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CHAPTER 1

INTRODUCTION
Sortase A (SrtA) is a transpeptidase anchored in the membrane of bacteria. As
indicated by its name, the role of this enzyme is the “sorting” of proteins with
a specific cell wall sorting signal located at the C-terminus; these proteins are
secreted from the cytoplasm and covalently attached to the cell wall by the SrtA in
a transpeptidation reaction1,2. The activity of SrtA enzymes in Gram-positive bacteria
was first discovered in Staphylococcus aureus bacteria (SaSrtA) by Schneewind and
coworkers3. Since then, sortase enzymes have been found in many other Grampositive and even some Gram-negative bacteria1,4. Based on their biological function
and sequence alignment, sortases were initially divided into four classes, A to D5.
Later on, two extra classes, E and F, were added to the nomenclature 4. Class A
enzymes are the most ubiquitous and can be found in nearly all Gram-positive
bacteria. Therefore, sortases belonging to class A are also known as “housekeeping”
sortases. In contrast, class B sortases are only found in a few Gram-positive bacteria
and contribute to the regulation of heme uptake in the later phases of infection6.
Class C sortases are specialized in the assembly of pilus subunits via the isopeptide
bond formation. Bacteria use pili for the adhesion to surfaces or other cells as well
as for biofilm formation7. The remaining three classes of sortases (D - F) are less
characterized and currently not much is known about them1,4,5.
Regardless of the sortase class, the mechanism of “sorting” or transpeptidation is
similar for all members of the sortase family: in short, it is comprised of specific
peptide cleavage of the substrate followed by the creation of new peptide bonds
between two distinct molecules3,8. Specifically, in the case of SaSrtA the recognition
sequence of the substrate is the pentapeptide LPXTG (X indicating any amino acid),
which is followed by a hydrophobic region and a positively charged C-terminal tail9,10.
Once the target protein is translocated from the cytoplasm to the outer membrane
via the general secretory pathway (Sec), sortase recognizes this characteristic
motif and cleaves it specifically between the T and G residues11,12. The resulting
reaction intermediate of sortase and substrate is then attacked by a pentaglycine
nucleophile of the bacterial peptidoglycan, resulting in the formation of a new
peptide bond between the LPXT motif and the pentaglycine motif13,14. In general,
the sortase reaction is renowned for its specificity. Nevertheless, some sortases
are promiscuous in their substrate recognition and can therefore recognize more
than one sorting signal. One example of a sortase with broader substrate specificity
profile is the Streptococcus pyogenes sortase A (SpSrtA). Apart from the canonical
LPXTG sorting motif, SpSrtA is also able to recognize LPXTA and LPKLG sequences15,16.
In nature the two molecules coupled by sortase A are virulence factors produced in
the cytoplasm and lipid II, the building block of the bacterial cell wall. In other words,
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sortases are responsible for the attachment of different virulence molecules to the
outer envelope of bacteria, thus strongly linking the enzyme to pathogenicity17. Not
surprisingly, very shortly after its discovery, SaSrtA became a very attractive target
for the development of new antivirulence strategies18,19. In contrast to other types
of virulence factor display, sortases catalyze a covalent attachment of virulence
factors to the cell wall. This is a generic strategy, observed in many Gram-positive
bacteria20,21; most of their virulence factors possess an evolutionary conserved
sorting signal22,23. Thus, inhibition of the sortase enzyme could lead to a reduced
display of a range of essential virulence factors and thus a reduced pathogenicity

