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Enzymes in Protein Ligation: The Coupling of Peptides, Peptide Nucleic 

Acids and Proteins by Sortase A 
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Abstract: The chemical synthesis of proteins, as well as the modification of expressed proteins, requires highly selective 
reactions. Ligation methods offer feasible tools for this purpose. This mini-review focuses on enzymatic methods for pro-
tein ligation; in particular, on the use of the transpeptidase sortase. 
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1. INTRODUCTION 

Specific incorporation of new functionalities into pro-
teins (protein engineering) is a widely used tool in protein 
biochemistry. Chemical ligation allows selective modifica-
tion of unprotected peptides or proteins, and thereby offers 
the opportunity for the synthesis of non-natural constructs by 
site-specific incorporation of non-natural amino acids, stable 
isotopes, fluorophores and other biochemical or biophysical 
probes into recombinantly expressed proteins [1]. As liga-
tions can be performed in solution and each intermediate can 
be purified by chromatographic methods, side products are 
not carried through the synthesis. Protected peptide frag-
ments are unsuitable, because they are often poorly soluble 
and correspondingly difficult to purify and, moreover, sub-
sequent deprotection steps often give rise to byproduct for-
mation. Consequently, fully deprotected peptides must be 
used, which increases their solubility in water. Therefore, 
many functional groups are present in the educts and ligation 

methods have to rely upon the chemo- and regioselective 
reaction of a C-terminal functional group of one peptide or 
protein with an N-terminal group of another peptide or pro-
tein, which ultimately leads to the formation of a native pep-
tide bond [2]. Among the methods developed for this pur-
pose, native chemical ligation (NCL) is the one used most 
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often [3]. This approach is based upon the reaction of a C-
terminal peptide thiol ester with an N-terminal cysteine 
(Scheme 1). The synthesis of a 166 residue polymer-
modified erythropoiesis protein has been achieved through 
NCL of four unprotected peptide segments [4]. However, 
efficient synthesis of a peptide thiol ester is a prerequisite for 
NCL, and can be difficult for larger fragments. Therefore, an 
extension of NCL has been realized by generating the C-
terminal thiol ester by thiolysis of the protein of interest from 
a corresponding recombinantly-expressed protein-intein fu-
sion. The resulting protein thiol ester can be ligated to a pep-
tide or protein with an N-terminal cysteine, similar to NCL. 
This method has been named expressed protein ligation 
(EPL) [5] and has been successfully applied to several prob-
lems [6]. 

Another method, the Staudinger ligation, makes use of a 
C-terminal phosphinothiol ester, which reacts with a peptide 
containing an N-terminal azide (Scheme 2) [7]. The reaction 

proceeds via an iminophosphorane, which rearranges to an 
amidophosphonium salt that is hydrolyzed, thus yielding the 
amide and a phosphine oxide. An advantage of the Stau-
dinger ligation with respect to NCL is that no N-terminal 
cysteine at the C-terminal fragment is needed. Thus in prin-
ciple, every amino acid combination Xaa-Yaa at the ligation 
site should be possible, although it seems that the best results 
are obtained when using glycine at position Yaa, due to the 
minimal steric hindrance [8]. 
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Scheme 1. Native chemical ligation (NCL). 
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Scheme 2. Staudinger ligation. 
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All of the ligation methods mentioned above use an ex-
cess of thiol for the formation of the thiol ester and are there-
fore not applicable when dealing with redox-sensitive sub-
strates; e.g., proteins with preformed disulfide bridges. 

2. ENZYMATIC LIGATION METHODS 

Enzymes are proteins that catalyze a specific chemical 
reaction under mild conditions, which makes them valuable 
tools in synthetic organic chemistry. Their high inherent sub-
strate specificity is the reason why a universal enzyme that 
can be utilized to couple all proteinogenic amino acids with 
each other has not yet been developed nor exists in nature 
[9]. However, there exist some proteases that are able to 
cleave proteins or peptides at specific sites. According to 
van’t Hoff’s principle of microscopic reversibility, also the 
reverse reaction, that is indeed the desired ligation reaction, 
will be catalyzed. But as the hydrolysis of a peptide bond is 
exergonic, one has to manipulate reaction conditions to shift 
the equilibrium in favor of peptide bond formation [9]. Ac-
cordingly, to date there are numerous examples of the use of 
proteases for the synthesis of proteins and peptides as enzy-
matic ligations may be even more selective than chemical 
methods [10]. 

