide all the necessary elements for pilus assembly. This is
corroborated by experimental studies of spad- deletion mutants which show that
SpaA is essential for formation of the pilus structure, whereas the two ancillary
proteins, SpaB and SpaC, are dispensable for pilus assembly®" 12> 130,

The first step of pilus assembly involves the Sec-dependent secretion of the
pilus components all of which contain N-terminal signal peptides and C-terminal

LPXTG motif containing CWS signals (Figure 14)'?°. Each component remains

anchored to the cell membrane, owing to the presence of a membrane-spanning
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Figure 13. Pilus gene operons'?®. Graphic presentation of pilus gene clusters
identified in the chromosome of Actinomyces naeslundii MG-1, Corynebacterium
diphtheriae NCTC13129, Enterococcus faecalis V538, Streptococcus pyogenes M1,
Streptococcus agalactiae 2603V/R and Streptococcus pneumoniae TIGR4. Each
cluster contains pilus-specific sortase gene(s) (black), genes encoding a major subunit
(red) and minor pilins (aqua). Some of the clusters are flanked by transposable
elements (blue). Uncharacterized genes are colored in gray.
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Red diamonds denote the D-diaminopimelic moiety of the cell wall pentapeptide.
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domain at the C-terminus. The second step is a branching point where the pilus
precursor can either form an acyl-enzyme intermediate with the housekeeping SrtF
or with the pilus specific sortase. In case of the former, the enzyme intermediates are
transferred to lipid II thus anchoring monomeric pilin units to the cell wall (Step 3).
In case of the later, pilus polymerization takes place by nucleophillic attack of the e-
amine of the lysine (K) present in the pilin motif (step 4).

Pilus polymerization is terminated when pilus polymers are transferred to
lipid II in one of two possible ways. In one pathway, the housekeeping sortase
having a SpaA monomer would receive the pilus polymer form the pilus-specific
sortase (step 5) and transfer the polymer to lipid II (step 6). In the alternative
pathway, the pilus-specific sortase would transfer the polymer directly to lipid II.

Several aspects of the pilus-assembly process remain to be elucidated. It is
still not clear how the different pilus subunits are organized and what determines
their order and frequency in the pilus structure. Gene-inactivation experiments in C.
diptheriae have shown that, although the main pilus subunit can polymerize in the
absence of the two ancillary proteins, the reverse is not true for the ancillary
proteins®'. Sortase specificity has been proposed to play a key role in incorporation
of the ancillary proteins into the pilus structure as it has been shown that in group B
Streptococcus, the sortases SAG0647 and SAG0648, encoded by pilin island 1, are
each specifically required for incorporation of one of the ancillary proteins''.

Although studies on pilus formation in other gram-positive organisms are
still in their nascent stages, it is believed that sortase catalyzed pathway for pilus
assembly may be common to all gram-positive bacteria. Studies of Streptococcus
agalactiae, S. pyogenes, S. pneumoniae, Enterococcus faecalis and A. naeslundii
show typical clustering of pilus genes together with multiple pilus-specific sortases
(Figure 13). Similar to corynebacterial pili, the streptococcal and enterococcal pili
are heterotrimeric, with the pilus shaft containing two minor pilins®* 1%,

The role of pili in host cell adherence and tissue tropism has been well
established from studies of Gram-negative bacteria; gram-positive pili are also
hypothesized to play a major role in host—pathogen interaction and the eventual
colonization of host tissues by pathogens. As pili are considered crucial for the
adhesive interactions of bacteria with host cells, in biofilm formation and in

modulation of host immune response leading to the establishment of commensal or
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pathogenic relationships, pilus assembly provides a unique opportunity for inhibition
63,129

of virulence
Inhibitors of sortase catalyzed transpeptidation

Since sortase catalyzed transpeptidation is crucial for so many aspects of
microbial pathogenesis, it constitutes an extremely attractive target for the
development of new antibacterial drugs. Another factor that increases the appeal of
therapy against sortase is that as surface proteins are crucial for pathogenicity but
not survival, sortase inhibitors should act as anti-infective agents and disrupt
virulence without affecting microbial viability. This reduces the selection pressure
towards the development of drug resistance. A number of sortase inhibitors have
already been reported (Table 2).

Taking the approach that plants may harbor compounds that inhibit the
activity of SrtA, Kim er al'*’examined the extracts of over 80 medicinal plants for
inhibition of recombinant SrtA of which the extracts of Cocculus trilobus, Fritillaria
verticillata, Liriope platyphylla and Rhus verniciflua exhibited the most potent anti-
SrtA activity with ICsp values ranging form 1.6-8.5 pg/ml. The extract form
Fritillaria was investigated further and the active principle was discovered to be a
glucosylsterol, S-sitosterol-3-O-glucopyranoside'®®, The anti-sortase activity was
attributed to the glucopyranoside moiety as sitosterol alone was not seen to exhibit
any inhibitory activity.

Isoquinoline alkaloids (berberine chloride) from the rhizome of Coptis
chinensis and curcuminoids (curcumin, demethoxycurcumin and
bisdemethoxycurcumin) isolated form the rhizome of Curcuma longa exhibited
strong activity against SrtA with ICsp values of 8.7ug/ml and 13-35ug/mi
respectively. These ICso values were much lower than that for pHMB (p-
hydroxymercuribenzoic acid) which is a generic cysteine protease inhibitor known
to inhibit the activity of SrtA. Curcumin treated S. aureus cells showed decreased
ability to bind to fibronectin'*® **.

Several compound isolated form marine sponges have been demonstrated to
be effective inhibitors of SrtA. Bromodeoxytopsentin, a Bis(indole)alkaloid of the
Topsentin class , isolated form the marine Spongosporites sp, reduced the ability of

S. aureus cells to bind to fibronectin coated plates, in a dose dependent manner. It
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Table 2: Some examples of SrtA and SrtB inhibitors

Name . Source/Type ICsg in-vitro In-vivo Mechanism
inhibition

B-sitosterol-3-O- F.verticillata SrtA: 18ug/ml Inhibition of N.D.

glucopyranoside bacterial growth

Berberine chloride C. chinensis SrtA: 8.7pg/ml Inhibition of N.D.

bacterial growth
Isoaptamine Aaptos aaptos SrtA: 3.7ug/ml Binding to N.D.
fibronectin
Curcumin C. longa SrtA: 13ug/ml « N.D.
Flavonoid phenols R. verniciflua SrtA: 37-123pg/ml Clumping N.D.
SrtB: 8-38ug/ml

Diazo/chloromethyl ketone Synthetic, substrate N.D. N.D. Most likely covalent
mimic

333-Trifluro-1- Synthetic SrtA: 190uM Binding to Covalent modification of

(phenylsulfonyl)-1-propene fibronectin Cys'®

Phosphinic peptidomimetic Synthetic, transition | SrtA: 10mM ‘N.D. N.D.
state mimic

Diacrylonitrile Small molecule SrtA: 2.31pug/ml Binding to Possibly noncovalent
library fibronectin

Aryl B-amino(ethyl) ketones Small molecule SrtA: 4.8uM N.D. Covalent, mechanism
library SrtB: 14ugM based

SrtC: 15uM
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also inhibited the activity of SrtA with an estimated ICsy of ~20pug/mi'¢.
Isoaaptamine isolated form the tropical sponge Aaptos aaptos was a potent inhibitor
of SrtA with an ICsp of ~4pg/ml. It also suppressed the ability of S. aureus to bind to
fibronectin coated surfaces"’. Dihydroxystyrenes isolated form the Jaspis sp. of
sponge showed mild inhibitory activity against SrtA'*®,

Three flavanoids, morin, kaempferol and galangin, along with S-sitosterol-3-
O-glucopyranoside, displayed at least a 3-fold difference in inhibition between SrtA
and SrtB (SrtA: 37.39, 77.94, 123.22pg/ml; SrtB: 8.54, 24.55, 38.37ug/ml
respectively) suggesting that it may be possible to identify inhibitors that

discriminate between specific members of the sortase family'*®

. Two cyclic peptides
isolated from an actinomycete obtained form an unidentified marine sponge
exhibited weak inhibition against SrtB with ECsy values in the range of 88-
126pg/m1',

Several investigators have taken advantage of the active site thiol features of
sortase or the conserved structure of its peptide substrate for designing inhibitors.
The first such report investigated the use of synthetic substrate-derived inhibitor
sequences with reactive electrophiles aimed at irreversibly modifying the active site

thiol of sortase''.

Three substrate-derived, active-site directed, irreversible
inhibitors of SrtA were designed based on the substrate recognition motif of
staphylococcal SrtA (LPXTG). The authors replaced the scissile amide bond
between the Thr and Gly with diazoketone (=COCHN,) or chloromethyl ketone (-
COCHCl) grouping. Both diazomethane and chloromethane were chosen on the
basis of their recognized ability to alkylate the active-site thiol groups of cysteine
proteases. Both compounds displayed micromolar inhibitor constants with the
chloromethyl ketone demonstrating faster kinetics of inactivation. Along these lines,
vinyl sulfones, electrophilic inhibitors. of cysteine proteases, were examined for
inhibition of sortase. Collectively, these compounds displayed time-dependent
irreversible inhibition of sortase'*. Among the vinyl sulfones, 3,3,3-trifluoro-1-
(phenylsulfonyl)-1-propene, was most effective with an ICsp of 190puM. In addition
to substrate-derived inactivators, inhibitors aimed at imitating the transition state of
the sorting reaction were evaluated for activity. A nonhy('irolyzable phosphinic
peptidomimetic (NH;-YALPE-Alay[PO,H-CH,]Gly-EE-NH;) showed competitive

inhibition with an ICsy of 10mM'?. Analogues of threonine (T*), where the
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carboxyl group of Thr was replaced with a mercaptomethyl (CH,SH) unit, were used
to make tetrapeptide substrate mimics for SrtA (LPAT*) and SrtB (NPQT*)'*. Both
these peptides were observed to modify their respective enzymes by reacting to the
active site Cys residue.

High throughput screening has also been used to search for novel inhibitors
of sortase activity. In-silico virtual screening of SrtA against commercial compound
libraries led to the identification of 108 potential inhibitors'*’. Eight of the 108
compounds exhibited in-vitro inhibition of catalytic activity of SrtA with ICso values
ranging from 75-400uM. The most active compound identified from the virtual
screening was a compound designated Compound 1 which had an ICso value of
75uM. Similarly, a screen of 1000 diverse compounds for inhibition of SrtA yielded
a diacrylonitrile with an ICso of 231uM', In another study, screening of 135,625
small molecules for inhibition yielded aryl(f-amino)ethyl ketones (AAEK) that

inhibit sortase enzymes from staphylococci and bacilli'¥’

. Aryl(B-amino)ethyl
ketones are mechanism based inhibitors; sortases specifically activate this class of
molecules via f-elimination, generating a reactive olefin intermediate that

covalently modifies the cysteine thiol.

Sortase as a synthetic tool in chemistry and biology

SrtA mediated transpeptidation involving LPXTG motif containing surface
proteins and pentaglycine CB of peptidoglycan can be easily reproduced in-vitro
using LPXTG motif containing short peptides and mono-, di- or triglycine as the
nucleophile. Lack of requirement for high-energy intermediates or complex
cofactors further simplifies the in-vitro reaction.

The idea that the exquisite site-specific cleavage and transpeptidation -
properties of SrtA could be exploited for protein engineering was introduced by Mao
et al who used SrtA to ligate native as well as non-native peptide fragments to
LPXTG containing peptides'*®, They extended the concept of peptide-peptide
ligation and investigated if SrtA could be used for peptide-protein and protein-
protein ligations. They reported that GFP (green florescent protein) with an LPETG
tag (GFP-LPETG), when incubated with SrtA, was hydrolyzed to GFP-LPET. In the

presence of an appropriate Gly nucleophile, it yielded the formation of the expected
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protein-peptide conjugate with a yield of about 50% in 6 hours. Furthermore, SrtA
successfully mediated the conjugation of GFP-LPETG-6His to a 29 KDa protein
expressed with an N-terminal glycine. They also demonstrated the utility of SrtA in
ligating non-native peptide fragments, like (D)-Tat peptide (GYGRKKRRQRRR),
to the C-terminus of an LPXTG motif. Non-peptidic molecule, like folate, when
derivatized with N-terminal triglycine could also yield the expected GFP-LPET-
Folate conjugate. To further illustrate the functional utility of SrtA, they applied the
process to generate a conjugate between a synthetically made branched PTD-S
(Protein Transduction Domain-5) peptide and recombinant GFP-LPETG-6His, a
protein-peptide conjugate that would have been difficult to make by either
recombinant expression or chemical synthesis.

SrtA mediated transpeptidation has also been used to develop a new protein
purification system for the generation of free recombinant protein in a single affinity

-chromatographic step (Figure 15)'*

. The recombinant protein was expressed in E.
coli as a fusion consisting of an N-terminal 6-His tag, SrtA and an LPETG linker
with the protein of interest at the C-terminus. Following routine affinity
chromatography, the fusion protein was made to undergo an on-column SrtA
mediated cleavage in the presence of Ca®* and polyglycine nucleophile. The
recombinant protein of interest was released into the eluate while the 6-His tag along
with the rest of the fusion protein remained bound to the column. When compared to
other purification systems, this method was found to yield recombinant protein of
comparable quantity and quality while eliminating cumbersome steps like enzyme
mediated affinity-tag removals which increase wastage while prolonging the time
required and the cost incurred in purification.

Nguyen and Schumann have used SrtA as a means to immobilize proteins on
the cell surface of B. subtilis'>’, Microbial cell-surface display has a wide range of
biotechnological and industrial applications including live vaccine development,
screening displayed peptide libraries, bio-adsorbants for the removal of harmful
chemicals and heavy metals and biosensor development. Although B. subtilis
encodes for two potential sortases, their substrate specificities remain unknown. This
problem was circumvented by introducing the srt4 sequence of Listeria
monocytogenes, whose substrate specificity is known to be LPXTG, into B. subtilis.

By fusing the coding region of the a-amylase gene to the C-terminal region of the S.
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Figure 16. Synthesis of PNA-CPP conjugates. The reaction by-product, G-NH,, was
removed by dialysis to increase yield of the reaction.
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aureus FnbpB, which is a natural SrtA substrate, they could achieve as many as
240,000 molecules of a-amylase immobilized per cell which is 24 times more than
that achieved using other immobilization strategies.

Immobilization of proteins onto solid supports is an active area of research
driven by demands for the development of supported catalysts, affinity matrices, and
micro devices as well as for the development of planar and bead based protein arrays
for multiplexed assays of protein concentration, interactions and activity. A critical
requirement for these applications is the generation of a stable linkage between the
solid support and the immobilized, yet functional, protein. Although a large number
of chemical immobilization methods are available, they suffer form a lack of
specificity and the use of harsh reaction conditions which often leads to impaired
protein activity. Several methods that use enzymes for the formation of the linkage
have been used to bypass these problems. The disadvantages of this approach are the
need to fuse relatively large proteins to the protein of interest which often results in
reduced recombinant expression and loss of activity. Other methods like intein-
based splicing, biotinylation of target protein also suffer form similar problems.

Parthasarathy et a/ were the first to use SrtA for immobilization of proteins
when they attached an LPXTG-tagged GFP to polystyrene beads that had been
chemically derived with triglycine'®'. They explored the similarities between
diglycine and alkylamines, and hypothesized that alkylamines could also act as
nuclephiles in the transpeptidation reaction. They demonstrated this by attaching
GFP-LPXTG to polystyrene beads that terminated in an amine. Considering the
ready availability of amine terminated surfaces this opens up the field for SrtA
catalyzed protein attachment and has the added advantage of not requiring any
chemical modification or derivatization of solid supports. The authors have shown
that SrtA can be used to create intra- and intermolecular attachments among
proteins. It can be used to create dimers, trimers and other higher oligomers of
LPXTG containing proteins or peptides and can also be used for cyclization of
bifunctiontional (containing both LPXTG and nucleophile i.e., G3-GFP-LPXTQG)
molecules. The authors have also used SrtA to mono-PEGylate LPETG tagged
protein molecules by using amine-terminated PEG (poly ethylene glycol).
PEGylation is known to increase the life of proteins by preventing degradation by

enzymes. It has been shown to increase the half life of proteins in blood circulation
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as well as to function as homing signals on drug loaded liposomes. Over PEGylation
has been known to interfere with protein function, mask important epitopes and
prevent intercalation into the liposome so the ability of SrtA to mono PEGylate
proteins is highly desirable.

