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1. Biological Function and Biochemistry of Sortase A
(SrtA)

Many Gram-positive bacteria display virulence factors on
their cell wall for successful colonization and pathogenesis.[1]

Anchoring of proteins to the bacterial cell wall is the purview
of sortase enzymes,[2–4] a class of thiol-containing transpepti-
dases. These enzymes recognize substrate proteins bearing a
“sorting motif” (LPXTG in the case of Staphylococcus
aureus) and harbor a catalytic cysteine residue that is used
to cleave the peptide bond between the threonine and glycine
residues within this pentapeptide.[5–7] Other sortases from
different bacterial species use the same or similar recognition
sequences.[8–10] A database of sortases and their substrates can
be found on the internet.[11, 12] This peptide-cleaving reaction
initially yields a thioacyl intermediate,[13, 14] in a fashion
analogous to the mechanism used by cysteine proteases.
Whereas cysteine proteases use water to resolve this inter-
mediate and generate a hydrolysis product, sortase will accept
the N terminus of an oligoglycine nucleophile, thereby
resulting in the creation of a new peptide bond (Figure 1).
In the course of the normal sorting reaction, the pentaglycine
crossbridge in the lipid II cell wall precursor carries out the
nucleophilic attack on the acyl-enzyme.[15] The cell-wall

precursor with its covalently attached protein is then incor-
porated into the growing peptidoglycan layer.

In addition to anchoring virulence factors to the cell wall,
sortases build the pilus structure that many bacteria use for
attachment to host cells and to form biofilms.[16–19] The details
of this process differ between bacterial species,[20–24] but, in
general terms, it involves a sortase that polymerizes pilin
subunits bearing both a sorting signal and a nucleophilic e-
amine of a lysine residue in an internally located motif.[25] This
protein–protein ligation reaction results in polymerization of
the pilin subunits, but does not mediate anchoring of the
growing polymer to the cell wall. This is the job of the
housekeeping sortase, which accepts the lipid II precursor
nucleophile.[26]

Sortases represent a bona fide drug target because of their
central role in virulence.[27–31] Recombinant sortase lacking its
transmembrane domain is readily produced in high
yield.[6,32, 33] For a detailed protocol for sortase production,
see Ref. [34]. This has facilitated extensive structural[35–38] and
biochemical[39–41] studies of the enzyme. The structure of
sortase A from S. aureus consists of an eight-stranded b-barrel
fold structure, termed the sortase fold, with a hydrophobic
cleft formed by the b7 and b8 strands. This cleft is surrounded
by the b3-b4, b2-b3, b6-b7, and b7-b8 loops (Figure 2). This
cleft houses the catalytic cysteine residue (Cys184) and
accommodates substrate binding. An additional structural
feature of the S. aureus enzyme is a calcium binding site
formed by the b3/b4 loop. The calcium ion binds to this site
through coordination to a residue in the b6/b7 loop. This
binding slows its motion, thereby allowing the substrate to
bind and increasing the activity eightfold.[42] The biochemical
details of the active site include a key histidine residue (H120)
that can form a thiolate–imidizolium ion pair with the
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catalytic cysteine residue.[43] It is the deprotonated form of the
cysteine residue that is competent for catalysis. However, at a
physiological pH value, the ionized forms of these key amino
acids are in equilibrium with the neutral forms, and only a

small percentage (ca. 0.06%) of the total enzyme is catalyti-
cally competent at any given time.[44, 45] The cysteine residue
attacks the amide bond between the threonine and glycine
residues in the sorting motif. The protonated imidizolium ion
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Figure 1. Site-specific C- and N-terminal labeling scheme using sortase A. C-Terminal labeling (left) and N-terminal labeling (right) proceed
through a substrate-recognition step (top), followed by generation of a thioacyl intermediate (middle) and resolution of the acylated enzyme by an
exogenously added nucleophile (bottom). See text for details.
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acts as a general acid for the departing aNH2 group from the
glycine residue, and gives rise to an acylated form of sortase.
An incoming glycine nucleophile is then deprotonated,
attacks the thioester, and re-establishes an amide bond. If
instead water attacks the acyl-enzyme intermediate, the
reaction yields the dead-end hydrolysis product.[46]