1

of the bacteria. The significance of sortase’s role in the pathogenicity of bacteria
was shown by gene knockout studies conducted in mouse models: S. aureus mutant
strains lacking the srtA gene were incapable of infection due to the failure of surface
display of virulence factors24. In addition, studies performed on S. pyogenes showed
that a knockout strain lacking the srtA gene became susceptible to phagocytic
killing 25. The search for SrtA inhibitors, including natural products and small
molecule screening as well as rational design, has been focused on the interference
of those particles with the catalytic cysteine residue. Although several inhibitors of
SrtA have been identified, the IC50 values leave room for improvement18,19.
Nature offers a large number of valuable molecules. Recently, even enzymes from
pathogenic organisms can be cloned into safe high-production microorganisms
and used in a practical way. The transpeptidation reaction performed by sortases
has been exploited in and optimized for in vitro biochemical applications. Sortases
can create new molecules or molecular formats that did not exist before and that
cannot be produced by nature or other chemical reactions. Sortase-mediated
transpeptidation (sortagging) is not only a site-specific but also a very simple
process with a great potential to be used in a variety of biotechnology-based
applications. Examples include labeling or modification of recombinantly produced
proteins, soluble or coupled to the surface of living cells, and covalent anchoring
of proteins to solid supports26,27. However, there are some drawbacks related to
the catalytic competence of sortases: the catalytic efficiency of sortases is very
poor, which lowers the potential of sortagging. To overcome these drawbacks,
protein engineering has been successfully applied to improve the catalytic activity
of SaSrtA variants 26,28,29. Directed evolution makes use of the central dogma of
molecular biology by introducing modifications into the DNA and selecting proteins
with desired properties. Depending on the type of selection, proteins for different
purposes can be found and used in a wide range of applications like biocatalysis,
diagnostics, therapeutics and biotechnology.

9

MagdaBinnenwerk.indd 9

19/02/2020 13:53:42

CHAPTER 1

SCOPE OF THE THESIS
My research plan has two directions: the first approach is to use sortase as a
target for new antibiotic strategies. The second approach is the biotechnological
application of sortases.
For the accomplishment of the first approach described in Chapter 2, a library
of nitrogen-containing aromatic compounds with different substitution patterns
is designed to find a potent inhibitor for SrtA from S. pyogenes. Screening of the
library is made by using substitution-oriented fragment screening (SOS) method30.
Compounds with a strong inhibitory potential are found. The engineering part of
my research work presented in Chapter 3 is focused on the improvement of the S.
pyogenes sortase A 31 enzymes’ kinetics and the broadening of substrate specificity
by means of semi-rational approach. Selected single mutants are, through iterative
saturation mutagenesis, combined into a triple mutant with doubled activity. In line
with that, Chapter 4 further investigates the structure and substrate specificity of
the S. pyogenes sortase A enzyme by means of loop grafting. This chapter highlights
the significance of the less studied β7/β8 loop in substrate recognition by sortase A.
Furthermore, Chapter 5 presents a semi-rational approach towards improvement
of thermostability of S. aureus SrtA enzyme. By using a consensus analysis, mutants
with enhanced activity, improved thermodynamic features and lower dependence
on Ca2+ ions are found. Chapter 6 gives an overview of high-throughput techniques
employed in protein engineering which can be helpful in screening of big libraries
of mutants. One of the high-throughput techniques based on a method named
cellular high-throughput encapsulation solubilization and screening (CHESS) 32 is
described in more details in Chapter 7. This chapter shows the proof-of-concept
experiments for the implementation of the CHESS method for the engineering of
properties of sortase A.

10
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CHAPTER 2

ABSTRACT
Antimicrobial resistance resulting in ineffective treatment of infectious diseases is
an increasing global problem, particularly in infections with pathogenic bacteria. In
some bacteria, such as Streptococcus pyogenes, the pathogenicity is strongly linked to
the attachment of virulence factors. Their attachment to the cellular membrane is
a transpeptidation reaction, catalyzed by sortase enzymes. As such, sortases pose
an interesting target for the development of new antivirulence strategies that could
yield novel antimicrobial drugs. Using the substitution-oriented fragment screening
(SOS) approach, we discovered a potent and specific inhibitor (C10) of sortase A from
S. pyogenes. The inhibitor C10 showed high specificity towards S. pyogenes sortase
A, with an IC50 value of 10 μM and a Kd of 60 µM. We envision that this inhibitor
could be employed as a starting point for further exploration of sortase’s potential
as therapeutic target for antimicrobial drug development.
Keywords: Streptococcus pyogenes; sortase A; antivirulence; inhibitor; substitutionoriented screening.
Abbreviations
Sp-SrtA: Streptococcus pyogenes sortase A
Sa-SrtA: Staphylococcus aureus sortase A
SOS: Substitution-oriented fragment screening
MST: Microscale thermophoresis
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INTRODUCTION
Streptococcus pyogenes is a pathogenic Gram-positive bacterium, harboring the
Lancefield group A antigen. S. pyogenes can cause infections that are benign and selfhealing, e.g. pharyngitis, skin infections and impetigo. However, some S. pyogenes
strains are equipped with surface virulence molecules that enable the bacteria
to invade the organism more deeply and spread to various organs unnoticed.
This can lead to life-threatening diseases such as necrotizing fasciitis, septicemia
or toxic shock syndrome [1,2]. The worldwide mortality rate caused by severe S.
pyogenes infections exceeds 500,000 deaths per year [3]. Unsurprisingly, this high
mortality is caused by an increasing resistance of this microorganism to currently
used antibiotics [4].