There exist two general approaches to enzymatic peptide 
synthesis: thermodynamically-controlled and kinetically-
controlled methods. The former, for which all types of prote-
ases can be used, is the reverse of the hydrolysis reaction. In 
the latter, which is limited to serine and cysteine proteases, 
an acyl-enzyme intermediate is formed that is susceptible to 
nucleophilic attack, either by water, which leads to hydroly-
sis, or by the -amino group of an amino acid, which leads to 
peptide bond formation (Scheme 3). Two of the main draw-
backs of enzymatic synthesis are thus hydrolysis of the acyl 
donor and additional undesired proteolytic cleavages within 
the reactants or the products by the enzyme. 

According to the mechanism of proteolytic cleavage, a 
short notation for protease-substrate interactions was pro-

posed [11]. The peptide substrate binds to the protease in a 
way that the scissile amide bond always occupies a place at 
the catalytic site. The side chains of the amino acids N-
terminal (Pn) and C-terminal (Pn’) to the cleavage site point 
to corresponding distinct binding grooves of the protease (Sn 
and Sn’, respectively) (Fig. (1)). The specificity of several 
proteases results mainly from the residue at P1 position: e.g., 
trypsin, where basic amino acids are preferred (P1 = Lys, 
Arg); -chymotrypsin, with hydrophobic residues in this 
position (P1 = Phe, Tyr, Trp, Leu); and V8 protease, with a 
preference for acidic residues (P1 = Glu, Asp). 

H2N ... P4 P3 P2 P1 P1' P2' P3' P4' ... COOH

S4 S3 S2 S1 S1' S2' S3' S4'

protease

substratecleavage site  

Fig. (1). Subsite nomenclature of proteases and their corresponding 
substrates [11]. 

As shown in Scheme 3, slightly activated acyl-donors (R-
COX) are a prerequisite for the kinetically-controlled ap-
proach to protease-mediated ligation. Since hydrolysis of 
esters is faster than that of amides, esterified substrates of the 
type Pn-…-P1-COOR (with residues at the P1 position that 
fulfill the specificity requirements of the enzyme) have been 
used as acyl donors [12]. This approach is limited by a pos-
sible enzymatic hydrolysis of the newly formed product be-
cause of the side chain of the residue at the P1 position, 
which is crucial for further protease recognition and cleav-
age, remaining in the product. Additionally, hydrolyses of 
the ester or the acyl-enzyme may occur. 

In substrate mimetics, the side chain responsible for rec-
ognition by the enzyme was transferred from the C-terminal 
P1 residue to the ester leaving group [13]. This modification 
of the acyl donor was tolerated by the enzyme, and an acyl-
enzyme was formed whereupon the specificity-bearing leav-
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Scheme 3. Comparison of thermodynamically- (a) and kinetically-controlled (b) protease-catalyzed peptide ligation. 
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ing group was released. Therefore, after ligation the peptide 
was no longer recognized by the enzyme at this site and no 
secondary proteolytic cleavage could occur. By using zy-
mogens, which are catalytically inactive precursors of active 
enzymes, or genetically engineered proteases, hydrolysis 
side reactions were reduced and ligation yields increased 
[14]. 

The substrate mimetics approach was further expanded 
by Bordusa et al. by generating different thiol esters in situ 
from a common methyl thiol ester precursor (Scheme 4) 
[15]. When reacting these acyl donors with the correspond-
ing enzyme and a peptide with free N-terminal amino group, 
the ligation proceeded with an average yield of 70% to the 
product (20 residues). This reflects the suitability of the dis-
tinct enzymes for this ligation reaction. 

A combination of expressed protein ligation (EPL) and 
protease-mediated ligation was used in expressed enzymatic 
ligation (EEL) for the synthesis of the 70 residue proNPY 
[16]. The 41 residue N-terminal part of the protein was ex-
pressed recombinantly as a fusion with an intein. Thiolysis 
with mercapto-acetic acid gave a thiol ester, which was a 
suitable substrate for the V8 protease. Incubation with the 
protease and the fluorescently labeled C-terminal peptide 
gave the ligation product in 60% yield along with 6% of the 
self-associated homodimer of the N-terminal peptide and 
20% truncated peptide fragments resulting from competitive 
hydrolysis of the incoming thiol ester. 