2. Engineering of Bacterial Surfaces

The sortase-mediated system of anchoring proteins to the
cell wall of Gram-positive bacteria was first exploited to
decorate these microbes with heterologous proteins. Such
experiments require the creation of a genetic fusion of the
heterologous protein to the sorting motif. The heterologous
protein is then expressed and directed to the surface though
the normal cell-wall sorting pathway. In this manner, the
enzyme alkaline phosphatase has been anchored to the cell
wall of Staphylococcus aureus,[47] the E7 protein of Human
papilloma virus 16 (HPV16) has been displayed on Strepto-
coccus gordonii, a commensal microbe in the oral cavity,[48]

and a-amalyase has been affixed to the peptidoglycan of
Bacillus subtilis, helped by coexpression of the sortase gene
from Listeria monocytogenes.[49] The peptidoglycan cell wall
can even be decorated with non-natural entities (fluorescein,
biotin, azide) by incubating dividing S. aureus cultures with
chemical probes appended to the N terminus of an LPXTG
peptide.[50] The incorporation of what are in essence N-
terminal labeling probes (see Section 4) occurs through use of
the endogenous sortase enzyme and anchors the exogenously
provided probes onto available pentaglycine side chains of
the cell wall.

3. C-Terminal Labeling

The ability of sortase to recognize the sorting motif when
transplanted onto recombinantly expressed proteins allows
the site-specific incorporation of moieties and functional
groups that cannot be encoded genetically (Figure 1). This
method requires only that the LPXTG motif be solvent-
exposed and usually results in high yields of the desired
transpeptidation product. Indeed, many substrate proteins
have now been labeled with probes bearing a wide range of
functionalities, including biotin, fluorophores, cross-linkers,
and multifunctional probes (Tables 1 and 2).[34] The labeling
of recombinant proteins by sortase A requires no sophisti-
cated synthetic chemistry; most of the probes are readily
accessible by standard peptide synthesis, using off-the shelf
reagents. The production and folding of recombinant sub-
strate proteins is not usually compromised by the presence of
the small LPXTG tag. Since all transformations are carried
out using sortase under physiological buffer conditions (pH,
ionic strength, ionic requirements) on substrates whose
proper folding and activity status can be ascertained prior
to starting the reaction, loss of biological activity is rarely, if
ever, observed for the final product. The ability to engage in a
sortase-catalyzed transacylation appears to be determined
solely by the accessibility and flexibility of the sorting motif.
Intein-based protein engineering methods usually require
that substrates first fold while fused to a protein-sized intein
domain, which at times causes solubility issues.[51]

The utility of the sortase labeling method stems from the
fact that the enzyme tolerates substrates unrelated in
structure and sequence immediately upstream from the
cleavage site. This property is not unexpected, given the role
of sortase in anchoring a broad range of protein substrates to
the cell wall. The substrate need not even be proteinaceous—
peptide nucleic acids (PNAs) linked to the sortase cleavage
site can be ligated to a glycine-linked cell-penetrating peptide
(model amphipathic peptide, MAP) to yield active antisense
PNA–peptide conjugates.[52] Likewise, the identity of the
substituents C terminal to the glycine nucleophile do not
seem to matter at all: d-amino acid containing peptides,
folate, branched protein transduction domains,[53] and large
polyethylene glycol chains[54] have all been attached using
sortase. The cleavage site need not even be near the
C terminus of the substrate protein. A sufficiently large
solvent-exposed loop will suffice. This property has been
exploited to investigate the contribution of a key loop in the
deubiquitinating enzyme, ubiquitin C-terminal hydrolase 3
(UCHL3), to substrate binding and catalysis.[55] Since the
cleavage site can be placed in a loop, it is possible to interrupt
the connectivity of the protein backbone, while simultane-
ously installing a reporter moiety (biotin or fluorophore) to
monitor the behavior of the cleaved enzyme in the presence
of uncleaved, wild-type enzyme. This trait is likely to apply to
many proteins whose conformation includes an exposed,
flexible loop.