2

Group A streptococci can be classified based on the type of M protein they express.
M proteins are virulence factors, and as such they are associated with disease
severity and infectivity [5]. In fact, many of the proteins expressed on the surface of
S. pyogenes are virulence factors, essential for adhesion, colonization, internalization
and biofilm formation. [6]. Some of these virulence factors are attached to the cell
wall through a transpeptidation reaction catalyzed by the enzyme sortase A (SrtA)
[7,8].
SrtA belongs to a class of enzymes displayed on the surface of Gram-positive
bacteria, where they play a pivotal role in the pathogenicity of the bacterium. All
proteins to be processed by SrtA bear a sorting motif of fi ve amino acids at the
C-terminus followed by a hydrophobic domain and a positively charged tail. Once
the motif is recognized by the SrtA enzyme, it cleaves the peptide bond between
the last two residues and forms an acyl-enzyme intermediate linked by a thioester
bond between the carboxyl group of the motif and the cysteine located in the active
site of the enzyme. Next, lipid II performs a nucleophilic attack on the acyl-enzyme
intermediate, which results in the formation of a new peptide bond between the
C-terminus of the surface protein and the N-terminus of lipid II. As a result, the
surface protein is covalently anchored to the cell wall of bacteria [9].
To demonstrate the role of SrtA in the development of infections, a number of
studies using Gram-positive srtA knockout strains was performed in mouse models
for infectious disease. Indeed, mice infected with Staphylococcus aureus srtA deletion
mutants did not develop infections due to the absence of virulence factors.
Interestingly, deletion of srtA was not lethal to the bacteria, nor did it lead to growth
defects, suggesting that this enzyme is not essential to sustain life processes of S.
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aureus [10]. A study performed with S. pyogenes showed that a srtA knockout strain
had become susceptible to phagocytic killing [11]. Hence, our hypothesis is that a
small molecule inhibitor of sortase A from S. pyogenes (Sp-SrtA) could function as an
anti-infective agent. In contrast to antibiotics, our strategy relies on the inhibition of
bacterial virulence thus making pathogens more susceptible to immune clearance by
the host [12]. Since Sp-SrtA is not essential for the basic life processes of S. pyogenes,
inhibition of this enzyme is less likely to lead to the development of antimicrobial
resistance [13,14].
The development of inhibitors by screening natural products and small molecules
or by designing inhibitors in silico has so far targeted sortase’s catalytic cysteine
residue. Until now, several inhibitors of sortase A from S. aureus (Sa-SrtA) have been
identified, with the best inhibitor displaying a half maximal inhibitory concentration
(IC50) of 200 nM [13,15–17]. The focus of the current study, however, is on the
inhibition of Sp-SrtA; to our knowledge, only one small molecule inhibitor of this
enzyme has been described. The reported triazolo-thiadiazole-based molecule
showed a tenfold higher inhibitory effect on Sp-SrtA than on Sa-SrtA [18].
In the current study, we applied substitution-oriented fragment screening (SOS) [19–
21], a rational approach, employed by an in vitro fluorometric assay. Our approach
was to develop an Sp-SrtAΔN81-selective inhibitor that would interact with amino
acids located near the catalytic center of the enzyme. Based on the knowledge
of currently available inhibitors of Sa-SrtAΔN24 activity and the 3D structure of
Sp-SrtAΔN81 (Protein data bank (PDB) IDs: 3FN5 and 3FN7), we designed a SOS
library of nitrogen-containing aromatic compounds targeting the active site. After
screening, we found an inhibitor for Sp-SrtAΔN81 with an IC50 of 10 µM and a Kd
of 60 µM; this compound is specific, as it does not inhibit Sa-SrtAΔN59.