One of the most successfully applied enzymes so far for 
protein ligation is subtiligase [17,18], which is a double mu-

tant of the serine protease subtilisin BPN’. The mutation of 
the catalytically active Ser221 residue to Cys resulted in an 
improved aminolysis-to-hydrolysis ratio, whereas replace-
ment of Pro225 by Ala increased the catalytic activity by de-
creasing steric crowding in the active site caused by the first 
mutation [19]. By using this enzyme, fully active RNase A 
(124 residues) was synthesized in milligram quantities by 
stepwise ligation of six esterified peptide fragments. Average 
yields of 70% per ligation were achieved, with side products 
arising from hydrolysis of the peptide esters. Furthermore, 
non-natural amino acid residues were incorporated into the 
protein by this method [17]. N-terminal extension of me-
thionyl-extended human growth hormone (Met-hGH) with a 
biotin-tagged peptide or mercurated cysteine was attained in 
over 80% yield [18]. 

Another very interesting enzyme used for protein ligation 
is sortase A [20]. Sortases are transpeptidases found in 
Gram-positive bacteria. The Staphylococcus aureus sortase 
isoform SrtA (sortase A) cleaves proteins like 1 at a con-
served Leu-Pro-Xaa-Thr-Gly (LPXTG) motif between 
threonine and glycine and subsequently transfers the acyl-
fragment to a peptide bearing an N-terminal oligoglycine (2), 
thus yielding the conjugate 3 and a small leaving group 
(Scheme 5). The reaction proceeds via a threonyl thiol ester 
intermediate with the active site cysteine. In vivo, the en-
zyme mediates the covalent attachment of virulence- and 
colonization-associated surface proteins to the amino group 
of pentaglycine cross-bridges of bacterial cell wall precur-
sors [21]. Kinetic studies revealed a ping-pong bi-bi hydro-
lytic shunt mechanism for recombinant sortase A [22], which 
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Scheme 4. In situ generated substrate mimetics and subsequent enzymatic ligation by the corresponding protease [15]. 
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Scheme 5. Sortase A-mediated transpeptidation reaction (n  1). 
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was further supported by the mass-spectrometric detection of 
the enzyme-substrate complex [22,23]. The mechanism of 
the transpeptidation reaction was further refined by analyz-
ing the NMR [24] and crystal structures [25] of sortase A 
and its substrate complex. 

Sortase A is substantially more selective concerning the 
recognition motif than the proteases mentioned above, as has 
been determined in vitro [26,27]. The enzyme showed a high 
preference for leucine at position P4, proline at P3, threonine 
at P1 and glycine at P1’. Position P2 was more promiscuous, 
as variation of the residue here gave the same final product 
yield with only slight differences in the reaction rate. Fur-
thermore, under initial rate conditions, substrates with an 
LPXTG-motif were exclusively processed [26]. Addition-
ally, the residue at the P2’ position strongly influenced the 
reaction rate, and residues even further away from the cleav-
age site (P4’ and P5’) affected the equilibrium position [27]. 
Glycinamide (Gly-NH2), Gly2, Gly3, Gly4, and Gly5, but not 
glycine (Gly-OH) were suitable nucleophiles in vitro [23]. 
Sortase A is also quite a robust enzyme, as it remained fully 
active in 20% dimethylsulfoxide (DMSO) or polyethyle-
neglycol (PEG). Its activity was decreased by the addition of 
40% organic solvent, while at 60%, no product formation 
was detected [27]. 

Recently, sortase-mediated ligation was introduced as a 
method for peptide and protein ligation by Mao et al. [28]. A 
green fluorescent protein with a C-terminal LPXTG-motif 
(GFP-LPETG-6His) was coupled to peptides containing N-
terminal glycine residues with up to 90% yield, and also to a 
29 kDa protein (Gly-emGFP) with an N-terminal glycine 
residue. Additionally, ligation to non-native nucleophiles 
like D-Tat peptide (gygrkkrrqrrr), a synthetic branched pep-
tide {(PTD5-Ahx)2KYK(G2); PTD5 = RRQRRTSKLMKR} 
and a derivatized folate {G3K(folate)} were successful, al-
though in some cases with a reduced reaction rate. The con-
jugate of GFP with the branched PTD5 showed a 13-fold 
higher cellular uptake than a GFP-linear PTD5 conjugate as 
measured by flow cytometry. 

Sortase-mediated ligation was used in our group for the 
synthesis of biologically active peptide nucleic acid–cell 
penetrating peptide (PNA–CPP) conjugates [27,29]. CPPs 
ranging from simple cationic sequences to protein-derived 
and designed peptides have been shown to improve the de-
livery of PNAs into mammalian cells, thus enhancing their 
biological activity [30]. PNAs are oligonucleotide analogs in 
which the phosphate-sugar backbone is substituted by N-(2-
aminoethyl)glycine units [31]. They gained wide attention in 
antisense/antigene experiments and as diagnostic tools be-
cause of their resistance to enzymatic degradation by nucle-
ases and peptidases and their propensity to form very stable 

duplexes and triple helix structures with complementary 
DNA or RNA [32].  