In a similar study, Chan et al have also shown that SrtA provides a robust yet
gentle method for attachment of LPXTG tagged proteins to a variety of solid
supports like cross-linked polymer beads, beaded agarose and planar glass
surfaces'*?,

Clow et al have shown similar results using biacore sensor chips'>. The
biacore system is a real-time bio-sensor based on surface plasmon resonance
allowing accurate analysis of protein binding specificity, kinetics and affinity. It
requires proteins to be firmly attached to the solid support yet have access and be
able to bind the ligand protein efficiently. Non specific chemical approaches, site
specific attachment methods, like 6-His tags, or attachment of antibodies to Protein
A suffer form problems of low specificity and random orientation of attached
proteins. SrtA mediated immobilization via the C-terminus allows the protein to be
oriented uniformly on the chip such that the N-terminus is exposed. The extremely
high specificity of coupling allows immobilization of proteins form less than pure
samples allowing for shortcuts in the purification procedure. However, this method
cannot be appliéd for proteins whose binding sites are located within the C-terminus
itself because the attachment is C-terminus mediated.

Peptide nucleic acid (PNA) is an artificially synthesized polymer similar to
DNA or RNA that has found wide applications in various molecular biology
techniques especially antisense therapy. Cationic polypeptides (CPPs) have been
known to improve the delivery of PNAs into mammalian cells and enhance their
biological activity. Conjugation of PNAs with CPPs by conventional peptide
synthesis strategy is prone to several drawbacks like product aggregation and

heterogeneity. SrtA mediated transpeptidation was used to ligate PNAs appended

O\ with an LPKTG motif to CPPs synthesized with N-terminal triglycine (PNA-LPKT-
N GGG-CPP) (Figure 16). The yield of the reaction was about 38% which increased

e

to 61% when the reaction by-product (G-NH;) was removed by dialysis; this pushed

\\D the reaction towards synthesis of the PNA-CPP conjugate. Synthesis of PNA-CPP

conjugates using SrtA was far superior to the conventional chemical methods as the
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conjugate obtained was homogenous and easily separated form reaction by-products
by routine separation strategies’".

Tagging or labeling is a very useful technique for studying protein behavior
in living cells. However, not all proteins are amenable to the installation of large
genetically encoded tags like GFP without compromising function or intracellular
distribution. Chemical methods for the installation of labels have the advantage of
ease of use but lack the precision accorded by genetic tags. Several chemoenzymatic
methods and small-molecule-binding peptide sequences that allow site-specific
incorporation of labels have been developed but they are hampered by the large-
sized fusions required or the demands of synthetic skills involved in producing the
reporter molecules that can be installed. SrtA has been used for selective labeling of
proteins in cell lysates and on the surface of living cells with a diverse set of probes.
Cells expressing recombinant surface proteins appended with C-terminal LPXTG
motifs could be tagged, with very high specificity, by glycine derivatized probes on

the surface of living cells by adding SrtA to the growth medium'** '*.

The present thesis

Site-specific incorporation of novel functionalities like peptide analogues,
non natural amino acids, fluorophores and other biochemical and biophysical probes
into proteins using staphylococcal SrtA, has the potential to develop into a powerful
tool for synthetic biology. The multiplicity of sortases and their distinct recognition
sequences, in principle, immediately expands the possibilities of the use of sortases
in various chemoenzymatic synthetic protocols. Additional expansion or diversity in
synthetic utility of sortases can be achieved by innovating newer amine nucleophiles
that can effectively substitute Gly; or Glys moiety in the transpeptidation reaction.
The major aim of the present thesis is to explore sortase catalyzed ligation of
LPXTG peptide substrates to aminosugars with a view to develop an enzymatic
approach to semisynthesis of neoglycocopeptides and proteins which are otherwise
difficult to synthesize by purely chemical 'means. The thesis is divided into three
chapters. Chapter I describes the preparation of enzymatically active sortase. The
sortase catalyzed ligation of model LPXTG peptide substrates to aminosugars,
aminosugar derivatives such as aminoglycoside antibiotics, and aliphatic amines is

described in chapter II. Studies on sortase mediated construction of bioconjugates
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comprising of aminoglycoside antibiotics and sequences derived from Rev and Tat
proteins of HIV, and their respective RNA binding propensity , are discussed in

chapter III.
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Chapter 1

Introduction

Staphylococcus aureus Sortase A (SrtA) is a 206 amino acid thiol
transpeptidase that catalyzes the attachment of a large number of surface proteins to
the cell wall peptidoglycan of gram-positive bacteria. It is a cell-membrane anchored
enzyme that adopts a type I membrane topology i.e., the N-terminus is situated
inside the cytoplasm while the C-terminus, which contains the catalytic site, is
located across the plasma membrane™,

The first 25 amino acids of the enzyme constitute an N-terminus membrane
anchor sequence. Due to the hydrophobic nature of this segment, the full length
protein is not conducive to recombinant expression and purification as it is insoluble
and sediments along with the membranous fraction of the cell lysate. A mutant that
lacks the anchor sequence (SrtA,n) is both soluble and amenable to purification by
routine affinity chromatography techniques. Deletion of the N-terminal anchor
sequence does not affect the enzymatic activity of sortase as SrtAsy has been
demonstrated to catalyze hydrolysis as well as transpeptidation of LPXTG bearing
peptides'*®, ' |

A bioinformatic analysis of sortase homologues from Staphylococcus
aureus, Streptococcus pneumoniae and Enterococcus faecalis showed that the signal
peptide, the membrane anchor sequence, and a short linker domain (S. aureus
sortase residues 26-59) display no amino acid conservation. By contrast, the core
sequence (S. aureus sortase residues 60-204) has several highly conserved residues
which suggested that this domain may comprise the catalytically active domain®>.
Indeed, recombinant sortase comprising residues 60-204, SrtA,so (hereby referred to
as sortase) has been demonstrated to be enzymatically active indicating that removal
of nonconserved residues had no effect on catalytic activity. Both sortase constructs,
SrtAan and sortase, catalyze hydrolysis of peptide substrate in the absence of
nucleophile and transpeptidation when a nucleophile like NH,-Gly; is added in lieu
of peptidoglycan. Further, both SrtAsn and sortase exhibit an enhancement in
enzymatic activity in the presence of calcium ions*.

This chapter describes the construction of Staphylococcus aureus sortase, the

synthesis of suitable peptide substrates and the establishment of an HPLC based
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assay system for effective monitoring of the activity of sortase as a prelude to further

investigation of enzyme activity.
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Materials and Methods

Materials

Staphylococcus aureus Mu50 was procured from ATCC (ATCC No.
700699). Primers were obtained from Microsynth, Switzerland. Genomic DNA
isolation kit and pGEM-T Easy vector were supplied by Promega Life Sciences,
USA. All enzymes, PCR reagents, DNA and protein markers were procured from
New England Biolabs, USA. Miniprep kit and gel elution kits were purchased from
Qiagen, USA. HBI broth and agar and LB broth and agar were obtained from BD,
USA. pET23b vector was supplied by Novagen. All Fmoc amino acids and Fmoc
amino acid substituted Wang resins were purchased from Novabiochem. DCM and
DMF were obtained from Merck. Abz-LPETG(Dap)Dnp was custom made by
AnaSpec, USA. All antibiotics and chemicals were obtained from Sigma unless

otherwise mentioned.

Methods

Preparation of Recombinant Sortase A
Cloning of sortase into pGEMT-Easy Vector

Propagation of Staphylococcus aureus

Staphylococcus aureus subspecies aureus Rosenbach (Designated Mus0,
ATCC No. 700699) was obtained from ATCC in lyophilized form. It was revived,
as recommended, by propagation in HBI (Heart Brain Infusion) broth, containing
4pg/ml vancomycin, at 37°C with vigorous shaking. A culture grown for 14-16 hrs
was used to streak a HBI agar plate. A single S. aureus colony was selected for

 further experiments.
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Preparation of Glycerol Stocks
0.5ml of a culture grown for 4-5 hrs was taken in a sterile 1.5ml
microcentrifuge tube. 100pl of sterile glycerol was added to it. The microcentrifuge

tube was sealed with parafilm and stored at -70°C till further use.

Isolation of Genomic DNA

Genomic DNA of S. aureus MuS0 strain was isolated using the Wizard
Genomic DNA Isolation kit by Proniega, following manufacturer’s protocol.
Briefly, 1ml of S. aureus culture (grown at 37°C for about 14-16hrs) was pelleted
and resuspended in SOmM EDTA. The cells were then treated with a mixture of
lysozyme and lysostaphin for cell wall lysis. Following nuclear lysis and RNase
treatment, the protein present in the solution was precipitated and removed by
centrifugation. The supernatant, containing the genomic DNA, was transferred to a
sterile microcentrifuge tube, precipitated by the addition of isopropanol and
resuspended in sterile, nuclease free water. The quality of DNA was ascertained by
agarose gel electrophoresis, The DNA was stored at 4°C for immediate use and at -

20°C for long term usage.

Agarose Gel Electrophoresis

Agarose gels (1%) were prepared in Tris-Acetate-EDTA (TAE) buffer
containing 0.5pug/ml ethidium bromide (EtBr). Samples were prepared by addition of
loading dye containing bromophenol blue (BPB) as the tracker dye, and loaded into
the wells of the agarose gel. The gel was run at a constant voltage of 80V for 1-3hrs

and the DNA was visualized with an ultraviolet (UV) light source.

Polymerase Chain Reaction (PCR) Amplification of S. aureus sortase
Gene specific primers were designed and used to PCR amplify the sortase
sequence from the S. aureus genomic DNA. This sequence encodes for amino acids

60-204 of staphylococcal sortase.
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The sequences of primers used are as follows:
Upstream Primer (SrtAl):
5> GAT ATA CAT ATG CAA GCT AAA CCT CAAATTCCG 3’

Downstream Primer (SrtA2):
5’ GTG GTG CTC GAG TTT GAC TTC TGT AGC TAC AAA GAT 3’

These upstream and downstream primers incorporated Ndel and Xhol cleavage sites
(in bold), respectively, at the 5’ and 3’ ends of the sortase gene for facilitating

further cloning into expression vectors.

PCR Reaction Parameters:

Component Volume (ul) | Final Concentration
10X Taq polymerase buffer 5 1X
Deoxynucleotide solution mix 2 400uM
Upstream primer (20uM stock) 2 0.8uM
Downstream primer (20uM stock) 2 0.8uM
Genomic DNA template variable Spg/mi
Taq DNA polymerase (5000units/ml) 0.5 2.5U
Nuclease free water Bring final volume to 50pl

PCR Cycling Parameters:

Initial Denaturation 94°C | 1min 30s
Denaturation 94°C | 30s
Annealing 64°C | 30s X 30 cycles
Extension 72°C | 45s

Final Extension 72°C | Smin

Storage 4°C |

The PCR amplified product was visualized on 1% agarose gels stained with

EtBr. The band corresponding to the amplicon was excised from the agarose gel
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using a clean, sharp scalpel blade and the DNA was extracted using agarose gel
elution kits provided by Qiagen Inc, USA. The purified PCR product was stored at
-20°C till further use.

Cloning of PCR Amplified S. aureus sortase

The purified PCR fragment was cloned into the pGEM-T Easy vector
(Promega) as per the instructions provided by the manufacturer. Ligation was
performed at 4°C for 16hrs followed by transformation into XL1-Blue competent
cells of Escherichia coli. The cells were plated onto LB agar plate supplemented

with 50pg/m! ampicillin.

Preparation of Competent Cells
The following method was used to prepare competent bacterial cells.
Competent cells prepared by this procedure were stored at -70°C for no longer than

six months,
Requirements:

s  CaCl,.2H,;0 (0.1M)

s  80mM MgCl,-20mM CaCl; solution, ice cold

= Ampicillin solution (100mg/mi); filtered through 0.22p filter and stored at
-20°C till use.

» Luria-Bertani (LB) broth; pH 7.2-7.4 adjusted with sterile NaOH solution;
autoclaved

» LB agar plates (2% agar) contdining 50 ug/ m!l ampicillin

» Sterile glycerol

A single bacterial colony of XL1-Blue strain of E. coli was selected from an LB
agar plate that had been incubated for 14-16hrs at 37°C and used to inoculate Sml of
LB broth. This was then placed in an incubator-shaker overnight (225rpm) at 37°C
to make the preinoculum. 1ml of the preinoculum was added to 100ml of LB broth
(1% by volume; v/v) and incubated at 37°C for 2-3hrs, with shaking, till the Asoonm

reached 0.5. The bacterial cells were then transferred to sterile, ice-cold 50ml
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polypropylene tubes. The cultures were cooled on ice for 10-15min followed by
recovery of the cells by centrifugation at 8500rpm for 8min at 4°C. The medium was
decanted and the cell pellets were resuspended by vortexing in 10ml (1/10™ of
original culture volume) of ice-cold MgCl,-CaCl, solution. After 10min of
incubation on ice, the cells were harvested by centrifugation as done previously and
resuspended in 1ml of ice-cold 0.ImM CaCl, containing 20% glycerol, for each
50ml of original culture. The cells were dispensed into aliquots of 100pi each, snap

frozen in liquid nitrogen and stored at -70°C till use.

Transformation

100u1 aliquots of competent XL1-Blue cells were thawed on ice and DNA
(no more than 50ng in a volume of 10pl or less) was added to each microcentrifuge
tube. The contents of the tubes were mixed and stored on ice for 30min. A heat
shock was given by keeping the tubes at 42°C for 90s. Care was taken not to agitate
the contents at this stage. The tubes were then rapidly transferred to an ice bath and
the cells were allowed to cool for 1-2min. 900l of LB broth was added to each tube
(bringing the total volume to Iml) and the cultures were incubated for 45min at
37°C, with shaking, to allow the bacteria to recover as well to express the antibiotic
resistance marker encoded by the plasmid (ampicillin). The transformed cells were
concentrated by centrifugation at 1000rpm for 10min and resuspended in 100ul of
LB broth following which they were plated onto LB agar-ampicillin indicator plates
containing S-bromo-4-chloro-3-indolyl beta-D-galactopyranoside (X-gal) and

isopropyl-#-D-galactopyranoside (IPTG).

Blue-White Screening for Recombinant Bacterial Colonies

LB Agar-ampicillin plates for blue-white screening were prepared by coating
100pl of 100mM IPTG and 40pl of 100mg/ml X-gal onto the plates. 100pl of the
transformed cells were plated onto the X-gal-IPTG LB agar-ampicillin plates, air-
dried and incubated in an inverted position for 14-16hrs at 37°C. Subsequently, the
plates were removed from the incubator and stored for several hours at 4°C for the
blue color to develop. The recombinant white colonies were then identified.

All the procedures involving IPTG and X-gal were carried out in the dark.
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Plasmid Isolation from Recombinant Clones

The recombinant white colonies were inoculated into LB broth containing
50pg/ml ampicillin. After 14-16hrs incubation at 37°C, glycerol stocks of the
colonies were made and stored at -70°C. The remaining cells were pelleted and
plasmid DNA was isolated using the miniprep plasmid isolation kit (Qiagen). The
quality of the DNA was checked on 1% agarose gels stained with EtBr and
quantification was done spectrophotometrically by absorbance measurements at
260nm.

Confirmation of Recombinant Clones
The presence of the insert in the candidate recombinant colonies was

confirmed by EcoRlI restriction analysis, PCR amplification and DNA sequencing.

Protocol for EcoRI restriction analysis:

Constituent Volume (ul) Final concentration (in 20pul)
10X EcoRI Buffer 2 X
Plasmid DNA Variable 50
EcoRI (20,000U/ml) 0.5 10U
Nuclease Free Water Make volume up to 20pl

The reaction was incubated at 37°C for 3hrs. The fragmentation was
analyzed on 1% agarose gels stained with EtBr. An appropriate DNA marker was

used to help approximate the size of the fragments.

PCR ampilification:

The presence of the desired insert in the plasmid isolated from the candidate
recombinant colonies was also confirmed by PCR using the plasmid as template and
the same primer combination and reaction conditions as employed for PCR of the

genomic DNA. The PCR products were analyzed by 1% agarose gel electrophoresis.
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Sequencing:
A single pGEMT-sortase clone was selected for further studies. The isolated
plasmid was sequenced by Microsynth, Switzerland using the commercially

available SP6 Promoter Primer.

Cloning of S. aureus sortase into pET23b Expression Vector

Preparation of the insert

The plasmid isolated from the selected clone was used to extract sortase
insert for downstream cloning. The plasmid was fragmented with restriction
enzymes Ndel and Xhol. The cleavage sites for these two enzymes had been
engineered during PCR amplification. The buffer system and incubation conditions

were used according to manufacturer’s protocol.