The C-terminal labeling technique is particularly useful
for the study of type II membrane proteins embedded in the
living mammalian cell membrane. Type II membrane proteins
have C termini that are exposed to extracellular space and

Figure 2. Structure of sortase A from Staphylococcus auerus deduced by
NMR spectroscopy (pdb code: 1IJA).[36] The active-site cysteine residue
(Cys184) is in red and the active-site histidine residue (His120) is in
blue. The b7 and b8 strands that form the floor of the active site are
labeled and the b6-b7 loop involved in substrate recognition[93] is in
purple. Residues that coordinate calcium are shown as sticks.[42]
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thus are excellent candidates for sortase-mediated labeling.
Proteins with this type II topology have been particularly
refractory to genetic fusion with fluorescent proteins. Place-
ment of a fluorescent protein at the N terminus usually
impedes cotranslational insertion of the type II membrane
protein into the endoplasmic reticulum (ER), while C-
terminal tagging with green fluorescent protein (GFP) places
this bulky substituent close to the site of interaction with
ligands of the type II membrane protein in question. The
CD40 ligand protein (CD40L), influenza neuraminidase,[32]

and osteoclast differentiation factor (ODF)[33] have all been
labeled in live cells in this way.

4. N-Terminal Labeling

Protein labeling at the N terminus can be accomplished
simply by moving the placement of the sortase recognition
element from the protein to the short peptide probe and by
inclusion of a suitable number of glycine residues at the
N terminus of the target protein (Figure 1). Both methyl ester
mimetics of the sortase motif[56] as well as the complete
LPXTG sortase recognition motif can be used as scaffolds for
such probes.[57] Conceptually, this labeling technique is

analogous to the C-terminal labeling, except the acyl-enzyme
intermediate is generated between sortase and the peptide
probe, and the protein to be labeled bears several glycine
residues at the N terminus, the aNH2 group of which serves as
the nucleophile. This strategy was used to install fluorescent
probes at the N terminus of membrane proteins in living
mammalian cells after a clever initial unmasking step by
sortase itself to expose the nucleophilic glycine.[57] This system
was later used to install reporter fluorphores on the N termi-
nus of the G-protein-coupled platelet-activating factor re-
ceptor (PAFR). This allowed the direct observation of the
trafficking of the cell-surface-exposed pool after labeling.
PFAR receptors with key mutations were then shown to
traffic aberrantly.[58] For both the C-terminal and N-terminal
labeling of cell-surface proteins, the sortase technique allows
access only to the cell-surface pool of the protein of interest.
This is an advantage when the behavior of only the surface-
exposed fraction of a particular protein is of interest. If ligand
binding is restricted to the cell surface, then this is also usually
the relevant fraction. Genetic fusions to fluorescent proteins,
by their very nature report on the protein of interest from the
moment of its genesis inside the cell and onwards. Although
this trait comes with its own advantages, it may complicate the
distinction between proteins in the course of their biosynthe-

Table 1: Examples of synthetic nucleophiles used in site-specific sortase A transpeptidation reactions.

Probe[a] Labeling site Property endowed Reference(s)

1 H-G5K(biotin)L-OH C terminal biophysical handle [32,55]
2 H-G5K(ANP)K(biotin)l-OH C terminal biophysical handle/photocleavage [32]
3 H-G5K(phenylazide)K(biotin)G-OH C terminal biophysical handle/photo-crosslinker [32]
4 H-G3K(FITC)-NH2 C terminal fluorescence [32]
5 H-G3K(K(TAMRA))-NH2 C terminal fluorescence [32,71]
6 H-G3YC(biotin)-NH2 C terminal biophysical handle [33]
7 H-G3YC(Alexa 488)-NH2 C terminal fluorescence [33]
8 H-AA-Ahx-K(K(TAMRA))-NH2 C terminal (S. pyogenes) fluorescence [56]
9 H-G3K(C12-C24)-NH2 C terminal lipidation [64]
10 H-G3K(1-ad)-NH2 C terminal hydrophobicity [64]
11 H-G3WK(cholesterol)-NH2 C terminal lipidation [64]
12 d-Tat (1st residue is G) C terminal cell penetration [53]
13 H-G2Y-PTD5-NH2 C terminal cell penetration [53]
14 (H2NRRQRRTSKLMKRAhx)2KYK(GG-NH2)-NH2 C terminal cell penetration [53]
15 H-G3K(folate)-NH2 C terminal folic acid [53]
16 H2N-PEG C terminal inert polymer [54]
17 H-G3K(PEG)-OH C terminal inert polymer [54]
18 H-G3-MAP-NH2 C terminal cell penetration [52]
19 aminoglycoside antibiotics (various) C terminal antibiotic [60]