In our experiments, the 18-mer PNA 5 was flanked by 
three oxyethylene spacers to reduce their aggregation ten-
dency and improve solubility, and C-terminally extended by 
the sortase A recognition motif (Scheme 6). The positively 
charged, -helical amphipathic peptide 6 [33] was N-
terminally elongated by three glycine residues. The synthesis 
of PNA [34] and peptide [35] was performed by standard 
solid-phase methods. However, incubation with sortase A 
using a 1/1 ratio of 5 and 6 yielded only 36% product 7 in 
equilibrium, without any byproducts arising from hydrolysis. 
By using a 5-fold molar excess of the cheaper educt 6 and by 
dialyzing out the low molecular weight byproduct 8, a yield 
of 94% could be achieved [27]. 

Using the same methodology, we were able to synthesize 
a set of CPP–PNA conjugates with peptides possessing dif-
ferent structural properties in moderate to very good yields 
(Table 1) [29]. Peptides were altered in terms of helicity, 
amphipathicity and charge. Furthermore, the attachment 
point of the PNA (i.e., C- or N-terminus of the peptide) was 
varied. 

Sortase A was exploited as a tool for fixation of proteins 
on surfaces by Boder et al. [36]. They extended a recombi-
nantly expressed enhanced green fluorescent protein (eGFP) 
by a C-terminal LPETG-motif. This protein was ligated to 
Gly3-conjugated beads as well as to commercially available 
amino-terminated beads by sortase-mediated ligation, al-
though in the latter case with considerably reduced effi-
ciency. Sortase A was also capable of catalyzing the immo-
bilization of LPETG-tagged eGFP to beads from crude Es-
cherichia coli lysates, thus mimicking the cell wall sorting 
reaction. Incubation of the eGFP-LPETG with GGG-eGFP 
(i.e., a eGFP with N-terminal triglycine) in the presence of 
sortase A resulted in the formation of dimers between the 
two eGFPs with a yield of 30%. By using bifunctional eGFP 
GGG-eGFP-LPETG (i.e., eGFP with an N-terminal trigly-
cine and a C-terminal LPETG-motif) it was possible to syn-
thesize cyclic eGFP or eGFP oligomers depending on the 
reaction conditions. Additionally, eGFP-LPETG was PEGy-
lated at the C-terminus with an amino-terminated poly-
(ethylene glycol) (PEGamine). 

Popp et al. showed the suitability of sortase-mediated 
ligation for selective labeling of proteins with several syn-
thetic probes [37]. Soluble mouse H-2Kb proteins extended 
C-terminally by an LPETG-motif were tagged by peptides 
containing N-terminal glycines followed by either (a) biotin, 
(b) a photocleavable linker and biotin, (c) an aryl azide pho-
tocross-linker, which was able to induce crosslinking to an-

Ac ooocctcttacctcagttacaoooLPKTGGR NH3 H GGGKLALKLALKALKAALKLA NH2

Ac ooocctcttacctcagttacaoooLPKTGGGKLALKLALKALKAALKLA NH2

+

H+ GGR NH2

65

o = NH (CH2)2 O (CH2)2 O CH2 CO

7 8

 

Scheme 6. Synthesis of the PNA-KLA peptide conjugate (capital letters = amino acids, lower case letters = PNA residues) [27]. 
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other protein, or (d) the dyes fluorescein (FITC) or 
tetramethylrhodamine (TAMRA), which allowed fluorescent 
visualization. In case (b), the biotin label was released from 
the protein upon radiation with UV light. Additionally, the 
chemokine CXCL14 was labeled with the TAMRA-
containing peptide in solution, and it was shown that in 
crude cell lysates only the proteins equipped with an 
LPETG-motif were tagged. Furthermore, sortase A was able 
to selectively label surface proteins expressed in human em-
bryonic kidney (HEK) 293T cells when added to the medium 
along with the respective probe. 