Protocol for restriction endonuclease analysis:

Constituent Volume (pl) Final concentration (in 50pl)
10X NEB Buffer 4 S 1X
pGEMT-sortase Plasmid Variable 3ug
100X BSA 0.5 1X
Ndel (20,000U/ ml) 1.5 30U
Xhol (20,000U/ ml) 1.5 30U
Nuclease Free Water Make volume up to 50pul

The reaction was incubated at 37°C for 14-16hrs following which a small
fraction was analyzed on a 1% agarose gel stained with EtBr to evaluate the extent
of fragmentation. Upon confirmation of complete fragmentation, the remaining
fraction was loaded on a preparative 1% agarose gel stained with EtBr. The gel was
run at 80V for 1-3hrs to separate the insert from the linear, nicked and supercoiled
plasmid species. The DNA was visualized with a UV light source and the band
corresponding to the insert was excised using a clean scalpel blade. The DNA was

recovered from the gel slice using agarose gel extraction kits provided by Qiagen.
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The prepared insert was resuspended in 30ul of sterile, nuclease free water and
stored at -20°C till use.

Preparétion of Vector

The pET23b vector was obtained from Novagen (0.38ug/ul). 50ng of the
plasmid was transformed into XL1-Blue competent cells of E. coli and plated on LB
agar plate supplemented with 50pug/ml ampicillin. After 14-16hrs of incubation,
colonies were inoculated into LB broth containing 50pug/ml ampicillin and incubated
at 37°C (225rpm) for another 14-16hrs. About 500ul of the culture was used to make
glycerol stocks as previously described and stored at -70°C till use. The remaining
culture was used to isolate the pET23b plasmid vector using miniprep kit from
Qiagen as described previously. pET23b was linearized by fragmentation with Ndel
and Xhol, the same enzymes that were used in preparing the insert, by following a
similar protocol. The reaction was analyzed by agarose gel electrophoresis as
described earlier. Uncut vector DNA was run in an adjacent lane to help distinguish
unfragmented from linearized plasmid. The prepared vector was purified into 30ul
of sterile, nuclease free water by using gel elution kits (Qiagen) and stored at -20°C
till use. A small fraction was analyzed on 1% agarose gel to confirm presence and

purity of the prepared vector.

Ligation of Vector and Insert »
The prepared vector and insert were ligated using manufacturer’s protocol.

The vector and insert ratio used was 1:2.

Protocol for ligation and transformation:

Constituent Volume (ul) Final concentration (in 20ul)
10X Ligase Buffer 2 1X
Vector Variable 50ng
Insert Variable 100ng
T4 DNA Ligase (Diluted in 1X 1 20U
ligase buffer to 20U/pl)
Nuclease free water Volume to 20pl
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The ligation mixture was incubated at 4°C for 14-16hrs following which it
was transformed into 100pl of XL1-Blue competent cells. The transformed cells
were plated onto LB agar plate containing ampicillin to a final concentration of

50pg/ ml and kept inverted for 14-16hrs in a 37°C incubator.

Confirmation of Clones
One recombinant clone was selected for further experiments. The
recombinant nature of the clone was confirmed by sequencing by Microsynth,

Switzerland using the commercially available T7 promoter and terminator primers.

Heterologus Expression and Purification of Sortase

Transformation into BL21 (DE3J)
SOng of the plasmid isolated from the selected recombinant XL1-Blue clone

was used to transform competent cells of BL21 (DE3) expression strain of E. coli.

Induction of Protein Expression

A 1% inoculum of 14-16hrs culture of the recombinant BL21 (DE3) colony
was used to inoculate a large scale culture. The culture was grown at 37°C till the
Asoonm reached 0.6. Protein expression was induced by the addition of IPTG to a
final concentration of 0.2mM. The culture was propagated at 30°C for a period of
3hrs following which the cells were harvested and either processed immediately or

stored in -20°C for future use.

Sodium Dodecyl Sulfate-Poly Acrylamide Gel Electrophoresis (SDS-PAGE)
The protein expression profile of the induced cells was analyzed on 12%
SDS-PAGE. Small-scale (3-Sml) culture pellets were resuspended in 10mM
phosphate buffered saline (PBS) and lysed by sonication. Sample buffer containing
BPB tracker dye was added to the sample and loaded on SDS-PAGE gels. The gels
were run at 125V for 2-4hrs at room temperature. Appropriate protein markers were
run in lanes adjacent to the sample to help determine the size of the recombinant

protein.
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Tris-Glycine-SDS Running Buffer:
25mM Tris, 200mM Glycine, 0.1% SDS; pH 8.4-8.6

5% Stacking Gel Components:

Constituent Volume (ml)
Water 34
30% Acrylamide: Bis acrylamide Solution (29:1 w/w) 0.83
IM Tris-HCI, pH 6.8 0.63
10% SDS 0.05
10% Ammonium Persulfate (APS) 0.05
Tetramethylethylenediamine (TEMED) . 0.005

12% Separating Gel Components:

Constituent Volume (ml)
Water 33
30% Acrylamide: Bis acrylamide Solution (29:1 w/w) 4.0
1.5M Tris-HCI, pH 8.8 2.5
10% SDS 0.1
10% Ammonium Persulfate (APS) 0.1
TEMED 0.004

Staining Solution:

0.1% Coomassie Blue R in Methanol, Acetic Acid and water in the ratio 5:1:4 (v/v)

Destaining solution:

Methanol, Acetic Acid and water in the proportion 5:1:4 (v/v)

The gels were stained with coomassie blue followed by destaining for 3-4hrs to
remove the non-specific staining. Both staining and destaining were carried out on a

rocker at room temperature.
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Preparation of Polyethylene Imine (PEI) Solution

4gm of PEI was weighed and diluted to 10ml. This solution was then
transferred to a dialysis tubing (MWCO 3,500 Da) and dialyzed against 25mM Tris-
HCI buffer (pH 8.0) for at least 24hrs. The PEI solution was then recovered from the
tubing and measured. Percentage concentration (weight by volume; w/v) was

calculated and the solution was stored at 4°C.

Purification of Recombinant Sortase

For the purpose of protein purification, the cell pellet of large scale culture
was resuspended in Buffer A [10mM Tris-HCI, pH 7.5, S0mM NaCl and 1mM pg-
mercaptoethanol (8-ME)] and lysed by sonication. The cell debris was separated by
centrifuging the cell lysate at 10,000rpm for 30min at 4°C. Nucleic acids were
precipitated by addition of 0.1% PEI to the supernatant. Following centrifugation,
the supernatant was applied to a Sml Ni-NTA column pre-equilibrated with Buffer
A. The column was extensively washed with Buffer B (10mM Tris-HCI, pH 7.5,
500mM NaCl, 30mM imidazole and ImM S-ME). The protein was eluted with
Buffer C (10mM Tris-HCI, pH 7.5, 50mM NaCl, 250mM imidazole and 1mM p-
BE).

Fractions containing the protein were pooled and freed of imidazole on a PD-
10 desalting column (Amersham) using 50mM Tris-HCI buffer (pH 7.5) containing
150mM NaCl. The protein was further concentrated using protein concentrators
(Amicon, MWCO 10KDa), aliquoted and stored at -70°C till use.

Electro Spray Mass Spectrometry (ESMS) and Edman Degradation Ahalysis of
Sortase

The identity of the recombinant sortase was established by ESMS as well as
by Edman degradation. A small fraction of the protein was desalted on a C-8 (250 x
4.6 mm) reverse-phase (RP) column using HPLC, lyophilized, resuspended in 50%
acetonitrile (ACN) with 0.1% formic acid and analyzed by ESMS in the positive ion
mode. The lyophilized protein was also subjected to 25 cycles of N-terminal

sequencing using an automated protein sequencer.
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Sortase A Catalyzed Transpeptidation Reactions

Synthesis of Peptide Substrates o .

The peptide substrates were synthesized by standard solid phase peptide
synthesis (SPPS) protocols using 9-Fluromethoxycarbonyl (Fmoc) chemistry on a
semi-automated peptide synthesizer (Model 90, Advanced Chemtech). Wang resin
pre-loaded with the desired amino acid was used as the starting material. The
coupling and deprotection was monitored at every step by the Kaiser test for free
amines. Before each coupling step and on completion of synthesis, N-terminal Fmoc
group was removed using 20% piperidine in DMF (v/v, Dimethyformamide). The
peptides were cleaved from the resin and the side chains deprotected with a mixture
containing TFA (trifluroacetic acid):ethanediol:phenol:thioanisol:water (80:5:5:5:5,
v/v). The resin was removed by filtration and the crude peptides were precipitated
using cold diethyl ether. The peptides were purified to >98% by RP-HPLC (Reverse
phase-high performance liquid chromatography; column C8, 10 mm X 250 mm,
gradient: 4-72% B in 130 minutes, A; 0.1% TFA, B; acetonitrile containing 0.1%
TFA, flow rate: 1 ml/ min), lyophilized and stored at -70°C. The chemical identity of

the peptides was confirmed by mass spectrometry.

Sortase Catalyzed Hydrolysis of LPXTG Motif Peptides

| Sortase catalyzed cleavage of LPXTG motif containing peptides was carried
out in 300mM Tris-HCI, pH 7.5, containing 150mM NacCl, SmM CacCl; and 2mM S-
ME. Each assay was set up in a 100pl volume that contained 0.5mM of LPXTG
motif peptide and 50uM sortase. The reaction was allowed to proceed at 37°C for
6hrs, quenched by addition of 20-fold excess of chilled 0.1% TFA and analyzed by
RP-HPLC. Progress of the reaction was monitored at 210nm on an analytical C-18
column using an acetonitrile-water-TFA based solvent system (gradient: 4-72% B in
130 minutes, A; 0.1% TFA, B; acetonitrile containing 0.1% TFA, flow rate: 1

ml/min). The reaction products were characterized by ESMS.

Sortase Catalyzed Ligation of Peptides
The ligation of LPXTG containing peptides to GGGKY was carried out in
300mM Tris-HCI, pH 7.5, containing 150mM NaCl, SmM CaCl, and 2mM S-ME.
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Each assay was set up in a 100pul volume that contained 0.5mM of each peptide and
50uM sortase. The reaction was allowed to proceed at 37°C for 6hrs, quenched by
addition of 20-fold excess of chilled 0.1% TFA and analyzed by RP-HPLC as

described before. The reaction products were characterized by ESMS.

Kinetic Analysis of Sortase Catalyzed Ligation of Abz-LPETG(Dap)Dnp to
Peptides

The kinetic assays were performed using Abz-LPETG(Dap)Dnp. The o-
aminobenzoic (Abz) acid and dinitrophenyl (Dnp) are a florescent donor-quencher
team frequently employed as peptide substrates for proteolytic enzymes. The peptide
was dissolved in DMSO (dimethylsufoxide) and stored at 4°C. Quantification was
done by calculating the absorbance at 365nm (Dnp, e36snm=17300M"'cm™)'*’,

Kinetic assays were performed using desired concentration of substrates in
50ul reaction mixtures containing 300mM Tris-HCI, pH 7.5, 150mM NaCl, SmM
CaCl;, 2mM S-ME, 20% DMSO. Reaction was initiated by addition of 10uM
sortase and incubated at 37°C for 30min; 30pl aliquots of the reaction were removed
and quenched by the addition of 20-times excess 0.1% TFA. Progress of the reaction
was monitored by RP-HPLC at 365nm and the peptides were separated using a
linear gradient of 4-72% acetonitirile in 0.1% TFA over 30 minutes. Dnp containing
peaks were detected by absorbance at 365nm and the product yield was calculated
by integrating the area under the HPLC trace. Kinetic parameters were computed

using Graphpad Prism software.
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Results

Cloning of Sortase

The nucleotide sequence for S. aureus Mu50 sortase (NC_002758.2)
obtained from the National Center for Biotechnology Information (NCBI) GenBank
database (Figure 1A) was used to design gene specific primers for PCR
amplification of sortase. The primers were engineered with sites for restriction
endonuclease Ndel, in case of the upstream primer, and Xhol, in case of the
downstream primer.

Genomic DNA isolated from Staphylococcus aureus MuS0 was used as
template for the PCR amplification of sortase. The DNA sequence corresponded to
amino acids 60-204 of sortase (Figure 1B, C). The resulting amplicon of 453 base
pairs was cloned into the pGEMT-Easy vector (Promega) following manufacturer’s
protocol. The presence of the insert was confirmed by EcoRI restriction analysis,
PCR amplification as well as by DNA sequencing using the commercially available

SP6 promoter primer in an automated sequencer (Figure 2, 3).

Expression and Purification of Sortase

The sortase insert was sub-cloned into the Ndel/Xhol site of the pET23b
expression vector which was then transformed into E. coli strain XL1-Blue. The
recombinant clones were sequenced using the T7 promoter and terminator primers in
an automated sequencer.

The pET23b: sortase plasmid was transformed into E. coli strain BL21
(DE3) and cells were grown in the presence of IPTG to induce the expression of the
6-His tagged sortase. Sortase expression and purification was monitored By SDS-
PAGE analysis (Figure 4). The results presented in Figure 4 (lane2) demonstrate the
induced expression of the desired protein in the cell lysate. A certain amount of
‘leaky’ or uninduced protein expression was also observed (Figure 4, lanel). Cells
were lysed by sonication and the recombinant protein present in the supernatant was
isolared from the cell lysate using Ni-NTA agarose resin (Figure 4, lane 3). The
protein purified by Ni-NTA affinity chromatography migrated as a single band on
SDS-PAGE albeit showed a slightly higher molecular weight. RP-HPLC analysis
yielded a single peak of the recombinant protein (Figure 5).The ESMS analysis of
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A. Complete nucleotide sequence of S. aureus sortase (NC_002758.2)

ttatttgact
gtaatcatca
tEctacatct
accaacttta
gttcggacgg
attttettct
tactggtict
tttcggaatt
tttatcatat
tggtttagca
tegatttgte

tctgtagcta
caagtaatta
gttggcttaa
aagtacacca
tcaatgaaag
gcaaagctta
ttaatatcag
tgaggtttag
tgttcaatct
aacaaatatg
cattitttea

caaagatttt
atgttaattg
catctecttat
tactaccttt
tgtgteetge
cacetctatt
catctggaat
cttgctgett
Etteatettt
ctgccactag
=

acgttEttee
EEetatettta
acttgtcatt
tttggetget
aattgaaata
taattgttca
ttcaatatag
attgtcttta
atctttatcg
gataagtact

caaacgcctg
ccttttEgtt
ttatacttac
ttaagatttg
ttttgatcat
ggtgttgctg
cctgecactt
ctegectgtt
tgaagataat
acaccagcga

B. Complete protein sequence of S. aureus sortase (NP_373052)

tetttteatt
catctagaac
gtgtttcatt
taaattgata
ctagtgattc
gtcctggata
ttgatttatc
cttttacatt
tatcgatatg
ttgtcattaa

mkkwtnrimtiagvvlilvaaylfakphidnylhdkdkdekieqydknvkeqaskdnkqqakpqipkdkskvagyie
ipdadikepvypgpatpeqlnrgvsfaeeneslddqnisiaghtfidrpnyqftnlkaakkgsmvyfkvgnetrkykmts
irdvkptdvevldegkgkdkgqltlitcddynektgvwekrkifvatevk

C. Genomic DNA isolated from S. aureus and PCR amplification of sortase

3 4

500bp —

1 2

453bp Amplicon

Figure 1. Isolation of genomic DNA from §. aureus Mu50 and PCR amplification of
sortase (A) The complete nucleotide sequence of S. aureus Mu50 sortase; (B) The
complete protein sequence of S. aureus Mu50 sortase, the 60" and 204" amino acids
are highlighted in red; (C) Genomic DNA isolated from S. aureus and the 453bp PCR
amplified fragment corresponding to amino acid 60-204 of sortase. Lanel, 4: 1 kilo
base (kb) and 100 base pair (bp) DNA ladder; lane 2: genomic DNA; lane 3: PCR
amplified fragment
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Figure 2. Restriction digest confirmation of pGEMT :sortase clones. Plasmids isolated
from candidate recombinant clones were digested with EcoRI to check for the
presence of insert. Lane 1,5:100bp DNA ladder, 1kb ladder; lane 2,3,4: EcoRI digest
of 3 candidate clones The insert can be seen slightly below the DNA ladder band
corresponding to 500bp (highlighted by arrow). The digested plasmid can be seen
running alongside the 3kb band.

1 2 3 45

453bp amplicon —»

Figure 3. PCR confirmation of pGEMT :sorfase clones. Plasmids isolated from the
candidate recombinant clones were used for PCR amplification using the same primer
combination and PCR parameters as was used for the original PCR. Amplicon of
desired size confirms presence of insert. Lane 1,5: 1kb DNA ladder, 100bp ladder; lane
2,3,4: PCR amplification of 3 candidate clones. The amplicon can be seen running just
below the 500bp marker (highlighted by arrow).
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Sortase —»
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Figure 4. Expression and purification of recombinant sortase. Protein samples were
subjected to 12% SDS-PAGE followed by Coomassie Brilliant Blue staining. Lane 1:
uninduced cell extract; lane 2: IPTG induced cell extract; lane 3: purified sortase; lane
4: molecular weight marker. Note that the recombinant protein exhibits slightly higher

molecular mass than expected.
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Figure 5. RP-HPLC profile of recombinant sortase.
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the recombinant sortase showed a mass of 17864.78 Da which was in agreement
with the theoretically calculated value of 17865 Da (Figure 6). 25 cycles of Edman
degradation also gave the expected sequence results (Figure 7). Taken together the

results establish the integrity of the primary sequence of the recombinant protein.

