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ABSTRACT: The ligation of two polypeptides in a che-
moselective manner by the bacterial transpeptidase sortase
A has become a versatile tool for protein engineering approaches.
When sortase-mediated ligation is used for protein semi-
synthesis, up to four mutations resulting from the strict
requirement of the LPxTG sorting motif are introduced into
the target protein. Here we report the directed evolution of a
mutant sortase A that possesses broad substrate selectivity.
A phage-display screen of a mutant sortase library that was
randomized in the substrate recognition loop was used to
isolate this mutant. The altered substrate selectivity repre-
sents a gain-of-function that was exploited for the traceless
semisynthesis of histone H3. Our report is a decisive step
toward a platform of engineered sortases with distinct ligation
properties that will conceivably allow for more versatile
assemblies ofmodifiedproteins in biotechnological approaches.

Chemoselective ligation techniques have endowed scientists
with powerful tools for studying the structure�function

relationship in proteins. These techniques enable site-specific
modification, semisynthesis, and even the total chemical synth-
esis of proteins.1 Complementary to chemical approaches like
native chemical ligation, enzyme-mediated ligation schemes
based on the bacterial transpeptidase sortase A have gained
considerable attention.2 Gram-positive bacteria use sortases to
anchor surface proteins to their peptidoglycan layers.3 The ligation
process is reminiscent of that of cysteine protease reactions: In
the first step, sortase A recognizes a highly conserved LPxTG
sorting motif in the target protein and cleaves this sequence
C-terminal to the Thr residue. The resulting thioester inter-
mediate—instead of being hydrolyzed—is ligated to the penta-
Gly unit of the bacterial peptidoglycan, leading to a covalently linked
cell wall protein. While the LPxTG sequence is a strict necessity
for sortase A recognition, a single glycine of the amino compo-
nent is sufficient for the ligation step, requiring only a minimal
modification of the N-terminal ligation fragment (Figure 1a).4b

However, when sortase-mediated ligation is used for protein
semisynthesis, where the native amino acid sequence of the target
protein is ideally restored, the high selectivity of the LPxTGmotif
becomes a downside. We reasoned that a broader selectivity
profile of sortase A would be advantageous, because fewer or no
amino acid changes need to be introduced into the protein of

interest. Here we report the evolution of a sortase A mutant with
relaxed substrate selectivity by phage-display. Instead of the native
leucine, this mutant tolerates several other residues in the first
position of the sorting motif and recognizes a native sequence of
histone H3, which can be exploited for traceless semisynthesis of
this protein.

In the first step of this process, we developed a product capture
strategy to establish a covalent bond between the enzyme and its
substrate. Such a strategy prevents the accumulation of sortase
mutants that hydrolyze the sorting motif, and it was successfully
applied to the directed evolution of subtiligase, an engineered
protease that catalyzes ligation reactions under conditions of
kinetically controlled reverse proteolysis.5 To this end,we elongated
the N-terminus of Staphylococcus aureus sortase A by a penta-Gly-
containing flexible tail (G5-sortase) (Figure 1b). G5-sortase
efficiently captured a fluorescein-conjugated substrate peptide
(Fl-Ahx-LPKTGGRR-NH2, where Fl = 5(6)-carboxyfluorescein
and Ahx = 6-aminohexanoic acid) by intramolecular ligation
(Supporting Information, Figure S1). To ensure that the ob-
served reaction is indeed an intramolecular product capture and
not an intermolecular reaction, we additionally performed experi-
ments under enforced intermolecular ligation conditions. There-
fore, we created a G5-sortase C184Amutant which is catalytically
inactive but still serves as a ligation partner for the Fl-Ahx-
LPKTGGRR-NH2 peptide when wild-type (wt) sortase without
the N-terminal extension is added. When competing free penta-
Gly peptide was added to either G5-sortase or G5-sortase-C184A/

Figure 1. Directed evolution of sortase A. (a) Sortase-mediated ligation
of peptides and proteins. (b) The G5-sortase catalyzes self-ligation with
peptides containing the LPxTG sorting motif. (c) Product capture
strategy for selecting sortase mutants possessing an altered substrate
selectivity.
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wt-sortase, we observed efficient self-ligation of the G5-sortase
but no ligation in transwithG5-sortase-C184A/wt-sortase (FigureS1).
These experiments showed that the reaction in cis is clearly
favored over the ligation in trans. In the following we establish
monovalent display of the G5-sortase as pIII fusion protein on
the envelop of the M13 phage (Figure 1c). Western blot analysis
of the ligation reaction with a biotinylated substrate peptide
(biotin-GLPKTGGRR-NH2) confirmed functional presentation
of the G5-sortase (Figure S2).