20 C terminal GPI mimic [61]

21 GPI mimics based on 19 with trisaccharide cores C terminal GPI mimic [62,63]
22 biotin-PEG-YGLPETGG-NH2 N terminal biophysical handle [57]
23 Alexa647-LPETGG-NH2 N terminal fluorescence [57]
24 Alexa488-LPETGG-NH2 N terminal fluorescence [58]
25 biotin-LPRT-OMe N terminal biophysical handle [56]
26 FITC-Ahx-LPRT-OMe N terminal fluorescence [56]
27 FAM-LPETG-NH2 N terminal fluorescence [50]
28 biotin-GGLPETG-NH2 N terminal biophysical handle [50]
29 N3-ALPETG-NH2 N terminal handle for bioorthognal chemical reactions [50]

[a] 1-Ad= 1-adamantyl, Ahx= aminohexanoic acid, FAM = carboxyfluorescein, FITC = fluorescein isothiocyanate, PEG = polyethylene glycol, TAMRA=

carboxytetramethylrhodamine.
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sis and the behavior of the mature, biologically relevant pool
of protein. The sortase-based strategies should thus be viewed
as a useful adjunct to the GFP-based methods, but with the
added benefit of increased chemical flexibility.

5. Labeling at N and C Termini

It is possible to combine N-terminal and C-terminal
labeling strategies by using sortases with distinct substrate
specificity. The Streptococcus pyogenes enzyme[59] (SrtAStrep)
recognizes and cleaves the LPXTA motif and accepts alanine-
based nucleophiles. It also cleaves the SrtAStaph (Sortase A
from Staphylococcus aureus) LPXTG motif, albeit with
reduced efficiency. In contrast, the SrtAStaph enzyme does
not cleave the LPXTA motif, and thus the two enzymes are
orthogonal with respect to the LPXTA sequence. This
property was exploited to label both termini of GFP and
UCHL3 with different fluorophores. A masking strategy was
used in which the N-terminal glycine residues needed for
SrtAStaph labeling were exposed after proteolytic cleavage by
thrombin. This step avoids protein oligomerization, likely to
occur during the C-terminal labeling step with SrtAStrep.

[56]

6. Post-Translational Modification Mimics

Sortase methods allow the production of homogeneous
recombinant protein preparations that are modified with
nongenetically templated post-translational modifications.
Glycoproteins, normally elaborated by a complex set of

enzymatic events in the secretory pathway, can thus be
constructed. LPXTG-tagged proteins and peptides can be
modified with 6-aminohexose-based sugar nucleophiles, in-
cluding aminoglycoside antibiotics and their analogues.[60]

Glycosylphosphatidylinositol (GPI) anchors, normally at-
tached at the C terminus of proteins, can be phenocopied by
ligation of LPXTG peptides to synthetic glycine nucleophiles,
which in turn are linked to the phosphoethanolamine moiety
on a GPI derivative.[61] Various peptides (CD52 fragment,
Mucin 1 peptides) and small proteins (CD24) have been
attached to GPI mimics with trisaccharide cores.[62, 63] Lipida-
tion of proteins is yet another important post-translational
modification that has been poorly studied because of the lack
of tools available to obtain homogeneous preparations of
lipoproteins. Sortase has been used to fill this void.[64] A
glycine-based scaffold was modified with a panel of linear
alkyl chains (C12–C24) as well as with cholesterol or adaman-
tane, and then used to modify a suitably LPETG-tagged
version of eGFP. These eGFP lipoproteins associated with the
plasma membranes of living cells in a chain-length-dependent
fashion (the optimum being a C22 chain), from where they
gained access to the endosomal compartment.

7. Piecemeal Assembly of Proteins, Protein
Domains, and Peptides

Folded proteins with an exposed glycine residue at the
N terminus may serve as nucleophiles for sortase labeling.
Substrate proteins bearing the LPXTG motif can be fused to
the incoming nucleophile protein, thereby creating large

Table 2: Examples of proteins labeled by sortase A transpeptidation.