Synthesis and purification of peptide substrates

Sortase substrates YALPMTGK, YALPETGK and triglycine (GGGKY)
were synthesized by SPSS as described in Methods. Following cleavage from the
resin, the peptides were purified by RP-HPLC to > 98% homogeneity (Figure 8).
The identity of the peptides was verified by MALDI-TOF analysis. The
experimentally determined mass (exp) was in agreement with the theoretically
calculated values (calc) for the synthesized peptides (YALPMTGK-exp: 880.07 Da,
calc: 879.53 Da; YALPETGK-exp: 877.55 Da, calc: 877.99 Da; GGGKY -exp:
480.26 Da, calc: 480.23 Da).

Sortase catalyzed proteolysis of LPXTG substrates

The proteolysis or the ability of sortase to cleave the Thr-Gly peptide bond in
a peptide containing the LPXTG motif was tested. RP-HPLC analysis of a mixture
of the LPXTG motif peptide (YALPMTGK/YALPETGK) and sortase incubated for
6hrs revealed the presence of a new peak (Figure 9). By ESMS analysis, the mass of
the product peaks were determined to be 694.38 Da and 693.04 Da which
corresponded to the mass of YALPMT and YALPET respectively (YALPMT-exp:
694.38 Da, calc: 694.34 Da; YALPET-exp: 693.04 Da, calc: 692.34 Da) indicating

cleavage at the Thr-Gly peptide bond. The yield of the hydrolyzed product was
about 8-10%.

Sortase-catalyzed transpeptidation

The ability of sortase to ligate LPXTG motif containing peptides to a
triglycine nucleophile (GGGKY) was investigated. Analyses of the reaction
products by RP-HPLC revealed the formation of LPXT-GGGKY as expected
(Figure 10). ESMS analysis confirmed the results as the calculated masses were in
accord with the experimentally determined values. (YALPMTGGGKY- exp:
1157.28.Da, calc: 1156.56 Da; YALPETGGGKY-exp: 1155.00 Da, calc: 1154.56
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Figure 6. ESMS analysis of recombinant sortase. The experimentally determined mass
of 17864.88 Da is in accordance with the calculated value of 17865 Da.

Acid  Alcid R.Time C.Time Pmol Pool Peol  Alcid
[ 4 I (min) (adn) (xam) (~back) (*1lag) b+
1 [ | 13.08 13.07 2094.03 - 2000.51 2200.63 Ret
2 Q 5.69 5.67 1046.36 1838.12 1838.12 ela
3 A .60 8.23 2209.92 2278.33 2391.23 Ala
4 4 17.01 16.92 1988.23 1843.38 2020.39 Lys
H] ? 12.58 12.58 1436.93 1481.0% 1639.83 Pro
[ Q 5.69 S. 1436.74 1429.67 1582.93 Sla
? I 16.69 16.68 1533.27 1479.20 1637.79 Ile
s P 12.38 12.58 924.27 920.39 1017.47 Pro
9 | 3 16.93 16.92 1235.57 1013.42 1122.08 Lys

10 D 4.23 4.24 1066.01 946.73 1048.24 ASp
11 4 16.95 16.92 1435.61 1102.5% 1298, 00 Lys
12 8 5.40 3.37 627.33 © 592.12 €35.60 Sex
13 K 16.94 16.92 1522.39 1238.61 1358.18 Lys
14 v 13.39 13.39 908.40 724.08 awl.Nn val
13 A 8.24 8.23 T 838.86 . 745.90 $25.08 Ala
16 e 6.15 6.13 668.99 574.87 636.3%0 a1y
17 b 4 10.17 10.16 727.53 631.32 699.0 i{:
18 b 4 16.70 16.68 765.23 619.10 §03.48 b 4

19 B 6.43 6.39 575.9%0 390.58 432.39 els
20 h 4 16.69 16.68 1075.62 912.75 1003.60 Ile
21 4 12.58 12.53 540.72 328.47 363.34 Pro
22 D 4.26 4.24 788.30 522.38 578.2% Asp
23 A 8.24 .23 632.56 4985.35 485.3% Ala
24 D 4.26 4.2¢4 1049.59 758.90 778.47 Asp
23 I 16.72 16.68 620.77 416.07 416.07 Ile

Figure 7. N-terminal sequencing of recombinant sortase. N-terminal protein
sequencing was done to confirm the identity of the recombinant sortase. 25 cycles of

sequencing were performed and the sequence was identical to the sequence registered
with the NCBI database.
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Figure 8. RP-HPLC traces of purified YALPMTGK, YALPETGK and GGGKY. The
crude peptides were cleaved from the resin and purified to > 98% purity by RP-HPLC.
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Figure 9. RP-HPLC profile of sortase catalyzed proteolysis of LPXTG peptides. Panel
A shows the Ohr and 6hr RP-HPLC profile for YALPMTGK; Panel B represents the

proteolysis of YALPETGK. New peaks corresponding to the cleaved product can be
observed in the respective 6hr profiles (marked by arrow).
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Figure 10. RP-HPLC profile of sortase catalyzed transpeptidation reactions. Panel A
shows the Ohr and 6hr RP-HPLC profile for the reaction between YALPMTGK and
GGGKY; Panel B represents the transpeptidation of YALPETGK and GGGKY. New
peaks corresponding to the ligated products can be observed in the respective 6hr

profiles.
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Da). The yield of the transpeptidation product for both LPXTG motif peptides with
GGGKY was about 40-50%.

Kinetic analysis of Sortase catalyzed ligation of Abz-LPETG(dap)Dnp to peptides

For Kinetic analysis of the transpeptidation reaction, the Abz-
LPETG(Dap)Dnp peptide was used (Figure 11, 12). The progress of the reaction
was analyzed by RP-HPLC by monitoring at 365nm. For the GGGKY peptide,
kinetic analysis yielded K, and Ky valués of 0.099mM and 5.294 x 107 s’
respectively (Figure 13).
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Figure 11. Elution profile of Abz-LPETG(Dap)Dnp. The RP-HPLC run was

monitored at 365nm.

NH, O o
N—LPETG—Dap—NH, N— | PETGGGKY — OH
H
NH
O.N
2 Sortase H,N— G—Dap—NH,
—————
NH
NO2 e
o,N
+ HN— GGGKY—OH
NO

Abz-LPETG(Dap)Dnp + GGGKY — Abz-LPETGGGKY + G(Dap)Dnp
(Monitored at 365nm) (Monitored at 365nm)

Figure 12. Schematic representation of sortase catalyzed transpeptidation reaction of
Abz-LPETG(Dap)Dnp and GGGKY
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Figure 13. Determination of kinetic parameters for sortase (GGGKY). Estimates of

kinetic parameters of K =0.099mM and K_=5.294 x 107 s-1 were obtained. Inset
shows the Lineweaver-Burke plot.
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Discussion

The recombinant sortase that encodes for the amino acids 60-204 which
represents the catalytic core of the enzyme was cloned from Staphylococcus aureus
Mu50 and expressed as a 6-His tagged protein and purified by Ni-NTA affinity
chromatography. The sequence integrity of the enzyme was established by Edman
degradation and mass spectrometry.

Two peptides containing the LPXTG-motif were synthesized by standard
Fmoc chemistry. The sequences of both peptides were identical except for the third
position of the motif, YALPETGK had a glutamine at the third position while
YALPMTGK had a methionine. In addition, a Tyr residue was placed at the N-
terminus of the peptides to facilitate concentration determination. Although
pentaglycine acts as the nucleophile in-vivo, it is known that tri-, di- or even mono-
glycine can function as nucleophiles in the transpeptidation reaction'*®, Hence, to
substitute for pentaglycine-lipid I, a triglycine, GGGKY, was also synthesized. To
monitor the progress of the sortase catalyzed reaction, a RP-HPLC based assay was
established. As the substrate peptides and products have different elution times,
progress of the reaction was easily followed by analyzing aliquots at different time
points.

When sortase was incubated with the LPXTG-motif peptides alone,
formation of the product (i.e., YALPMT and YALPET) due to cleavage of the T-G
peptide bond was observed. In the presence of GGGKY, sortase catalyzed the
transpeptidation reaction. The yields for the reactions were in the range of 8-10% for
proteolysis and 40-50% for transpeptidation.

To further investigate the transpeptidation reactions, kinetic analysis of the
sortase catalyzed reactions was carried out. The peptide used for this purpose, Abz-
LPETG(Dap)Dnp, is a fluorescently labeled peptide suitable for florescence
resonance energy transfer (FRET) analysis. It was procured with the objective of
establishing a florescence quenching based assay for the analysis of sortase activity.
However, while the work was in progress, a report by Kruger e al'*® described
marked fluorescence inner filter quenching in such assays. This quenching resulted

in prematurely hyperbolic velocity versus substrate profiles causing underestimation
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of the true kinetic parameters. Employing the same substrates, they developed an
alternative methodology based on a discontinuous HPLC based system to monitor
the sortase catalyzed reaction. Their analysis, using the HPLC assay, revealed Kn,
and K values of 5.5mM and 0.27s” respectively for Abz-LPETG(Dap)Dnp. For
Glys substrate Ky, value reported was 140puM"° that compares well with a value of
100uM determined for GlysKY in the present study. Hence, the recombinant sortase
enzyme prepared here is fully functional capable of catalyzing both the proteolysis

and the transpeptidation.
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Sortase Catalyzed Ligation to Aminosugars
and Aliphatic amines
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Introduction

Enzymes are traditionally considered to be highly specialized biocatalysts,
capable of rapid conversion of a specific substrate into a specific product with high
efficiency. In recent years, however, there has been a growing realization that this
picture is oversimplified. A large number of enzymes are now known to serve
additional functions: several enzymes are found to ‘moonlight’ i.e. serve structural
or regulatory purposes unrelated to enzymatic activity; in addition, many enzymes
are ‘catalytically promiscuous’ i.e. capable of processing or reacting with multiple
substrates at an active site that is specialized to catalyze a primary reaction'®" ',

Catalytic promiscuity is the ability of an enzyme to catalyze an adventitious
secondary activity at the active site responsible for the primary reaction. Promiscuity
arises because active sites are inherently reactive environments packed with
nucleophiles, electrophiles, acids, bases, cofactors etc. Another reason for
promiscuity is that most active sites are endowed with a certain amount of flexibility
as a result of which several compounds, other than their natural substrate, can be
accommodated.

Substrate promiscuity can be very useful in synthetic chemistry and biology
because richness of substrate can lead to a range of useful products. The product
diversity obtained through a chemoenzymatic route becomes extremely attractive in
the synthesis of complex and high-value molecules especially where chemical routes

are difficult to implement'®> '®

. Enzymes also have the added advantage of
operating most effectively under mild, physiological conditions which minimizes
problems associated with undesired side-reactions such as decomposition,
isomerization, racemization and rearrangement, which often plague traditional
chemical methodology.

In the in-vivo sortase catalyzed transpeptidation reaction, the terminal amine
of the Glys cross bridges of Lipid II acts as the nucleophile in resolving the acyl-
enzyme intermediate formed between the carboxyl group of Thr and the thiol of the
active-site Cys. Studies have revealed that peptidoglycan surrogates like Glys, Glya,
Gly; and Gly, can efficiently stimulate sortase activity in-vitro. Even a single Gly
molecule can function as a nucleophile albeir with 10-fold less efficiency'*®. This

observation of seemingly relaxed substrate specificity hinted at catalytic promiscuity
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and suggested that other amino compounds may also function as nucleophilic
substrates. Accordingly, sortase catalyzed ligation of LPXTG substrates to
aminosugars has been explored with a view to develop a chemo-enzymatic approach
for neoglycopeptide synthesis. The ability of certain aliphatic amines to act as

nucleophile is also investigated.
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Materials and Methods

Materials

Staphylococcus aureus Mu50 was procured from ATCC (ATCC No.
700699). Primers were obtained from Microsynth, Switzerland. Genomic DNA
isolation kit and pGEM-T Easy vector were supplied by Sigma, USA. All enzymes,
PCR reagents, DNA and protein markers were procured from New England Biolabs,
USA. Miniprep kit and gel elution kits were purchased from Qiagen, USA. HBI
broth and agar and LB broth and agar were obtained from BD, USA. pET23b vector
was supplied by Novagen. All Fmoc protected amino acids and amino acid
substituted Wang resins were purchased from Novabiochem. DCM, DMF and
acetonitrile were obtained from Merck. 6-deoxy-6-amino mannose and 6-deoxy-6-
amino glucose were supplied by Glycoteam, Germany. Abz-LPETG(Dap)Dnp was
obtained from AnaSpec, USA. Aminoglycoside antibiotics, glucosamine, DMSO
and other chemicals were obtained from Sigma, unless otherwise mentioned, and

used without further purification.

Methods

Synthesis of Peptide Substrates

All peptide substrates were synthesized and purified as described earlier.

Sortase catalyzed ligation of peptides to aminosugars, amines and
aminoglycosides

The ligation of YALPXTGK (X= E or M) peptide to aminosugars,
aminoglycosides and other amino compounds was carried out in 300mM Tris-HCl,
pH 7.5, containing 150mM NaCl, SmM CaCl, and 2mM B-ME. Each assay
containing YALPXTGK peptide (0.5mM), amine nucleophile (2.5mM) and sortase
(50uM) was set up to a total volume of 100pl volume. The reaction was allowed to

proceed at 37°C for 6hrs. The reaction products were analyzed and characterized as
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described before. All RP-HPLC runs were monitored at 210nm unless otherwise

mentioned.

Kinetic analysis of sortase catalyzed ligation of Abz-LPETG(Dap)Dnp to 6-
aminosugars and aminoglycosides

Kinetic assays were performed in a 50ul reaction volume containing 300mM
Tris-HCI, pH 7.5, 150mM NaCl, SmM CaCl,, 2mM S-ME, 20% DMSO. The
concentration of Abz-LPETG(Dap)Dnp was kept constant at ImM. Reactions were
initiated by addition of 10uM sortase and incubated at 37°C for 30min; 30pl aliquots
of the reaction were removed and quenched by the addition of 20-times excess
chilled 0.1% TFA. Progress of the reaction was analyzed on RP-HPLC by
monitoring at 365nm and the peptides were separated using a linear gradient of 4-
72% acetonitirile in 0.1% TFA over 30min. Dnp containing peaks were detected by
absorbance at 365nm and the percentage of substrate converted to product was
calculated by integrating the area under the HPLC trace. Kinetic parameters were

computed using Graphpad Prism software.

Preparation of Recombinant Multidrug resistance Protein (Mrp)

The Mrp protein (NP_372281) of Staphylococcus aureus that carries a
sortase recognition pentapeptide sequence motif (LPNTG) near the C-terminus was
cloned expressed and purified similar to sortase. Primers, 5 GCT AGC GTG CAA
AAT TAT CGA AAA GTA AGT A 3’ and 5 CTC GAG TGA TTC TTT TTC
GTT TTT AGT ACG T 3’, were used for PCR amplification of the gene encoding
Mrp protein. The primers were engineered with cleavage sites for the restriction
endonucleases Nhel and Xhol respectively (in Bold). The amplified PCR product
was ligated into the pGEMT-Easy vector and the identity of the insert verified by
EcoRlI cleavage, PCR amplification and DNA sequencing. Subsequently, the insert
was ligated into the Nhel-Xhol site of the pET23b expression vector and
transformed into E. coli strain BL21 (DE3) for expressing recombinant Mrp with a
C-terminal hexa-histidine tag. The expression was induced by addition of IPTG to a
final concentration of 0.SmM for 6hrs and the protein was purified by standard Ni-

NTA affinity chromatography.
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Sortase catalyzed ligation of aminoglycosides to recombinant Mrp

About 40pM Mrp was incubated with 80uM sortase at pH 7.5 in the presence
of desired aminoglycosides for 6hrs at 37°C. The reaction was quenched by addition
of chilled 0.1% TFA. The products were analyzed by RP-HPLC and SDS-PAGE.

The identity of the reaction products was confirmed by mass spectrometry.
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Results

Sortase catalyzed ligation of LPETG peptides to aminohexoses

6-aminohexoses, such as 6-deoxy-6-aminoglucose and 6-deoxy-6-
aminomannose were considered as amine nucleophile in the transpeptidation
reaction with the idea that -CH,-NH, moiety present in these sugars might mimic
some elements of the glycine structure (Figure 1). The potential of sortase to ligate
the aforementioned aminosugars to a model YALPXTGK (X = E or M) peptide
substrate was tested. HPLC assays followed by MALDI-TOF or ESMS analysis
revealed the formation of respective YALPET-sugar adducts with both
aminohexoses, suggesting that the above amino sugars indeed acted as nucleophiles
in the transamidation reaction (Figure 2, 3, 4; Table 1).