Apart from ligation methods, an interesting technique for 
one-step purification of free recombinant proteins has been 
developed [38]. For this purpose, the protein of interest was 
C-terminally fused to sortase A bearing an N-terminal His6 
tag and a C-terminal LPXTG-motif. The fusion protein was 
expressed in E. coli and bound to an immobilized metal-ion 
affinity chromatography (IMAC) column. Activation of sor-
tase by addition of calcium ions and/or triglycine liberated 
the target protein with an additional N-terminal glycine resi-
due (Scheme 7). 

3. CONCLUSION 

Enzymatic methods for protein and peptide ligation offer 
several advantages, such as the prevention of racemization, 
the lack of a requirement for protection/deprotection proce-
dures of side chain functionalities, a reduced use of problem-
atic (e.g., expensive or potentially toxic) solvents and rea-
gents, and even the possibility of recovering the catalyst. 
Moreover, as enzymatic ligations exert other restrictions 
concerning the amino acid residues flanking the ligation site, 
they can be used orthogonally to chemical ligation methods. 

 

 

 

 

 

 

 

 

 
 

 
Scheme 7. One-step purification of sortase-fusion proteins [38]. 

Protease-catalyzed ligation is a state-of-the-art method 
for the coupling of unprotected peptide segments. By using 
substrate mimetics, the reaction can be carried out almost 
independently from the residue at the ligation site. 

Due to the low tolerance of sortase A for deviation in the 
LPXTG-recognition motif, this enzymatic ligation is highly 
selective. In particular, the very limited occurrence of this 
motif in proteins makes the SrtA-mediated reaction interest-
ing for protein modification, even though, due to the mecha-
nism, the recognition motif has to remain in the product. A 
substantial advantage of sortase-mediated ligation over pro-
tease-catalyzed ligation is that peptide or protein substrates 
containing a C-terminal LPXTG-motif can be easily synthe-
sized, either by chemical or recombinant methods, and no 
further laborious esterification steps are necessary. Addition-
ally, there seems to be no risk of hydrolysis of the products 
by sortase during the reaction. 

Table 1. Synthesized CPP–PNA Conjugates by Sortase-Mediated Ligation [29] 

Entry Name Sequence
a
 Coupling Yield

b
 

1 KLA-PNA H-KLAL KLAL KAL KAAL KLA LPKTGGG ooo cct ctt acc tca gtt aca ooo-NH2 47% 

2 ELA-PNA H-ELAL ELAL EAL EAAL ELA LPKTGGG ooo cct ctt acc tca gtt aca ooo-NH2 56% 

3 KAL-PNA H-KALK LKAA LAL LAKL KLA LPKTGGG ooo cct ctt acc tca gtt aca ooo-NH2 57% 

4 KGL-PNA H-KGLK LKGG LGL LGKL KLG LPKTGGG ooo cct ctt acc tca gtt aca ooo-NH2 54% 

5 RLA-PNA H-RLAL RLAL RAL RAAL RLA LPKTGGG ooo cct ctt acc tca gtt aca ooo-NH2 49% 

6 Pen-PNA H-RQI KIW FQN RRM KWKK LPKTGGG ooo cct ctt acc tca gtt aca ooo-NH2 80% 

7 KLA-PNA scr H-KLAL KLAL KAL KAAL KLA LPKTGGG ooo tcc ttc cca act ttg aca ooo-NH2 57% 

8 PNA-KLA Ac-ooo cct ctt acc tca gtt aca ooo LPKTGGG KLAL KLAL KAL KAAL KLA-NH2 94% 

9 PNA-ELA Ac-ooo cct ctt acc tca gtt aca ooo LPKTGGG ELAL ELAL EAL EAAL ELA-NH2 87% 

10 PNA-Pen Ac-ooo cct ctt acc tca gtt aca ooo LPKTGGG RQI KIW FQN RRM KWKK-NH2 93% 

11 PNA scr-KLA Ac-ooo tcc ttc cca act ttg aca ooo LPKTGGG KLAL KLAL KAL KAAL KLA-NH2 91% 

12 FAM-PNA-KLA FAM-ooo cct ctt acc tca gtt aca ooo LPKTGGG KLAL KLAL KAL KAAL KLA-NH2
c 85% 

13 FAM-PNA-ELA FAM-ooo cct ctt acc tca gtt aca ooo LPKTGGG ELAL ELAL EAL EAAL ELA-NH2
c 54% 

14 FAM-PNA-Pen FAM-ooo cct ctt acc tca gtt aca ooo LPKTGGG RQI KIW FQN RRM KWKK-NH2
c 92% 

aAll conjugates showed satisfactory MS data and purities >95%. 
bAs determined by HPLC. 
cFAM = 5-carboxyfluorescein. 
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