Substrate Solution/cell surface Labeling site Label(s)[a] Reference(s)

H-2Kb solution C terminal 1,2,3,4,5 [32]
CD154 cell surface C terminal 1,5 [32]
neuramnidase cell surface C terminal 1 [32]
ODF cell surface C terminal 6,7 [33]
Cre solution C terminal 5 [71]
UCHL3 solution C terminal (loop) 1 [55]
p97 solution C terminal 5 [71]
eGFP solution C terminal 9,10,11 [64]
GFP solution C terminal 13,14,15 [53]
PNA solution C terminal 18 [52]
eGFP solution C terminal 16,17 [54]
Mrp solution C terminal 19 [60]
YALPETGK solution C terminal 19 [60]
(His)6YALPETGKS solution C terminal 20 [61]
CD52 peptides solution C terminal 21 [62]
CD24 solution C terminal 21 [62]
MUC1 solution C terminal 21 [63]
LPETG5-ECFP-TM cell surface N terminal 22,23 [57]
LPETG5-PAFR cell surface N terminal 24 [58]
G3-/G5-CTXB solution N terminal 25,26 [56]
G3-eGFP solution N terminal 26 [56]
G-UCHL3 solution N terminal 26 [56]
S. aureus surface peptidoglycan cell surface N terminal 27,28,29 [50]
eGFP solution N and C terminal 26 and8 [56]
UCHL3 solution N and C terminal 26 and 8 [56]

[a] The numbers denote the probe identities from Table 1.
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transpeptidation products. By using independently folded
proteins as substrates, it is possible to avoid many of the
solubility issues that plague the expression of large genetically
encoded fusions. This property was exploited to facilitate
structural analysis by NMR spectroscopy, which typically
requires highly concentrated protein preparations, thus mak-
ing poor solubility a major obstacle. Sortase was used to
attach an unlabeled, and hence NMR-invisible, solubility-
enhancing tag based on the B1 immunoglobulin binding
domain (G3-GB1) onto the C terminus of the Vav SRC
homology 3 domain (SH3), a domain that is nearly insoluble
by itself at pH 7.[65] The structure of the attached 13C/15N-
labeled Vav SH3 domain was then resolved by NMR
spectroscopy, without confounding signals from the solubil-
ity-enhancing tag. Segmental labeling of the MecA protein of
Bacillus subtilis using sortase for NMR spectroscopic study
has also been reported.[66] A versatile panel of immunodetec-
tion reagents has been created using sortase. Protein–protein
ligations were carried out between an Fc binding module
(ZZ domain) and several detection enzymes (alkaline phos-
phatase, luciferase, glucose oxidase) using sortase.[67] Mucin
glycopeptides that contain both N- and O-linked glycans were
synthesized with the help of sortase. Separate peptides
bearing either O- or N-linked glycans were constructed by a
combination of chemical synthesis and elaboration of the
glycan structure by enzymatic synthesis. These glycopeptides
were then stitched together using sortase to yield a stereo-
chemcially homogeneous preparation.[68, 69] Sortase has been
applied to the construction of G-protein-coupled receptor
(GPCR) mimics through a combined recombinant, enzymat-
ic, and chemical synthesis (CRECS) strategy.[70] GPCRs are
proteins with seven transmembrane regions (7-pass trans-
membrane proteins) that use three extracellular loops as well
as the extracellular N-terminal segment to bind their ligands.
To mimic this arrangement, three loops were made syntheti-
cally, cyclized by native chemical ligation, and appended to a
triglycine-linked peptide scaffold. Then, the N terminus of
GPCR, fused to the sortase cleavage site, was recombinantly
expressed in E. coli and attached to the scaffold through
sortase-mediated ligation. These elegantly engineered soluble
mimics should allow the systematic characterization of the
contributions of each region to ligand binding, and represent a
true marriage between what can be accomplished through
chemical synthesis and molecular biology.

A unique variant of the protein–protein ligation occurs
when the LPXTG motif and N-terminal glycine residues are
both present in the same construct. If both units are
sufficiently close in space in the folded protein, the N termi-
nus can form a peptide bond with the sortase recognition
element, thereby resulting in a stable, circular transpeptida-
tion product.[54, 71] Circular proteins have useful biochemical
properties. They are resistant to aggregation, require more
energy for denaturation, and, since they lack exposed termini,
are resistant in their native form to exoprotease attack.[72–76]