Time course analysis of sortase catalyzed ligation of YALPETGK to 6-
amino-6-deoxymannose showed that the reaction reached equilibrium in about 6-
8hrs accompanied by a product yield of ~ 34 % (Figure 5, Table 1). Kinetic analysis
of the sortase catalyzed transpeptidation to 6-deoxy-6-amino mannose using Abz-
LPETG(Dap)Dnp as substrate was carried out. The K, and K¢ for aminomannose
was determined as 4.85mM and 0.0033 s™' respectively (Figure 6). Thus, the Ky, for
the amino sugar is quite weak (about 500-fold) as compared with GGGKY substrate.
The Kcat values are, however, comparable.

2-deoxy-2-aminoglucose (glucosamine) was also tested as a potential
nucleophile to further elaborate the specificity of sortase for the aminohexose.
However, incubation of YALPETGK and glucosamine in the presence of sortase
yielded only YALPET without the formation of the YALPET-sugar adduct
suggesting that the substrate peptide was hydrolyzed and that 2-amino group could

not function as an amine donor in the transpeptidation reaction (Figure 2, 3).

Sortase catalyzed ligation of LPETG peptides to aminoglycosides

To further probe the specificity requirements as well as to see if 6-
aminohexoses can serve as recognition tags for peptide-sugar ligations, the ability of
sortase to ligate peptides to the aminoglycoside class of therapeutically important

antibiotics was investigated. These antibiotics are built up by a variety of amino
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Figure 1. Aminosugar substrates tested for sortase catalyzed transpeptidation.
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Figure 2. Sortase catalyzed ligation of YALPETGK to 6-aminohexoses. Panel A
shows the Ohr HPLC profile; panel B, C, D show the 6hr profiles of the reaction of
YALPETGK with glucosamine, 6-aminoglucose and 6-aminomannose respectively.
Conjugates are highlighted by arrows. The HPLC runs were monitored at 210nm.
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Figure 3. Diagrammatic representation of sortase catalyzed ligation of YALPETGK to
6-aminohexoses.
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Figure 5. Time-course analysis of sortase catalyzed ligation of YALPETGK with 6-
deoxy-6-amino mannose. The reaction reaches equilibrium between 6-8 hours.
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Table 1. Characterization (mass spectrometry and yield) of sortase catalyzed ligation

products formed from LPXTG containing peptides and aminohexose nucleophiles

Peptide Aminohexose Experimental | Calculated Yield (%)
(Da) (Da)
YALPETGK | 6-deoxy-6-amino 853.41 853.41 41.7
glucose |
YALPETGK | 6-deoxy-6-amino 853.43 853.41 33.7
mannose
YALPMTGK | 6-deoxy-6-amino 855.62 855.41 54.2
glucose |
YALPETGK | KanamycinA 1158.64 1158.56 42.4
YALPETGK | KanamycinB 1157.65 1157.58 38.6
YALPETGK | Tobramycin 1141.66 1141.58 73.5
YALPETGK | Ribostamycin 1128.62 1128.56 21.7
YALPETGK | Neomycin 1288.72 1288.63 29.1
YALPETGK Paromomycin 128973 1289.62 17.7
YALPMTGK | KanamycinA 1160.76 1160.56 36.1
YALPMTGK | KanamycinB 1159.64 1159.57 21.7
YALPMTGK | Tobramycin 1143.66 1143.58 58.8
YALPMTGK | Ribostamycin 1130.61 1130.55 221
YALPMTGK | Neomycin 1290.73 1290.63 28.2
YALPETGK | Amikacin Al: 1259.52 1259.87 Total: 38.56
A2:1259.56 Al:24.40
‘ A2:14.16
YALPETGK | ButirosinA B1:1229.54 1230.37 Total: 36.90
| B2:1229.60 B1:18.48
B2: 18.41

Reaction conditions: peptide, 0.5mM; aminosugar/antibiotics,2.5mM; sortase,50uM; 37°C; pH 7.5. The

reaction was carried out for 6hrs. The product yield is calculated based on HPLC peak areas.
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sugars of the 6-amino or the 2, 6-diamino type besides containing several other
amino functionalities'®*'®>. The central scaffold of aminoglycoside antibiotics is the
2-deoxystreptamine (2-DOS) ring to which amino sugars are substituted at positions
4 and 6 (as in tobramycin and the kanamycins) or 4 and 5 (as in ribostamycin,
neomycin, and paromomycin) (Figure 7, 8). Sortase mediated ligation of model
YALPXTGK (X = E or M) peptide substrate to aminoglycoside antibiotics
proceeded smoothly (Figure 9). Analysis of the reaction products by RP-HPLC
followed by MALDI revealed the formation of specific conjugates between
antibiotics and peptide in the yields varying from 35 to 70% for the kanamycin class,
and about 18-30% for the ribostamycin class of antibiotics (Figure 11, Table 1).
ESMS of the respective conjugates produced fragmentations that unambiguously
showed occurrence of peptide ligation exclusively at a single 6-amino site in ring A
of the kanamycins, tobramycin, and ribostamycin or ring D of paromomycin and
neomycin (Figure 10, 12-15). Thus, conjugation of peptide substrates was limited to
the 6-amino site in the antibiotics despite the presence of a plethora of amino groups,
indicating rather strict specificity and selectivity for the sugar amino groups by
sortase.

The Kkinetic analysis of the sortase catalyzed ligation of peptides to
tobramycin and neomycin yielded K., of 2.79mM and 2.57mM, and K, of 0.0068
s and 0.0025 s respectively (Figure 16, 17). The K, and K, of the antibiotics are

comparable or slightly better than that of the aminosugars.

Sortase catalyzed ligation of peptides to amikacin and butirosinA

Amikacin and butirosinA are aminoglycoside antibiotics substituted at the 4,
6 and 4, 5 position respectively. These antibiotics, of the kanamycin and
ribostamycin class respectively, are unique in that they carry a 4-amino-2-
hydroxybutyrate (A2HBA) side chain on the C-1 amino group of the central
deoxystreptamine ring (Figure 18). Unlike the peptide ligation reactions with
antibiotics described above, the HPLC chromatographic profile of sortase peptide
substrates, YALPETGK, reacted with amikacin or butirosin B showed two product
peaks (Figure 19). Interestingly, when analyzed by MALDI, both the product peaks
of each antibiotic yielded identical mass (~1260 Da in the case of amikacin and

~1230 Da in the case of butirosinA) corresponding to a 1:1 ligation of the peptide to
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Figure 7. Structure of aminoglycosides. The core structure is formed by the 2-
deoxystreptamine ring. The ribostamycin class are substituted by amino sugars at the
5, 4 position and the kanamycin class at the 4, 6 positions.
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Figure 9. Representative RP-HPLC profile of sortase catalyzed ligation of
YALPETGK with Tobramycin. Panel A and B are the Oh and 6h profiles respectively.
The parent peptide and the peptide-tobramycin conjugate are marked by arrows. The
HPLC runs were monitored at 210nm.
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Figure 10. ESI-TOF mass characterization of YALPET-Tobramycin. The three rings
of the antibiotic structure are labeled A, B and C and the peptide is labeled P. The ions
carry the labels based on the part of the structure from which they are derived. For
example, m/z 819.40 is labeled as A-P represents a structure in which ring A is
attached to the peptide. Inset shows the MS/MS spectra of m/z 571.8
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Figure 11. Sortase catalyzed conjugation of YALPETGK model peptide to
aminoglycosides. RP-HPLC profiles A and B are peptide samples in absence and
presence of sortase, respectively. Chromatograms C-H represent reactions of peptide
with aminoglycoside antibiotics. The peptide-antibiotic conjugates are indicated by
arrows. The HPLC runs were monitored at 210nm.
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Figure 12. ESI-TOF mass characterization of YALPET-KanamycinB. The ion
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Figure 13. ESI-TOF mass characterization of YALPET-Ribostamycin. The ion
identification codes are as described in the legend to Figure 10.
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Figure 14. ESI-TOF mass characterization of YALPET-Paromomycin. (A) MS of
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conjugate. The ion identification codes are as described in the legend to Figure 10.
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Figure 15. ESI-TOF mass characterization of YALPET-Neomycin. (A) MS of
YALPET-Neomycin conjugate; (B) MS/MS spectra of m/z 645.3 of Neomycin
conjugate. The ion identification codes are as described in the legend to Figure 10.
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antibiotics. The results suggested that each product represented a distinct site of
peptide ligation. Given that the difference between their respective parent antibiotics
(kanamycin and ribostamycin) was the presence of A2HBA group, the two products
may represent conjugation of peptide either to the 6-amine in the A-ring or the
amine of the A2HBA side chain of the 6-deoxystreptamine ring. Indeed MSMS
analysis of product peaks revealed that Al (in the case of amikacin) and B1 (in the
case of butirosinA) originated from peptide ligation at the 6-amino site in the ring A
(Figure 20, 21). Likewise, products A2 and B2 were formed as a result of peptide
ligation involving amine of the A2HBA group attached to ring B (Figure 20, 21).

Sortase catalyzed ligation of LPETG peptides to aliphatic amines

To ascertain if the hydroxyamino acid moiety present in butirosinA and
amikacin could independently act as nucleophiles, the ability of sortase to ligate
YALPETGK peptide to 4-amino-2-hydroxy butyric acid (A2HBA) and 4-amino-3-
hydroxy butyric acid (A3HBA) was determined. A3HBA used in this study was a
recemic mixture whereas A2HBA was composed of the / (-) isomer only. HPLC
analysis of the reaction mixture followed by ESMS analysis of the respective
reaction product confirmed the formation of the expected transpeptidation product
(Figure 22). The experimentally determined mass (793.58 Da and 793.21 Da, for
A2HBA and A3HBA respectively) was in accord with the calculated mass of 793.82
Da for the peptide adducts (Table 2). The yield of product was in the range of 3-6%
(Table 2).

The propensity of several aliphatic amines (6-amino hexanol, 6-amino-
hexanoic acid, 7-amino-heptanoic acid, cadaverine, agmatine and spermine) to act as
nucleophiles in the sortase catalyzed transpeptidation reaction was also evaluated.
HPLC and ESMS assays (Table 2) showed the formation of transpeptidation product
in each case albeit with varying yields (Figures 23, 24). The product yields, except
for cadaverine (45%) and agmatine (27%), were in the range of 7 - 15 % (Table 2).
The product yield for spermine could not be determined because an arbitrary amount

of spermine was used in the reaction due to its extremely hygroscopic nature.
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antibiotic are labeled A, B and C. The ion identification codes are as described in the legend to Figure 10. Fragment B-P in
the mass spectra of A2 confirms the terminal amine of the side chain of ring B as the site of peptide ligation.
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arrows. The HPLC runs were monitored at 210nm.
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Table 2. Characterization (mass spectrometry and yield) of sortase catalyzed ligation

products formed from LPXTG containing peptides and hydroxylamines, amino alcohols,

acids and polyamines.

Peptide Amino Experimental Calculated Yield (%)
Compound (Da) (Da)

YALPETGK 4A2HBA 793.58 793.82 6.30

YALPETGK 4A3HBA 793.21 793.82 3.02

YALPETGK 7-amino 819.40 819.90 9.28
heptanoic acid

YALPETGK 6-amino 805.61 805.87 7.34
hexanoic acid

YALPETGK 6-amino hexanol 791.44 791.84 14.92

YALPETGK Cadavarine 776.64 776.38 44.5

YALPETGK Agmatine 804.62 804.20 26.74

YALPETGK Spermine 876.50 877.11 ¥

Reaction conditions: peptide, 0.5mM; aminosugar/antibiotics,2.5mM; sortase,50uM; 37°C; pH 7.5. The

reaction was carried out for 6hrs. The product yield is calculated based on HPLC peak areas.

* The yield for spermine could not be calculated (refer Results)
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Sortase mediated ligation of aminoglycosides to recombinant proteins

Gene specific primers with engineered sites for restriction endonucleases,
Nhel in case of the upstream primer and Xhol in case of the downstream primer
were used for PCR amplification of mrp. The PCR amplified DNA encoded for the
complete Mrp protein (Residues 1-202; Figure 25 A, B, C).

The resulting amplicon of 609bp was cloned into the pGEMT-Easy vector.
The presence of the insert was confirmed by cleavage with EcoRI, by PCR as well
as by DNA sequencing using SP6 promoter primer in an automated sequencer
(Figure 26, 27).

The mrp insert was sub-cloned into pET23b expression vector, transformed
into E. coli strain BL21 (DE3) and cells were grown in the presence of IPTG to
induce the expression of the 6-His tagged Mrp. The expression and purification of
Mrp was monitored by SDS-PAGE analysis (Figure 28). The results presented in
Figure 28 (lane 3) demonstrate the induced expression of the protein in the cell
lysate. Cells were lysed by sonication and the recombinant protein present in the
supernatant was purified to homogeneity from the cell lysate using Ni-NTA agarose
resin. Figure 28 (lane 4) shows the purified protein migrating as a single band albeit
higher than its apparent molecular weight. RP-HPLC analysis showed the
recombinant protein eluting as a single peak (Figure 29).The identity of the
recombinant protein was established by MALDI-TOF mass analysis (Figure 30A).
The experimentally determined mass (23856 + 20 Da) was in agreement with the
calculated value of 23872 Da. The integrity of the primary sequence was also
confirmed by Edman degradation. The amino acid sequence was in agreement with
that of the NCBI database (Figure 30B).

Sortase mediated ligation of Mrp to aminoglycoside antibiotics

The ability of sortase to ligate recombinant Mrp to aminoglycosides was
investigated. Sortase was incubated along with Mrp and tobramycin for a period of
6hrs. When the reaction was analyzed on RP-HPLC, it was discovered that the Mrp,.
170-tobramycin conjugate does not resolve from the cleaved Mrp;.;70 and Mrp (refer
Figure 31; Mrp, P2, P3). Nonetheless, MALDI analysis of the unresolved peak
(Figure 32; P3) confirmed the formation of the specific Mrp,.;70-tobramycin

conjugate. In an attempt to resolve the conjugate, the heterogenous peak was re-
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A. Nucleotide sequence of S. aureus mrp (NC_002758)

gtgcaaaatt
gctttaaaat
gcagttttaa
gaaaatagct
atcgcaacac
ggcaatagaa
attgttgatg
gaaattcagc
cgcaaagttg
gaatttgcac
gaatcataa

atcgaaaagt
tacaaatgga
aacgatttaa
tactgcgaat
cagaacaatt
tgattgatga
aaattttagc
cagctccaaa
aaaaagaact
tgattacagg

aagtaatcgt
tgaagaatta
tgttgcatta
tgataacatt
agctaaagta
agatgcgaca
aattaaatta
agtttgtacg
tccaaataca
tgcggctttg

aataaggctg
aaaacagcac
agcgatatag
gctcaacaaa
aaagtattaa
ttaaatgaca
ccagctgaag
cctattaaaa
ggttctgaag
ttagctagaa

B. Protein sequence of S. aureus Mrp (NP_372281)

atgcattaaa
gcactaatgc
aagcagtaat
catatgcgaa
ttgatcaata
tcaaacaaca
cgacgaaagt
aagaagagac
gaatggattt
gacgtactaa

agctataact
tgatgttgat
tactgaaaaa
attcaaagcg
tgttgcagat
cacgcaattc
atcaccaaaa
acatgaatcg
accattgaaa
aaacgaaaaa

mgnyrkvsnrnkadalkaitalklgmdeelktartnadvdavlkrfnvalsdieavit
ekensllridniaqqgtyakfkaiatpeqglakvkvlidgyvadgnrmidedatlndikg
htgfivdeilaiklpaeatkvspkeiqpapkvctpikkeethesrkvekelpntgseg
mdlplkefalitgaallarrrtknekes

C. PCR amplification of S. aureus mrp

amplicon

700bp
500bp

Figure 25. (A) The complete nucleotide sequence of Staphylococcus aureus mrp as
obtained from the NCBI database. (B) The complete protein sequence of Mrp; the
LPNTG motif is highlighted in red (C) PCR amplification of mrp from S. aureus
genomic DNA. Lane 1, 3: 1kb and 100bp DNA ladders, the S00bp and 700bp bands are
marked by arrows; lane 2: PCR amplified mrp
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Figure 26. Restriction digest confirmation of pGEMT:mrp clones. Plasmids isolated
from candidate recombinant clones were digested with EcoRI to check for the presence
of insert. Lane 1, 5:100kb DNA ladder, 1kb ladder; lane 2,3,4: EcoRI digest of 3
candidate clones The insert can be seen lower than the DNA ladder band
corresponding to 700bp (marked by arrow). The digested plasmid can be seen
alongside the 3kb band.