Having established a phage-display system for selecting evolved
sortases, we set out to construct a library of sortase mutants
(Figures S3 and S4). Initially, we intended to screen for sortases
which recognize an FPxTG sorting motif instead of the native
LPxTG sequence. The reasons for choosing this variation were
two-fold: on the one hand bioinformatics approaches indicated
that FPxTG sorting sequences exist in nature (although the
corresponding sortases remain unknown), and on the other hand
we observed marginal ligation of this motif catalyzed by wt-
sortase (Figure 2a).4a Library design was based on the crystal
structure of a C184A mutant of sortase A in complex with a
natural substrate.6 Six amino acids in the β6�β7 loop, represent-
ing solvent-exposed positions in spatial proximity to the leucine
of the sorting motif, were randomized by using NNK incorpora-
tion into synthetic oligonucleotides (Figure S4b).7 A library of a
complexity of∼108 was subsequently screened for the ligation of
the biotin-GFPKTGGRR-NH2 peptide to the phage-displayed
G5-sortase (Figure 1c). After three rounds of panning, individual
clones were sequenced and analyzed by Western blot for ligation
of the biotinylated peptide (Figure S5).

Four G5-sortases showing enhanced ligation activity toward
the FPxTG motif were subcloned and expressed without the
N-terminal G5 extension and C-terminal pIII fusion. The sub-
strate selectivity of these mutants was studied with an HPLC/
MS-based ligation assay and a library of substrate peptides, which
covered 23 variations of the sorting motif, mostly at position 1,
and an alanine scan of the remaining three invariant residues
(Figure S6 and Table S2). All tested sortase mutants tolerated

Phe as well as other amino acids as the first residue of the sorting
motif. Two mutants (F21 and F40) were further characterized in
quantitative terms for the individual peptides that were identified
as substrates in the library screen. The F21 mutant displayed a
2.5-fold higher ligation efficiency with respect to the FPxTG-
motif than wt-sortase, but the native LPxTG remained the favored
substrate of this mutant (Figure 2b). In contrast, the F40 mutant
preferred ligation of the FPxTG motif over the native LPxTG
sequence, but the overall ligation efficiency was low for both
motifs. In general, the F40-sortase possessed a remarkable broad
selectivity and accepted aromatic amino acids as well as residues
with small side chains, including Ala, Asp, Ser, Pro, and Gly, at
position 1 of the sorting motif (Figure 2c and Figure S7). Based
on the measured reaction profile, Ala is among the most
preferred amino acids in the first position of the F40-sorting
motif. To assess the ligation yield that can be obtained with the
F40-sortase, we monitored the ligation reaction with a Dns-
APKTGGRR-NH2 peptide (where Dns = dansyl) over a time
course of 24 h (Figure 3). A final equilibrium level of∼55% was
reached after 24 h. For the wt-sortase, in contrast, we detected no
significant ligation of the APxTG peptide under comparable
conditions, while the equilibrium level for the ligation of a LPxTG
peptide catalyzed by wt-sortase is reached within 20min (Figure 3).
These observations showed that the F40-sortase has lost activity
compared to the wt enzyme but is able to produce similar ligation
yields over an extended period of time.

The mutations selected in the F40-sortases varied largely from
the wt sequence of the β6�β7 loop (Figure 2d). A simple
explanation for the enhanced promiscuity is not evident from the
current sortase A structures, but we noticed an E171A mutation
in the F40-sortase. The E171 residue is involved in calcium binding,
and we therefore analyzed whether a loss of Ca2+ coordination
caused the promiscuity of the F40 mutant. Such loss of Ca2+

binding conceivably increases the flexibility of the long β6�β7
loop and thereby allows for the recognition of a wider variety of
substrates.8 As expected, in the absence of calcium we did not
observe any ligation activity of the wt-sortase with a Dns-
APKTGGRR-NH2 peptide, which is preferentially ligated by
the F40-sortase mutant (Figure S8a,b). More importantly, we
observed that the F40 mutant maintained Ca2+ dependency
when ligating the Dns-APKTGGRR-NH2 peptide, probably
because the neighboring E172 mutation restores the Ca2+ binding
site (Figure S8c). This observation indicates that the selected