8. Anchoring to Solid Surfaces

Covalent immobilization of proteins onto solid supports
has been accomplished by sortase. A major advantage of the
method is that the specificity of the enzyme enables proteins
to be immobilized uniformly and in a defined orientation on
the solid surface for subsequent exposure to the analyte of
interest. Stringent wash conditions can be employed because
of the stable amide bond that links the protein to the surface,
as was done by covalently attaching GFP to glycine-derivat-
ized polystyrene beads.[54] The attachment of adhesion
proteins from Gram-positive bacteria to fluorescent glycine-
derivatized polystyrene beads was done in a similar man-
ner.[77] The anchoring of GFP and Tus proteins to glycidyl
methacrylate beads derivatized with oligoglycine, as well as to
glycine-modified agarose resin (Affi-Gel) and glycine modi-
fied aminosilane coated glass slides, has been achieved.[78] The
directional anchoring of proteins onto triglycine-modified
caroboxymethylated dextran-based Biacore sensor chips for
use in surface plasmon resonance has also been accom-
plished.[79] Recombinant fibronectin-binding protein (rFba-
LPETG) from group A streptococcus (GAS) was anchored in
this manner, which then allowed the measurement of binding
of human factor H to the immobilized protein. With an aim to
develop the reagents needed for chemoenzymatic synthesis of
glycoconjugates, immobilized b-1,4-galactosyltransferase
(rhGalT) and Helicobacter pylori a-1,3-fucosyltransferase
(rHFucT) were covalently attached to alkylamine-sepharose
beads. These enzymes are both active and reusable when
directionally anchored to the solid phase.[80]

9. Protein Expression and Purification

Genetic fusions between sortase and a protein of interest
have been constructed for the purposes of protein purifica-
tion. A linear fusion between hexahistidine-tagged sortase,
the LPETG tag, and the protein of interest is first purified by
nickel nitrilotriacetic acid immobilized metal affinity chro-
matography (Ni-NTA IMAC) and then cleaved off of the
resin by addition of Ca2+ and triglycine to yield highly pure
protein with one additional glycine residue[81] (Figure 3). This
method was adapted for protein production in a wheat germ
cell-free translation system, with the goal of creating a general
purification method that can be used in automated, high-
throughput protein production. In this version, a biotin
acceptor peptide (a 15 amino acid peptide that is the target
of E. coli biotin ligase) replaces the hexahistidine tag, and the
proteins are purified with strepavidin resin in the presence of
calcium chelators to prevent premature cleavage.[82] Both
methods yield the target protein with one extra glycine
residue at the N terminus, a configuration that is poised for N-
terminal labeling by sortase if desired (Figure 3).

Sortase A from S. aureus is an extremely soluble enzyme
that can be produced in high yield (> 40 mg L�1 of culture).
This property has been exploited to enhance the solubility of
proteins of interest by fusion to a version of sortase lacking
the catalytic cysteine.[83]
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10. Outlook

The diverse microbial world includes multiple sortase-
type enzymes, with several distinct cleavage site preferences
and nucleophile specificities.[84] The pilin-building sortases,
for example, accept the e-amino group of a lysine residue
within the YPKN sequence as a nucleophile, whereas
sortase A from S. aureus will accept the N terminus of glycine
extensions. Sortase B (SrtB) from S. aureus cleaves the
NPQTN sequence,[85, 86] while SrtB from Bacillus anthracis
cleaves the NPKTG sequence[87] and accepts meso-diamino-
pimelic acid as a nucleophile.[88–90] Although the use of distinct
sortases for protein labeling is in its infancy, there is clearly
great untapped potential in these other sortases if the
recognition requirements and reaction conditions can be
more clearly specified. With the advent of many directed
protein evolution techniques, it may be possible to improve
on what nature has provided. In its usual biological context,
the housekeeping sortase anchors to the cell wall a set of
substrates that are structurally distinct:[91] the one feature
required for attack by sortase seems to be the LPXTG
pentapeptide. This, coupled with the fact that substrate
recognition is primarily a function of the b6-b7 loop,[92–94]

implies that it should be possible to evolve versions of sortase
that will attack fully orthogonal peptide sequence motifs.
Given the diversity of sortases that recognize different anchor
structures,[88, 89] it should be possible to evolve enzymes that
will accept nucleophiles other than those that occur naturally.
By combining sortases of distinct specificity, one can envision
orthogonal labeling of different proteins in a one-pot
reaction—or its biological equivalent—inserted into the same
cellular environment. The kinetics of the sortase reaction are
lackluster at best, most likely owing to the active-site
equilibrium which favors the inactive, non-ionized cysteine
residue. Although this problem is easily overcome by adding
large quantities of sortase to the reaction (and thus adding a
larger total amount of catalytically competent enzyme), it
would still be beneficial to improve the overall kinetics of
transpeptidation by S. aureus SrtA by using directed evolu-
tion.