1 23 4 5

amplicon

Figure 27. PCR confirmation of pGEMT:mrp clones. Plasmids isolated from the
candidate recombinant clones were used for PCR amplification using the same primer
combination and PCR parameters as was used for the original PCR. Amplicon of
desired size confirms presence of insert. Lane 1,5: 100bp DNA ladder, 1kb ladder;
lane 2,3,4: PCR amplification of 3 candidate clones. The amplicon can be seen just
below the 700bp marker (marked by arrow).




33 kDa

25 kDa

Figure 28. Expression and purification of S. aureus Mrp. The samples were subjected
to 15% SDS-PAGE followed by Commassie brilliant blue staining. Lane 1:protein
marker; lane 2:uninduced cell extract; lane 3:IPTG induced cell extract; lane
4:purified Mrp protein. Note that the recombinant protein runs higher than its
molecular weight.

Mrp

- -
C T 49 -Tiv—

Figure 29. RP-HPLC analysis of recombinant Mrp.
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20080 22500 25000 27500
miz
Mcid AAcid R.Time C.Tine Paol Paol Mol AAcid
B +# D (xdn) (xin) (raw)  (-back)  (¢lag) D
1 A 1.70 7.70 580.93 549.72 549.72 Ala
] [ 4.95 4.9 98.17 86.49 86.49 Ser
3 v 1.4 12.68 499.88 490,52 501,55 val
[} Q 5.22 5.17 192.10 187.72 196.81 6la
5 | 4.36 4.31 162.58 155.47 162.99 Ash
6 ) 4 9.63 9.60 519.22 517.62 517.62 Tyr
7 R 9.47 9.43 817.68 816.83 816.83 Arg
8 K 15.95 15.93 573.69 522.49 539.43 Lys
9 v 12.69 12.68 464.19 433,53 453.50 Val
10 ] 4.93 4.9 66.47 59.49 59.49 Ser
11 | 4.38 4.31 132.56 128.05 128.05 Ash
12 R 9.23 9.43 733,51 710.22 744.59 Arg
13 | 4.19 4.31 132.04 128.40 128.40 Asa
u K 15.7¢ 15.93 510.2% 416.02 426.93 Lys
15 A 7.52 7.70 420.9¢ 409.36 409.36 Ma
16 D 3.70 3.80 107.99 105.89 105.89 Asp
17 A 7.53 7.7 -429.05 420,33 420.33 Ala
18 L 15.99 16.21 413.40 329.73 345.65 Leu
19 ) 4 15.73 15.93 464.86 . N 336.23 Lys
20 A 7.50 7.7 416.50 412.00 412.00 Ala

Figure 30. (A) MALDI-TOF analysis of recombinant Mrp. The experimentally
determined value of 23856 + 20 Da was in accordance with the theoretically
calculated value of 23872 Da. (B) N-terminal protein sequencing of Mrp. 20 residues
were sequenced and were identical to that of the NCBI database. Note the absence of
the starting Met residue. The N-terminus Met may have been removed by E.coli

aminopeptidase M.
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Figure 31. RP-HPLC of sortase catalyzed conjugation of Mrp to tobramycin. Profiles
A and B are Mrp samples in absence and presence of sortase respectively.
Chromatogram C represents reaction of Mrp with tobramycin. A distinct peak
corresponding to the Mrp, ,,,-tobramycin conjugate was not observed hence, identity

of HPLC peaks labeled P1, P2 and P3 was investigated by ESMS analysis. All HPLC
runs were monitored at 210nm.
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Figure 32. MALDI-TOF characterization of Mrp,_,,-tobramycin peaks 1 (P1), 2 (P2) and 3 (P3). Mass of P1 and P2
corresponded to that of cleaved Mrp (residues 171-202) and MrpLPNT (residues 1-170) respectively. ESMS analysis of P3
revealed the presence of the Mrp,_,,,-tobramycin conjugate.
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analyzed on 15% SDS-PAGE where distinct bands corresponding to Mrp (Mrp;.202),
cleaved Mrp (Mrpi.170) and Mrp.j7o-tobramycin conjugate could be observed
(Figure 33, lane 4). Hence, sortase mediated ligation of Mrp to other
aminoglycosides (neomycin, kanamycinA, ribostamycin and paromomycin) were
analyzed similarly i.e., RP-HPLC followed by analysis of the heterogenous peak by
SDS-PAGE (Figure 34). The yield of the conjugates was estimated to be in the range
of 25-50%.
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Figure 33. RP-HPLC of sortase catalyzed conjugation of Mrp to tobramycin. The
heterogenous peaks, P2 and P3 (refer Figure 31), were analyzed by SDS-PAGE. Lane
1: protein marker; lane 2: Mrp only; lane 3: peak P2 (Mrp + sortase); lane 4 (Mrp +
tobramycin + sortase). Distinct bands corresponding to Mrp, Mrp, ,,, and Mrp,_,5,-
tobramycin can be observed (marked by arrows).
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Figure 34. SDS-PAGE analysis of sortase catalyzed conjugation of Mrp to various
aminoglycosides. Lane 1 is the protein marker; lane 2 is the reaction of Mrp only with
Sortase, lane 3, 4, 5, 6, 7 are sortase catalyzed Mrp conjugation reactions with
tobramycin, neomycin, kanamycinA, ribostamycin and paromomycin respectively. In
each reaction a distinct band corresponding to the Mrp,_,,,-aminoglycoside conjugate
can be observed.
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Discussion

The in-vitro transpeptidation reaction catalyzed by sortase entails cleavage of
the Thr-Gly peptide bond of an LPXTG containing protein and its subsequent
transfer to the terminal amino group of a pentaglycine moiety. It has been reported
that pentaglycine per se is not essential for sortase activity as even a single glycine
molecule can function as a nucleophile albeir with about 10-fold less efficiency'*’.
This observation hinted at relaxed substrate specificity for sortase and provided the
motivation for exploring aminosugars as amine donors in transpeptidation reaction.
Accordingly, aminohexoses such as 6-deoxy-6-aminoglucose/mannose containing
an amine at the C-6 were chosen with the intuition that -CH,-NH; group may bear
some structural resemblance to the glycine molecule. Indeed, transpeptidation
reaction of a model YALPETGK substrate to the aforementioned aminohexoses
proceeded smoothly with yields of about 30-40%. By contrast, the substrate peptide
was hydrolyzed to YALPET without the formation of a peptide-sugar adduct when
glucosamine was used a substrate suggesting that the —NH; group present in
glucosamine could not act as a nucleophile in the sortase catalyzed transpeptidation
reaction. These results suggest that the selectivity of this reaction is sufficiently
broad to accommodate 6-deoxy-6-aminohexoses as a replacement for glycine, but
not so broad as to allow attachment of peptides to the more common 2-deoxy-2-
aminohexoses.

To test if sortase could be used to ‘tag’ larger molecules appended with an
aminohexose moiety, sortase catalyzed reactions with aminoglycoside antibiotics
were carried out. Aminoglycosides are a class of therapeutically important
antibiotics that are widely used to treat bacterial infections. They are built up by a
variety of amino sugars of the 6-amino or the 2, 6-diamino type besides containing
several other amino functionalities'®" '®*. The purpose of using aminoglycosides as
sortase substrates was two-fold: (i) to determine if sortase ‘mediated,transpeptidation
involving 6-aminohexoses and LPXTG substrates could be extrapolated to larger,
more complex structures; (ii) as aminoglycosides contain a large number of -NH;
groups, specificity of the reaction towards the —CH>-NH; group could be
determined. Experimental evidence demonstrated that in spite of a large number of

other amines being present, sortase transferred peptide substrates, in a selective
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manner, to 6-aminohexose moiety. Nonetheless, the amine in the A2HBA side-chain
of amikacin and butirosin was also amidated in addition to the 6-amino site.
Curiously, only mono-substituted adducts were obtained. The reason for the absence
of di-substituted product is not readily apparent but may be due to steric hindrance
as the mono-substituted aminoglycoside molecule may be too large to fit back into
the enzyme active site. The total yield for formation of peptide-amikacin/butirosinA
adducts were comparable at ~40% each. The yield for the formation of the peptide
adducts (for amikacin) at the ~CH,-NH; moiety was marginally higher as compared
to the A2HBA group (24% and 14% respectively); for butirosinA the yields were
identical at 18% each. The A2HBA or A3HBA were independently capable of
acting as nucleophiles but were not as effective as when present in the context of
aminoglycosides. The yield of the reaction for AZHBA (6.3%) was much lower than
that obtained with amikacin and butirosinA. Thus the results show that although
A2HBA is capable of acting as a nucleophile by itself, the reaction is more robust
when A2HBA is part of amikacin or butirosinA. This is probably because
aminoglycosides provide better proximity and orientation of the amine nucleophile
for catalytic action.

Transpeptidation reaction also occurred when amine containing compounds
such as 6-amino-hexanol, 6-amino-hexanoic acid, and 7-amino-heptanoic acid were
used as nucleophiles but the yields were relatively poor. However, polyamines like
cadaverine, agmatine and spermine produced yields that were comparable to that
obtained with aminosugars (44% and 27% for cadaverine and agmatine
respectively). The reason as to why polyamines are good sortase substrates is not
clear.

To investigate if the reaction could be extrapolated to full length recombinant
proteins as well, the Staphylococcus aureus multidrug resistance protein (Mrp) was
cloned and expressed. Mrp, a 202 residue protein, is a natural sortase substrate. It
has a typical C-terminal CWS signal containing an LPNTG motif. When the reaction
mixture of Mrp, tobramycin and sortase was analyzed by RP-HPLC it was observed
that the Mrp,.j7o-tobramycin conjugate did not separate from the cleaved Mrpy.i7o
and the Mrp. ESMS analysis, however, confirmed the formation of the desired
conjugate. However, the heterogenous peak obtained from the RP-HPLC run could
be resolved by SDS-PAGE electrophoresis. On the SDS-PAGE the three
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components migrated as distinct bands and the Mrp,.;7o-tobramycin conjugate could
be clearly observed. The same reaction was performed with other aminoglycosides
like neomycin, kanamycinA, ribostamycin and paromomycin; in each case the
formation of the Mrp,.;70-aminoglycoside conjugate could be observed. The yield of
the conjugates varied between 25-50%.

The results so far demonstrate that the staphylococcal transpeptidase sortase
has more relaxed substrate specificity than was assumed till now. It is capable of
catalyzing transpeptidation reactions with a plethora of compounds containing the —
CH;-NH, group, including aminosugars (like 6-amino hexoses and
aminoglycosides) and aliphatic amines (like 6-amino hexanol, 6-amino heptanoic
acid etc.). Such an enzymatic activity for sortase was hitherto unknown. It provides
a simple and straightforward method for covalent ligation of a prefabricated sugar
containing a 6-aminohexose tag to synthetic peptides and expressed proteins
encoded with a C-terminal LPXTG sortase recognition sequence. As
aminoglycosides are known for their antibacterial as well as RNA-binding
capabilities, this provides a platform for the synthesis of aminoglycoside-peptide

conjugates with potential bioactivity.
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Sortase Mediated Construction
of Bioconjugates
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Introduction

Development of new methods for linking sugars to peptides or proteins is an
active area of research because natural glycopeptides or glycoconjugates play
important roles in biology and medicine and are indispensable tools for probing
several biological processes'®'®”. However, despite dramatic progress in synthetic
carbohydrate and peptide chemistry in recent years, glycoconjugate synthesis
involving sugar and polypeptide remains a formidable task. This is principally
because synthetic protocols are quite demanding and involve multiple reaction steps
with requirements of extensive protection of reactive functionalities. This problem
may be in part or completely obviated through the intermediary of enzymes. The
ability of sortase to ligate LPXTG containing peptides and proteins to aminosugars
can be a useful tool in the construction of neoglycoconjugates.

The results described in chapter 2 demonstrated the ability of staphylococcal
sortase for site specific ligation of model LPXTG peptide substrates to
therapeutically important aminoglycoside antibiotics. In this chapter, sortase-
mediated facile ligation of peptides to antibiotics has been applied to the
construction of bioconjugates comprising aminoglycosides and peptide sequences
derived from Rev/Tat proteins of HIV-1. The RNA binding ability of the conjugates

has been evaluated.
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Materials and methods

Materials

All Fmoc amino acids and resins were purchased from Novabiochem. DCM
and DMF were obtained from Merck. Custom made RRE and TAR RNA were
synthesized by Sigma. [y-°P]JATP was obtained from Perkin Elmer. G50 Probe
Quant columns were obtained from GE Healthcare. All antibiotics and chemicals

- were obtained from Sigma unless otherwise mentioned.
Methods

Synthesis of Rev/Tat based peptide substrates

| The Rev based peptides, TRQARRNRRRRWRERQR-GGG-LPETGK
(RevG3LPETGK), TRQARRNRRRRWRERQR (Rev Native) and
TRQARRNRRRRWRERQR-GGG-LPET (RevG3LPET) and the Tat based peptide
RKKRRQRRR-YGGG-LPETGK (TatG3LPETGK) were synthesized as has been

described previously.

Sortase catalyzed ligation of Rev/Tat based peptides to aminoglycosides

The Rev and Tat based peptide-aminoglycoside conjugates were prepared as
per the peptide-aminoglycoside ligation procedure described previously. The
peptides were purified by RP-HPLC. Peptide concentration was determined
spectrophotmetrically using molar extinction coefficients, €230, 1cm = 5690, for the
Rev related peptides, and €250, 1 cm = 1280, in case of Tat. Working dilutions of 8, 1,
0.25, 0.05 and 0.005 pmol/pl were made in DEPC treated water and stored at -20°C

till use.
Electrophoretic mobility gel shift assay (EMSA)

The ability of Rev and Tat based peptides and conjugates to bind to RRE and

TAR, respectively, was evaluated by electrophoretic mobility gel shift assays”o. The
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47 nucleotide (nt) RRE IIB sequence and 31nt TAR stem-loop sequence used in the
RNA binding study are given below:

RRE IIB sequence

.5 GGC UGG UAU GGG CGC AGC GUC AAU GAC GCU GAC GGU ACA
GGCCAGCC¥

TAR stem-loop sequence:
5° GGC CAG AUC UGA GCC UGG GAG cuCcuCcu GGC C 3’

Both the RNAs were custom synthesized by Sigma. The RNA was dissolved
in DEPC treated water (DEPC was added to water to a final concentration of 0.1%
(v/v), kept for 14-16 hours at room temperature and autoclaved) to give a stock
solution of 10pmol/ul and sub-diluted to a working stock of 2pmol/pl.

All solutions were made in DEPC treated water and stored at room
temperature unless otherwise mentioned. All chemicals were weighed on oven-
baked (200°C, 4hrs) aluminum foil using baked, metal spatulas. Glassware used was
similarly baked in the oven and only sterile, disposable plastic ware was used.

Gloves were worn for all procedures.

The following buffers were prepared:

0.5M HEPES-NaOH; pH 7.5, 0.5M EDTA, 1M DTT and 10X TBE were prepared
and autoclaved to maintain sterility.

2M KCl, 1M MgCl, and 50% glycerol were treated overnight with 0.1% DEPC and
autoclaved.

40% acrylamide-bis acrylamide (38:2, w/w) was made in DEPC treated water.

Gel loading buffer (30% glycerol, 10mM HEPES-NaOH, 0.5% BPP and xylene
cyanol) and 10 X reaction buffer (100mM HEPES-NaOH, 1M KCl, 10mM MgCl,,
S5mM EDTA and 10mM DTT) were aliquoted into small fractions and stored at -
20°C till use.
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Radiolabelling RRE IIB and TAR RNA
The RRE IIB and TAR RNAs were end-labeled with [y-"°PJATP using
polynucleotide kinase (PNK).

Protocol for Radiolabeling:

Constituent Volume (ul)
DEPC treated water 7
PNK buffer (10X) 2
TAR/RRE RNA (2 pmol/ pl) 3 (6 pmol)
RNase Inhibitor 1 (40U)
[y- “P]JATP (10uCi/ pul) 5 (50uCi)
PNK (10,000U/ ml) 2 (10U)

The labeling reaction was set up in in a total volume of 20ul as given above,
incubated in a water bath preheated at 37°C for 30min. This was followed by heat
denaturation at 95°C for 2min for inactivation of PNK. The labeled RNA was then
separated from the unreacted radionucleotide by gel filtration chromatography using
G50 probe quant spin columns from GE Healthcare. The radiolabeled material was

diluted appropriately to obtain a RNA stock solution of 20 fmol/pl.