Figure 2. Characterizing the substrate preferences of the first residue in
sorting motif (X-PKTG) of evolved sortase. Ligation reactions with a
sortase motif library were analyzed for product formation by LC-MS.
Product formation yields of identified ligation products were determined
using individual substrate peptides. At∼55% the ligation reactions have
reached equilibrium. Reaction profiles of (a) wt-sortase, (b) F21-sortase,
and (c) F40-sortase are shown. (d) Amino acid sequence of the randomized
β6�β7 loop region of selected sortase mutants. n.t. = not tested; F* =
Dns-FAKTGGRR-NH2.

Figure 3. Comparison of the ligation of preferred substrates by wt- and
F40-sortase (equimolar concentrations). The left graph highlights the
difference in reaction kinetics (time scale in minutes), indicating the
reduced ligation efficiency of the F40 mutant. The right graph includes a
time point at 24 h showing that equilibrium for ligation of the preferred
substrates is reached. After 24 h, slow hydrolysis of the LPxTG motif by
wt-sortase A is observed under these conditions, resulting in decreased
ligation yields for the last data point.
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amino acid sequence of the β6�β7 loop and not the loss of Ca2+

binding causes the promiscuity of the F40 mutant.
We next analyzed the human proteome for traceless ligation

sites of the F40-sortase mutant. The most interesting sequence
was the SAPATGG site in histone H3 covering residues 28�34.
Histones package DNA into chromatin and regulate gene activity
through a multitude of posttranslational modifications on their
N-terminal tail regions.9 Several ligation approaches have already
been tried in order to introduce site-specific modifications into
the tail region of histones for biological investigations.10 The
F40-sortase mutant appeared ideally suited for such an under-
taking because the APATG motif is located at the interface
between the tail and the globular domain of H3, and the Ala
residue in position 1 of the sorting motif is preferred by the F40
mutant. We subcloned and expressed a truncated version of
X. laevisH3 covering residues 33�135. Two Fl-conjugated peptides
containing either the sorting motif (Fl-Ahx-LPKTGGRR-NH2)
or the native 28�34 sequence of histone H3 (Fl-Ahx-SA-
PATGGK-NH2) were studied in ligation assays (Figure 4a).
Wt-sortase efficiently ligated the LPxTG but not the APxTG
peptide to H3 (33�135). In contrast, F40-sortase catalyzed the
ligation of the LPxTG only with marginal ligation efficiency, but
was able to ligate the APxTG to H3 (33�135), and thereby
restored the native amino acid sequence of H3 at the ligation site
(Figure 4b). Encouraged by these findings, we performed a
semisynthesis reaction to generate full-length histone H3. A
peptide covering residues 1�33 of histone H3 was synthesized
and subsequently ligated to H3 (33�135) by the F40-sortase.
Western blot analysis of the ligation reaction confirmed that F40-
sortase catalyzed the semisynthesis of full-length histone H3
(Figure S9).

In summary, we have reported the evolution of sortase A
mutants with modified substrate selectivities. Not surprisingly,
the F40-sortase mutant lost activity compared to the wt enzyme,
since our screen did not select for enhanced ligation efficiency.
However, the good solubility and stability of the engineered
sortase allowed for efficient ligation within 24 h of reaction time.
Therefore, the F40-sortase mutant can be used as a versatile tool
for in vitro applications for which low enzymatic efficacy is not
limiting. To the best of our knowledge, this investigation repre-
sents the first example of an engineered sortase A that maintained
ligation activity when the substrate recognition site was manipu-
lated. Earlier attempts to alter the substrate recognition of sortase

A by exchanging the β6�β7 loop with that of sortase B, which
recognizes a different sorting motif, resulted in mutants that
possessed poor activity and hydrolyzed their substrates.11 Further-
more, the engineered F40-sortase was able to catalyze traceless
ligations of histone H3. This gain of function represents a very
useful feature for chromatin biochemistry, enabling simple access
to semisynthetic histones with definedmodification patterns. In a
very recent publication, it was further shown that sortase A can be
evolved for improved catalytic activity.12 Together these inves-
tigations demonstrate amenability of sortase A to engineering
approaches, inspiring future manipulation experiments focused
on the substrate selectivity and catalytic properties of this class of
enzymes.
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