The pilus-building sortases which polymerize subunits by
creating isopeptide bonds remain to be exploited. These
enzymes may be of particular interest, since they evolved to

establish covalent protein–protein linkages post-translation-
ally, and perhaps this trait could be harnessed to perform
similar protein–protein ligations in vitro, by exploiting ex-
posed lysine residues internal to the protein of interest as the
incoming nucleophile. Given that isopeptide bond formation
is featured in many biological processes, for example in the
ubiquitin system, the ability to make homogeneous, site-
specific isopeptide linkages would be tremendously useful.

An intriguing question is how to overcome the limitations
that prevent intracellular labeling by sortase. It is possible to
express sortase inside of both living bacterial and eukaryotic
cells—the enzyme folds properly and is active.[95] The
S. pyogenes enzyme, which lacks the requirement for divalent
cations, is active in compartments devoid of calcium, such as
the cytosol. Similarly, substrates that bear an exposed LPXTG
motif are easily expressed, and depending on the protein,
retain their normal localization and/or function. When the
nucleophile for transpeptidation is genetically encoded as
part of the substrate protein, as in the case of circularization
or protein–protein ligation reactions, transpeptidation pro-
ceeds readily,[95] and yields circular proteins intracellularly in
yeast, mammalian cells, and prokaryotes. The limiting step for
simple C-terminal labeling is thus delivery of an exogeneous
nucleophile to the cell interior in quantities that permit
biochemical analysis of the transpeptidation product. These
limitations might be overcome by attaching one of the many
protein transduction sequences derived from the human
immunodeficiency virus transactivator of transcription pro-
tein (HIV TAT) or other sources to the labeled nucleophile of
interest, although this possibility remains to be achieved in
practice and fails to address the fate of any unincorporated
cytoplasmically delivered nucleophile. Alternatively, it might
be possible to transiently mask the a-amine group and other
groups that preclude delivery to the cytosol through installa-
tion of chemical entities that can be removed by esterases,
photochemically, or in the reducing environment of the
cytoplasm, thus making probe delivery irreversible.

A key advantage of the sortase labeling method is the
relative ease with which the nucleophilic probes are synthe-
sized. Most probes are simple C-terminal appendages of
glycine, made on a solid phase, with the reporter either
incorporated while the peptide is on the resin or in solution by
standard chemical coupling techniques. The literature shows
that a diverse array of such probes will all likely react as
nucleophiles with a given target in the same manner. This
makes it possible to create libraries of bioconjugates without
the need to reoptimize ligation conditions for each conjugate
individually. Cell- and tissue-specific proteinaceous delivery
vehicles for small interfering RNA (siRNA) libraries and
antibody–drug library conjugates are all within the realm of
possibility. An added benefit of the sortase method is the tight
control over the stoichiometry of labeling: this should greatly
facilitate quantitative studies of the effects of such bioconju-
gate libraries.

In addition to the strict control over the stoichiometry of
ligation products, sortase allows control over the orientation
between ligation partners, and this could be useful in creating
protein–protein conjugates. The orientation of the subunits
can be reversed by switching the location of the N-terminal

Figure 3. Protein purification using sortase A. Recombinant expressed
proteins are produced as fusion proteins containing either a hexahisti-
dine tag (top)[81] or a biotin acceptor peptide (bottom)[82] followed by
the catalytic core of sortase, the LPXTG tag, and the protein of
interest. Addition of Ca2+ ions and oligoglycine to the immobilized
fusion protein stimulates sortase activity. The protein of interest is
released as a purified preparation with one additional N-terminal
glycine.
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glycine residues on one unit for the sortase motif on the other
partner protein. By using cleverly designed probes bearing
handles for bioorthogonal reactions (for example, reactions
between an azide and an alkyne, an azide and a strained
cyclooctyne, or an aldehyde and an aminooxy compound), it
should be possible to construct protein pairs that are
covalently linked in non-natural topologies (N�N or C�C).
Alternatively, two-step transacylation procedures using the
semiorthogonal SrtAStaph and SrtAStrep enzymes along with the
appropriate peptide probes in N�N or C�C linkages can be
employed. The sortase method thus provides access to protein
linkages not found in nature, and one area where this can be
applied is in making engineered ligands for studying cell
signaling. It would be possible to create chimeric, folded
protein ligands that constrain binding and heterodimerization
of their cognate receptors. It is clear that the ease of use and
flexibility of the sortase labeling method will provide exciting
new avenues of research.
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