Protocol for gel shift assay reaction

The radiolabeled RNA mix was made as follows:

Constituent Volume (ul)
DEPC treated water 123
10X reaction buffer 100 2X)
50% glycerol 200 (20%)
tRNA (Smg/ml) 5 (50pg/ml)
RNase inhibitor 2 (80U)
Labeled RNA 50 (2 fmol/ul)
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10ul of the master-mix was incubated with varying concentrations of
Rev/Tat peptide or aminoglycoside conjugates for 30min at 4°C. The reactions were
analyzed on a 10% native PAGE with 0.5X TBE buffer for 2hrs at 125V at 4°C.
Subsequent to autoradiography, the gel bands corresponding to bound and free RNA
were excised and the radioactivity associated with each band was determined using a

liquid scintillation counter.
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Results

Choice and design of bioconjugates

Replication of the human immunodeficiency virus-1 (HIV-1) in the host cell
cytoplasm is critically dependent upon two viral regulatory proteins: the regulator-
of-virion-expression protein (Rev) and the frans-activator of transcription protein
(Tat) (Figure 1)'"" 72, Rev is required for the efficient cytoplasmic export of the
RNAs encoding viral structural proteins whereas Tat stimulates transcriptional
elongation from the viral 5°- long terminal repeat (LTR). Both proteins exert their
effects by binding to structured RNA elements.

Rev, a 116 amino acid phosphoprotein, binds to a cis-acting RNA regulatory
element termed the Rev response element (RRE) through a 17 residue arginine rich
RNA binding domain (residues 34-50, TRQARRNRRRRWRERQR; RBD) (Figure
2A)'". The RRE is a highly structured 234 nucleotide (nt) RNA; the high-affinity
Rev binding site is localized to the bulge structure in stem-loop 1IB (Figure 2B)'"*
""" The Rev interaction with RRE activates the cytoplasmic export of partially
spliced and unspliced HIV-1 RNA which serves as open reading frame for viral
structural proteins like Gag, Pol and Env'"®'%,

Tat is an 86 residue protein that interacts with the trans activation response
RNA (TAR) via a 9 residue stretch (residues 49-57, RKKRRQRRR) (Figure 2C)"*'.
The TAR element is a 59nt RNA sequence located near the S'-end of the viral
genome'#*'8, The high-affinity Tat binding site has been localized to an unusual
stem-loop structure containing a three-nucleotide bulge and a six-nucleotide loop
(Figure 2D)'8% 183 185 186 "The formation of the Tat-TAR complex increases the
processivity of the host RNA polymerase 1I transcription complex resulting in the
production of longer viral RNAs and in increased viral gene expression'®"'*’,

The Rev-RRE and Tat-TAR interactions were targeted for the development
of bioconugates as it is known that disruption of these interactions impairs viral
replication. The RRE sequence is an especially attractive target for therapeutic
intervention as this viral sequence serves both as the high affinity Rev binding site
and as part of the open reading frame for the envelope (env) protein. Due to this dual

role, a very low rate of mutation is observed in RRE and it is hypothesized that
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Figure 1. Diagrammatic representation of the HIV-1 life cycle showing the three
major stages of replication: Entry and fusion, reverse transcription and integration
(Stage I); Transcription and translation (Stage II) ; Assembly and budding (Stage III).
Tat and Rev are important for stage II of the viral life cycle.
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Figure 2. (A) 116 residue Rev with the sequence required for interacting with RRE RNA in blue (B) Sequence and secondary
structure of the RRE IIB RNA used in study. RRE IIB spans the minimal sequences that are required for in-vitro binding of
Rev-derived peptides. (C) Sequence of the Tat peptide (49-57) that recognizes TAR with high affinity and specificity. (D)
Sequence and secondary structure of the high-affinity Tat binding region of TAR RNA used in study.
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drugs targeted against the Rev-RRE interaction are unlikely to lead to the evolution
of resistant variants'®*'%,

Aminoglycoside antibiotics have been shown to inhibit the binding of the
HIV-1 Rev and Tat proteins to their RNA counterparts, RRE and TAR, by directly
binding to the later'®® """ "2, Three aminoglycosides, neomycin, tobramycin and
ribostamycin, were chosen for conjugation to Rev or Tat derived peptides. The idea
was to see if individual RNA binding propensity of peptide and antibiotics

respectively is enhanced upon conjugation.

Preparation of the Rev/Tat peptide-antibiotics conjugates

Peptides corresponding to the 17 residue Rev RBD (RevG3LPETGK) and
the 9 residue Tat RBD (TatG3LPETGK), appended with an LPETG motif and
triglycine spacer, were synthesized. Additional Rev based peptides composed of
only the Rev RBD sequence (Rev Native) and the Rev RBD appended with the
truncated LPET motif and triglycine spacer (RevG3LPET) were also synthesized.
The last two peptides were synthesized as controls; to evaluate if addition of the
triglycine spacer and the LPETG motif has any impact on the ability of the peptide
to bind to RRE RNA. The peptides were synthesized and purified as described
previously (Figure 3). The identity of each peptide was verified by mass
spectrometry (Table 1).

The experimentally determined masses for RevG3LPETGK, Rev Native,
RevG3LPET and TatG3LPET were 3234.24 Da (calc: 3234.64 Da), 2436.40 Da
(calc: 2436.39 Da), 3047.59 Da (calc: 3047.68 Da) and 2298.89 Da (calc: 2299.67
Da) respectively.

The peptide-antibiotics conjugates comprising RevG3LPETGK and
TatG3LPETGK and neomycin, tobramycin and ribostamycin were prepared using
the same procedure as described earlier (Figure 4A, B). The conjugates were
purified by RP-HPLC (Figure 5) their identity was verified by mass spectroscopy as
described earlier. The experimentally determined mass of the purified conjugates

were in accord with their calculated mass (Table 1).
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Figure 3. The elution profiles of purified (A) RevG3LPETGK; (B) Rev Native;
(C) RevG3LPET and (D) TatG3LPETGK.
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Figure 4A. Diagrammatic representation of the construction of Rev/Tat based
peptide-aminoglycoside conjugates
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Figure 4B. The three aminoglycosides chosen for the study. Amine groups that serve
as ligation sites for Sortase catalyzed transpeptidation are highlighted in green.
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Figure 5. RP-HPLC analysis of sortase catalyzed ligation of neomycin, tobramycin
and ribostamycin with (A) RevG3LPETGK; and (B) TatLPETGK. The conjugates are
marked by arrows.



Table 1: ESMS characterization of Rev/Tat based peptides and peptide-aminoglycoside

conjugates.

Peptide/Conjugate Calculated mass (Da) Experimental mass (Da)
RevG3LPETGK 3234.64 3234.24
Rev Native 2436.39 2436.40
RevG3LPET 3047.68 3047.59
TatG3LPETGK 2299.67 2298.89
RevG3LPET-Neomycin 3646.05 3646.55
RevG3LPET-Tobramycin 3498.39 3498.30
RevG3LPET-Ribostamycin 3484.15 3483.25
TatG3LPET-Neomycin 2711.09 2711.09
TatG3LPET-Tobramycin 2563.96 2563.32
TatG3LPET-Ribostamycin 2550.92 2551.14
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Evaluation of RNA binding of conjugates by EMSA

The ability of Rev/Tat based peptide-aminoglycoside conjugates to bind to
their respective RNAs was evaluated by EMSA as described in Materials and
Methods (Figure 6A-13A). Following autoradiography, the radioactivity associated
with the bound and free RNA fractions was estimated using liquid scintillation
counting. K4 values, defined as the concentration of peptide/conjugate that displayed
50% binding to RRE/TAR RNA were estimated using the Graphpad Prism software
assuming a 1:1 stoichiometry of binding. The K4 values are summarized in Table 2

and representative binding curves are shown in Figures 6B-13B.
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Figure 6. Electrophoretic mobility gel shift assays of RRE IIB RNA with
RevG3LPETGK. Panel (A) shows a representative EMSA; panel (B) shows the
analysis of the peptide-RNA binding. Inset shows the Scatchard plot. A dissociation

constant of 216.68 + 32.68 nM was estimated.
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Figure 8. Electrophoretic mobility gel shift assays of RRE IIB RNA with Rev Native.
Panel (A) shows a representative EMSA; panel (B) shows the analysis of the peptide-
RNA binding. Inset shows the Scatchard plot. A dissociation constant of 128.37 +
24.71 nM was estimated.




=2~Nm322%§§§ nM

A

x
o 5004 ° ]

o »

£

o 400+

o
<L ~
Z £ 300+ p
X s
£ 200- 3

S
= 100 '
o 600
(&)

(=)

0 100 200 300 400 500
RevG3LPET-Neomycin (nm)

Figure 9. Electrophoretic mobility gel shift assays of RRE IIB RNA with
RevG3LPET-Neomycin. Panel (A) shows a representative EMSA; panel (B) shows
the analysis of the peptide-RNA binding. Inset shows the Scatchard plot. A
dissociation constant of 9.20 + 1.88 nM was estimated.
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Figure 10. Electrophoretic mobility gel shift assays of RRE IIB RNA with
RevG3LPET-Tobramycin. Panel (A) shows a representative EMSA; panel (B) shows
the analysis of the peptide-RNA binding. Inset shows the Scatchard plot. A
dissociation constant of 9.8 + 5.50 nM was estimated.
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Figure 11. Electrophoretic mobility gel shift assays of RRE IIB RNA with
RevG3LPET-Ribostamycin. Panel (A) shows a representative EMSA; panel (B) shows
the analysis of the peptide-RNA binding. Inset shows the Scatchard plot. A
dissociation constant of 147.6 + 25.76 nM was estimated.
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Figure 12. Electrophoretic mobility gel shift assays of TAR RNA with
TatG3LPETGK. Panel (A) shows a representative EMSA; panel (B) shows the
analysis of the peptide-RNA binding. Inset shows the Scatchard plot. A dissociation
constant of 348.27 + 26.13 was estimated.
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Table 2: Dissociation constants (Kg4) for Rev/Tat based peptides and conjugates with
RRE IIB and TAR RNA as determined by EMSA.

Peptide/Conjugate RNA K4 (nM)
RevG3LPETGK RRE IIB 216.68 + 32.68
RevG3LPET RRE IIB 172.45 £ 5.16
Rev Native RRE IIB 128.37 £ 24.71
RevG3LPET-Neomycin RRE IIB 9.20+1.88
RevG3LPET-Tobramycin | RRE IIB 9.8+5.50
RevG3LPET-Ribostamycin RRE IIB 147.6 £ 25.76
TatG3LPETGK TAR 348.27 £ 26.13
TatG3LPET-Neomycin TAR 684.8 £ 0.85
TatG3LPET-Tobramycin TAR ' 802.6
TatG3LPET-Ribostamycin TAR 775.67 £205.30
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Discussion

Currently available therapies for treatment of AIDS are insufficient due to
their inability to cure the disease and the propensity of the virus to become resistant
to the treatment over time. The need for alternative chemotherapeutic strategies has
led to a search for and development of agents that interrupt critical events in the HIV
life cycle. A current direction in this field is the development of drugs that interfere
with the action of the Rev and Tat proteins. Rev and Tat are regulatory proteins that
are crucial for HIV-1 replication. Rev is required for the efficient cytoplasmic
expression of the mRNAs encoding the viral structural proteins whereas Tat
stimulates transcriptional elongation by increasing the processivity of host RNA
polymerase II. Both proteins exert their effect by binding to structured RNA
sequences, RRE in case of Rev and TAR in case of Tat. The RRE sequence is an
especially attractive target for therapeutic intervention as this viral sequence serves
both as the high affinity Rev binding site and as part of the open reading frame for
the envelope (env) protein. Due to this dual role, drugs targeted against the Rev-
RRE interaction are unlikely to lead to the evolution of resistant variants'®*'*,

‘ The RNA binding propensity of aminoglycoside antibiotics is widely
acknowledged. Since Moazed and Noller’s ' landmark report localizing the
binding site of aminoglycosides to the decoding region on the 16S rRNA, numerous
discoveries have established aminoglycosides as universal or promiscuous RNA
binders. These antibiotics have been demonstrated to bind to a large number of
structurally and functionally unrelated RNAs like the hammerhead ribozyme, the
hepatitis delta virus ribozyme, RNase P, transfer RNAs as well as the group |
introns'**'%®, They have also been shown to inhibit the binding of the HIV-1 Rev
and Tat proteins to their RNA counterparts, RRE and TAR, by directly binding to
the later'®® ° 192 While these naturally occurring antibiotics are unlikely to display
the necessary selectivity fo become therapeutically relevant anti-viral drugs by
themselves, they provide a foundation for the development of more potent and
selective binders.

Several reports on aminoglycosides and aminoglycoside-based Rev/Tat
inhibitors have been published. Zapp et al were the first to demonstrate the potential

of aminoglycosides antibiotics as potential anti-HIV drugs by reporting their ability
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to block the binding of Rev with RRE'®, They reported that aminoglycosides like
neomycin, tobramycin and lividomycinA had significant inhibitory potential
whereas several others, like kanamycinA, B, ribostamycin, butirosinA and neamine,
were inhibitory only at extremely high concentrations (> 100uM). They particularly
highlighted the ability of neomycin to inhibit Rev binding at concentrations as low
as 1uM. Their attempts at localizing the binding of neomycin indicated that the
binding sites for Rev and aminoglycosides overlapped. Thus, inhibition by
aminoglycosides is most likely due to the mutually exclusive interaction with
common RRE nucleotides especially the GGG region of RRE IIB. Luedtke et al
designed aminoglycoside dimers and aminoglycoside conjugates with 9-
aminoacridine as potential RRE binders'*’
exhibited high affinity binding to RRE RNA, a high degree of specificity for the

RRE target was lacking. Park ef al used a Ugi-type one-pot reaction to synthesize a

. Although both types of compounds

library of neomycin mimetics several of whom were found to be better RRE binders
than the parent aminoglycoside?®. Aminoglycosides are also known to inhibit Tat-
TAR interactions albeit at much higher concentrations. Wang et al have reported
that in-vitro inhibition of the interaction by neomycin occurs only when
concentrations are as high as ImM''. Lapidot and coworkers synthesized
conjugates of L-arginine with aminoglycosides as potential Tat-TAR inhibitors.
These compounds were found to bind TAR with K4 values in the range of 200nM-
2.5uM as compared to the native Tat which bound TAR in thé range of 6-15nM.
The neomycin-hexaarginine conjugate bound TAR in the range of 130nM whereas
the R52 peptide, which is a Tat-derived peptide, bound TAR at 50nM. They also
demonstrated the efficacy of these conjugates in inhibiting HIV replication in-
vivo™® % Riguet and coworkers reported the conjugation of neamine to a TAR
targeted PNA sequence®®. The resulting conjugate exhibited TAR cleavage in vitro
and anti-HIV activity in infected cells. Lee and coworkers reported TAR and RRE
binding of several neomycin conjugates containing chloramphenicol and
linezolid®”’. The conjugates displayed approximately 10-fold higher affinity to TAR
compared to the parent aminoglycoside. Hamasaki et al reported that neamine
derivatives containing pyrene and arginine bound TAR and RRE with equivalent

binding affinities as Tat and Rev peptide respectively?®.
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A large number of the aminoglycoside derivatives discussed above are
capable of high affinity binding to the RRE or TAR RNA site but lack the degree of
specificity required to be of therapeutic use. Introduction of a moiety specific for
TAR or RRE into the aminoglycoside scaffold could help endowing the conjugate
with the desired ability to discriminate between RNAs. Peptides derived from Rev
and Tat (‘decoy’ peptides) have been shown to interfere with Tat-TAR and Rev-
RRE interactions leading to inhibition of viral replication®®2',

Sortase mediated ligation was employed to create conjugates comprising of
an aminoglycoside ligated with Rev/Tat based peptides. The objective was to
perceive if combining two separate Rev/Tat binding modules could have a
synergistic effect on the RNA binding propensity of the conjugate. The Rev/Tat
peptides were synthesized with a sortase recognition motif (LPETG) and a triglycine
spacer. Three aminoglycosides, namely neomycin, tobramycin and ribostamycin,
were employed for this study. Neomycin and tobramycin belong to the 4, 5 and 4, 6
substituted class and were chosen for this study as they are known to be the most
effective inhibitors of Rev/RRE and Tat/TAR interactions. Ribostamycin also
belongs to the 4, 5 substituted class of aminoglycosides but its ability to inhibit the
HIV-1 protein-RNA interaction has been reported to be much less as compared to
neomycin or tobramycin'®®, To assess the impact of the addition of the LPETG motif
and the triglycine linker on the ability of the peptides to bind RNA, two additional
peptides were synthesized as controls. Rev Native is composed of only the 17
residue RBD whereas RevG3LPET contains the triglycine spacer and a truncated
LPET motif. The ability of these conjugates to bind to their respective RNAs was
evaluated by electrophoretic mobility gel shift assays using the protocol outlined by
Mill et al'™.

The gel shift assays with the RevG3LPETGK, RevG3LPET and Rev Native
yielded comparable RRE binding affinities [(Kq) of 216.68 + 32.68 nM, 172.45 +
5.16 nM and 128.37 = 24.71 nM] respectively which compares well with RRE
binding affinities of the Rev peptide (50-100nM)'"°, #'¢ 2'7 reported in other studies.
The binding of RevG3LPET-ribostamycin to RRE RNA (K4 ~147.6 + 25.76 nM)
was similar to that of the Rev Native peptide. In contrast, RevG3LPET-Neomycin
and RevG3LPET-Tobramycin conjugates showed about 10-12 fold improvement of
RRE RNA binding (K4 values of 9-10nM).
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A similar enhancement of RNA binding affinity, however, was not observed
for the Tat-aminoglycoside conjugates for TAR sequence. The Ky of the
TatG3LPET-Neomycin, tobramycin and ribostamycin conjugates (684.8 + 0.85 nM,
802.6 nM and 775.67 £ 205.30 nM respectively) were not significantly different
from that of the Tat G3LPETGK peptide (Kq: 348.27 £ 26.13 nM).

The structural and mechanistic basis for the several fold improvement of
RNA binding in the case of the Rev conjugates merits further study. Nonetheless,
the results show that sortase can be a useful tool for synthesis of improved RNA

binders as has been demonstrated here in the case of the HIV-1 RRE RNA.
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Development of new methods for linking sugars to peptides or proteins is an
active area of research because natural glycopeptides or neoglycoconjugates play
important roles in biology and medicine and are indispensable tools for probing
several biological processes. However, glycoconjugate synthesis remains a
formidable task as synthetic protocols are quite demanding and involve multiple
reaction steps with requirements of extensive protection of reactive functionalities.
Given the current ease with which peptides are assembled by solid phase
methodology and proteins obtained from expression systems, the availability of
enzymes capable of covalently linking a pre-synthesized sugar and a polypeptide
would greatly facilitate the synthesis of glycoconjugates.

The membrane-anchored sortase enzymes present in gram positive bacteria
are a group of cysteine transpeptidases that catalyze the anchoring of several cell
surface proteins to the cell wall peptidoglycan. The prototypical sortase, sortase A of
Staphylococcus aureus, recognizes a LPXTG like sequence motif located near the
C-terminus of the target proteins, cleaves at Thr-Gly peptide bond, and catalyzes the
formation of a new peptide bond between threonyl carboxy! and amino group of the
pentaglycine cross-bridges of peptidoglycan. The transpeptidation reaction proceeds
in two steps without the aid of any extraneous molecule; the active site cysteine
residue first attacks the target LPXTG substrate forming an acyl-enzyme
intermediate which in the second step is resolved by the nucleophillic attack of the
amino group of the terminal glycine residue of the peptidoglycan. In the absence of
a suitable amino nucleophile, the LPXTG peptide substrate is slowly hydrolyzed.

Sortase mediated transpeptidation reaction involving LPXTG and
aminoglycine containing polypeptides proceeds smoothly in vitro and the feasibility
of using sortase in semi-synthetic strategies has been tested in some cases. It has
been used to synthesize peptide-peptide, protein-peptide and protein nucleic acid—
peptide conjugates that would have been difficult to assemble by purely chemical or
genetic means. Interestingly, ligation of LPXTG substrates can occur even with
polypeptides containing a single glycine residue at the amino terminus. This
observation of relaxed specificity for the amine nucleophile prompted further
exploration of sortase-mediated ligation of polypeptides to amino sugars with a view
to develop an enzymatic approach for synthesis of glycoconjugates with potential

bioactivity.
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SrtAsse sequence corresponding to amino acids 60-204 was amplified from
the Staphylococcus aureus Mu50 genomic DNA and cloned into pET23b vector.
Purification of protein was carried out as per standard Ni-NTA procedure. The
identity of recombinant sortase was established by Electrospray (ES) mass
spectrometry (MS) and Edman degradation. 6-aminohexoses were considered as
potential sugar substrates with the idea that the —CH,-NH; moiety present in these
sugars might mimic some elements of the glycine structure. Accordingly, the
potential of sortase to ligate 6-amino-6-deoxyglucose and 6-amino-6-deoxymannose
to the YALPETGK peptide substrate was tested. HPLC assays followed by MALDI-
TOF or ESMS analysis revealed the formation of the respective YALPET-sugar
adducts suggesting that the above amino sugars acted as nucleophiles in the
transamidation reaction. To further probe the specificity requirements as well as to
see if 6-aminohexoses can serve as recognition tags for peptide-sugar ligations, the
ability of sortase to ligate peptides the aminoglycoside class of therapeutically
important antibiotics was examined. Sortase mediated ligation of YALPETGK to
aminoglycoside proceeded as expected. Analyses of the reaction products by RP-
HPLC followed by MALDI-TOF revealed the formation of specific conjugates
between antibiotics and YALPETGK in the yields varying from 35-70% for the
kanamycin class, and 18-30% for the ribostamycin class of antibiotics. ESMS of the
respective conjugates produced fragmentations that unambiguously showed
occurrence of peptide ligation exclusively at a single 6-amino site in ring A of the
kanamycins, tobramycin and ribostamycin or ring D of paromomycin and neomycin.
Thus, conjugation of peptide substrates was limited to the 6-amino site in the
antibiotics despite the presence of a plethora of amino groups, indicating rather strict
specificity and selectivity for the sugar amino groups by sortase.

Transpeptidation of LPXTG peptide substrates to aminoglycosides amikacin
and butirosinA that belong to the kanamycin and ribostamycin class respectively but
contain an additional side chain with a terminal amino group was also investigated.
Both these antibiotics produced peptide-aminoglycoside adduct at the amino group
present in the butyryl side chain in addition to that at the 6-amino site. Interestingly,
the butyryl side chains, 4-amino-2-deoxy butyric acid and 4-amino-3-hydroxy
butyric acid, independently acted as substrates in the sortase -catalyzed

transpeptidation reaction. Likewise, 6-amino hexanoic acid, 7-amino heptanoic acid,
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6-aminohexanol, spermine, cadaverine and agmatine also formed adducts with
LPXTG peptides.

The feasibility of using sortase for site-specific conjugation of sugars to
proteins was also tested. For this a protein (Mrp, NP_372281) from Staphylococcus
aureus nested with a LPNTG sequence motif in its carboxy terminal region was
expressed. Incubation of Mrp with sortase in the presence of tobramycin produced
specific conjugates (Mrp;.;70-Tobramycin). Similar conjugates were also obtained
with other aminoglycoside antibiotics.

The conjugation of biologically relevant peptides to aminoglycoside
antibiotics was also explored. Towards this, peptides derived from Tat and Rev
proteins of HIV were considered because these proteins play important roles in viral
replication through their interactions with structuged viral RNA targets; TAR in case
of Tat and RRE in case of Rev. Aminoglycosides and peptides derived from Tat and
Rev have been independently shown to interfere with Tat-TAR and Rev-RRE
interactions leading to inhibition of viral replication. Using sortase-catalyzed
transpeptidation, conjugates of neomycin, tobramycin and ribostamycin with Rev
and Tat sequences appended with an LPETG motif were prepared. The ability of
these conjugates to bind to their respective RNA was evaluated by electrophoretic
mobility gel shift assays. The gel shift assays for the Neomycin/tobramycin-Rev
conjugates yielded a RRE binding affinity that was about 10-12 fold higher as
compared with the native Rev peptide. In contrast, the binding affinities of the Tat-
aminoglycoside conjugates were found to be more or less similar to the Tat peptide.
The overall results suggested the utility of using sortase-catalyzed transpeptidation
for the generation of tight RNA binders with potential bioactivity.

In summary, the work presented in this thesis demonstrates that
Staphylococcus aureus sortase can transfer peptide substrates to oligosaccharides
appended with a 6-deoxy-6-aminohexose moiety in a selective manner as that of an
oligoglycine sequence. This reaction provides a simple and straightforward method
for covalent ligation of a prefabricated sugar containing a 6-aminohexose tag to
synthetic peptides and expressed proteins encoded with a C-terminal LPXTG sortase
recognition sequence. The reaction can be exploited for the facile assembly of
aminoglycoside antibiotic-peptide conjugates with improved RNA binding

properties. In addition, the results show that sortase can transfer LPXTG containing
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peptides/proteins to a plethora of substrates such as a-amino hydroxy acids, long
chain aliphatic amines and aminoalcohols/acids. Sortase appears to be a highly

promiscuous enzyme endowed with tremendous synthetic capability.
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Development of new methods for linking sugars to peptides or
proteins is an active area of research because natural glycopeptides
or neoglycoconjugates play important roles in biology and medicine
and are indispensable tools for probing several biological processes.'~*
However, despite dramatic progress in synthetic carbohydrate and
protein chemistry in recent years, glycoconjugate synthesis involv-
ing sugar and polypeptide remains a formidable task. This is
principally because synthetic protocols are quite demanding and
involve multiple reaction steps with requirements of rather extensive
protection of reactive functionalities. The problem may be in part
or completely obviated through the intermediary of enzymes.
Indeed, glycosidases and glycosyl transferases, in appropriate
situations, have made the synthesis of oligosaccharides much
simpler.5~7 Given the current ease with which peptides are
assembled by solid phase methodology and proteins obtained from
expression systems, the availability of enzymes capable of co-
valently linking a presynthesized sugar and a polypeptide would
greatly facilitate the convergent semisynthesis of glycoconjugates
with exquisite biological properties. We report here a novel
enzymatic approach, using an unprecedented sortase-catalyzed
transamidation reaction, for the facile one-pot synthesis of glyco-
conjugates comprising amino sugars and native polypeptides.

The transpeptidase sortase, present in the cell envelope of most
gram-positive bacteria, catalyzes the covalent anchoring of several
bacterial surface proteins to the peptidoglycan cross-bridges of the
cell wall®® Sortase A of Staphylococcus aureus recognizes a
LPXTG pentapeptide sequence motif located near the C-terminus
of the target proteins, cleaves at Thr—Gly peptide bond, and
catalyzes the formation of a new peptide bond between the threonyl
carboxyl and amino group of the peptidoglycan pentaglycine cross-
bridges.!® The transpeptidation reaction proceeds in two steps
without the aid of any extraneous molecule; the active site cysteine
residue first attacks the target LPXTG substrate forming an acyl—
enzyme intermediate which in the second step is resolved by the
nucleophilic attack of the amino group of the terminal Gly residue
of the peptidoglycan. In the absence of a suitable amino nucleophile,
the LPXTG peptide substrate is slowly hydrolyzed. Sortase-
mediated transpeptidation reaction involving LPXTG and ami-
noglycine containing polypeptides proceeds smoothly in vitro and
has been applied to the synthesis of protein—peptide and peptide—
nucleic acid conjugates that would have been difficult to obtain by
purely chemical or genetic means.!'~!3 Interestingly, ligation of
LPXTG substrates can occur even with polypeptides containing a
single Gly residue at the amino terminus. This observation of
relaxed specificity for the amine nucleophile and the fact that the
transpeptidation reaction does not require intermediary of high-
energy phosphates prompted us to explore sortase-mediated ligation
of polypeptides to amino sugars with a view to develop an
enzymatic approach to glycoconjugate synthesis.

2132 » J. AM. CHEM. SOC. 2008, 730, 2132—2133

We considered 6-aminohexoses as potential sugar substrates with
the idea that the —CH,—NH, moiety present in these sugars might
mimic some elements of the glycine structure. Accordingly, we
tested the potential of sortase to ligate 6-deoxy-6-aminoglucose and
6-deoxy-6-aminomannose to a model YALPETGK peptide sub-
strate. HPLC assays followed by MALDI-TOF or ESMS analyses
revealed the formation of respective YALPET—sugar adducts,
suggesting that the above amino sugars indeed acted as nucleophiles
in the transamidation reaction (Supporting Information Figure 1).
In contrast, the substrate peptide was hydrolyzed to YALPET
without the formation of the YALPET —sugar adduct when glu-
cosamine was used as a substrate. Consistent with the known
tolerance of sortase for the LPXTG recognition motif,!* the
YALPMTGK peptide sequence also reacted with 6-deoxy-6-
aminoglucose or 6-deoxy-6-aminomannose but not with glu-
cosamine.

To further probe the specificity requirements as well as to see if
6-aminohexoses can serve as recognition tags for peptide—sugar
ligations, we investigated the ability of sortase to ligate peptides
to an aminoglycoside class of therapeutically important antibiotics.
These antibiotics are built up by a variety of amino sugars of the
6-amino or the 2,6-diamino type besides containing several other
amino functionalities'S (Figure 1). The central scaffold of ami-
noglycoside antibiotics is the 2-deoxystreptamine ring to which
amino sugars are substituted at positions 4 and 6 (as in tobramycin
and kanamycins) or 4 and 5 (as in ribostamycin, neomycin, and
paromomycin). Sortase-mediated ligation of model peptide sub-
strates to aminoglycoside antibiotics proceeded smoothly. Analyses
of the reaction products by reversed phase HPLC (Figure 2)
followed by MALDI (Supporting Information Table 2) revealed
the formation of specific conjugates between antibiotics and peptides
in the yields varying from 35 to 70% for the kanamycin class, and
about 18—30% for the ribostamycin class of antibiotics. Electro-
spray mass spectrometry (Supporting Information Figures 2—35) of
the respective conjugates produced fragmentations that unambigu-
ously showed occurrence of peptide ligation exclusively at a single
6-amino site in ring A of kanamycins, tobramycin, and ribostamycin
or ring D of paromomycin and neomycin. Thus, conjugation of
peptide substrates was limited to the 6-amino site in the antibiotics
despite the presence of a plethora of amino groups, indicating rather
strict specificity and selectivity for the sugar amino groups by
sortase.

Next, we explored conjugation of biologically relevant peptides
to aminoglycoside antibiotics. Toward this, we considered peptide
sequences derived from or based on Tat and Rev proteins of HIV
because these proteins play important roles in virus replication
through their interactions with structured viral RNA target sites,
TAR in the case of Tat and RRE in the case of Rev.!® Interestingly,
aminoglycoside antibiotics and analogues,'” as well as short

10.1021/ja077358g CCC: $40.75 © 2008 American Chemical Soclety
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Figure 1. (a) General peptide ligation reaction catalyzed by sortase. (b)
LPXTG peptide substrates used in the study. (c) Amino sugars used in the
study. The 6-amino site is shown in blue.
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Figure 2. Sortase-catalyzed conjugation of YALPETGK model peptide
to aminoglycosides. Reversed phase HPLC profiles 1 and 2 are peptide
samples in the absence and presence of sortase, respectively. Chromatograms
numbered 3 to 8 represent reactions of peptide with aminoglycoside
antibiotics. The peptide —antibiotics conjugate is indicated by an arrow.

arginine-rich sequences derived from Tat and Rev'”!® or even a
nonaarginine peptide mimic, have been shown to interfere with
Tat—-TAR or Rev—RRE interactions, leading to inhibition of virus
replication.!? We prepared conjugates of nonaarginine (4) or a Rev
sequence (§) with several antibiotics (Supporting Information Table
2 and Figure 6). We used the neomycin—Rev conjugate, as a test
case, for evaluating the extent of RRE RNA binding. The gel
retardation assays (Supporting Information Figure 7) yielded a RRE
binding affinity (Ky) of 9.3 nM for the conjugate as compared to
114.3 nM for the Rev peptide, suggesting about 10-fold or more
improvement of RNA binding in the conjugate. Together, these
results demonstrate the utility of sortase for generating useful
conjugates.

Finally, we tested the feasibility of using sortase for site-specific
conjugation of sugars to proteins. For this, we expressed a protein

(Mrp protein, NP_372281) from Staphylococcus aureus nested with
a LPNTG sequence motif in its carboxy terminal region. We
employed HPLC assays and MALDI-TOF to investigate the ligation
of tobramycin to Mrp (Supporting Information Figures 8 and 9).
Incubation of Mrp alone with sortase led to generation of two
fragments expected from hydrolysis at the T—G peptide bond.
However, incubation of the protein with sortase in the presence of
tobramycin produced specific conjugate (Mrp—LPNT—tobramycin)
with a yield of more than 45% in 6 h.

In summary, our work demonstrates that sortase can transfer
peptide substrates to oligosaccharides appended with a 6-deoxy-
6-aminohexose moiety in a selective manner as that of an
oligoglycine sequence. Such an enzymatic activity of peptide—sugar
ligation, presumably promiscuous in origin for sortase, is hitherto
unknown. This robust reaction provides a simple and straightforward
method for covalent ligation of a prefabricated sugar containing a
6-aminohexose tag to synthetic peptides and expressed proteins
encoded with a C-terminal LPXTG sortase recognition sequence.
We envision several biotechnological applications of this methodol-
ogy, including generation of novel glycopeptide-based immuno-
vaccines comprising oligosaccharides substituted with multiple
peptides and glycolabeling of proteins. Besides, the facile assembly
of aminoglycoside antibiotic conjugates offers tremendous pos-
sibilities of generating new RNA ligands and therapeutics. The work
on anti-HIV activity of antibiotics—Tat/Rev conjugates is in
progress.
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