RESULTS AND DISCUSSION
Design and screening of the compound library for enzymatic inhibition
In previously reported studies on the homologous Sa-SrtAΔN24, an indole derivative
showed promising inhibitory effects on this enzyme [22]. Based on these findings,
we designed a compound collection of indole derivatives.
Using the 3D structure of S. pyogenes sortase A (PDB ID: 3FN7), we performed
molecular modeling studies targeting the active site of the enzyme [23]. By
measuring the distances between important active site residues of Sp-SrtAΔN81, we
confirmed indoles to be the best candidate scaffold with regard to its structural and
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in general favorable physicochemical properties. A focused library was assembled,
consisting of 92 nitrogen-containing aromatic compounds including 50 indoles and
42 other heterocycles with different substitution patterns. The compounds were
selected to have various hydrogen bond donor and acceptor groups targeting the
amino acid residues located at the active site (Figure 1). A full list of the compounds
from the library can be found in the supporting PDF file.

2

FIGURE 1. Initial modeling of the binding position of inhibitors based on the 3D structure of
Sp-SrtAΔN81 (PDB ID: 3FN7).

A fluorometric assay monitoring the hydrolysis of an internally quenched AbzLPETA-Dap(Dnp) substrate analogue for sortase A from S. pyogenes was used for
the inhibitory screening. The screening results for the most active compounds from
the SOS library at two different concentrations are presented in Figure 2.
To calculate the potency of inhibition, an end-point analysis of the formation of
fluorescent product was performed. For each run, the positive control (no inhibitor),
was determined as 100% residual activity. After the first screening at a concentration
of 100 µM, eight compounds were found to exhibit an inhibition of SrtA activity
greater than 50% (Figure 2, 3). The residual activity for compound D9 was set to
0% as the slope of the reaction was negative. For the selection of the most potent
inhibitors, the compound library was screened at a concentration of 10 µM. The
most potent inhibitor C10, (2-amino-6-chloro-1H-indol-3-yl)(morpholino)methanone,
showed a good correlation in inhibition at 100 µM and 10 µM. In addition, C10
presented better solubility properties compared to the other compound hits. After
corroborating its purity by LC-MS (Supplementary Figure S1), C10 was selected for
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further characterization and used as a lead compound for a structure-activity
relationship (SAR) analysis. The remaining seven compound hits (Figure 3) were
not studied further, though they may form an interesting starting point for future
research.

FIGURE 2. Screening the SOS library of SrtA inhibitors at a concentration of 100 µM (white bars)
and 10 µM (black bars). The eight depicted compounds triggered a more than 50% decrease in
sortase activity compared to the positive (untreated) control (PC).

Selectivity profile and kinetics. The IC50 of the C10 inhibitor against Sp-SrtAΔN81
was determined to be 10 µM (Figure 4). Importantly, compound C10 was found to be
specific for Sp-SrtAΔN81 as it did not inhibit the homologous Sa-SrtAΔN59 (Figure
4A). This finding strengthened our initial modeling studies, as they were specifically
directed towards the blocking of the active site of Sp-SrtAΔN81 and not Sa-SrtAΔN59.
Although the overall structures of Sp-SrtAΔN81 and Sa-SrtAΔN59 are very similar,
there are some important differences in the arrangement of Sp-SrtAΔN81’s catalytic
triad that lead to distinct activities and substrate specificities for these enzymes
[23]. This difference was highlighted in a study by Zhang et al, in which, surprisingly,
a small molecule inhibitor identified on Sa-SrtAΔN59 exhibited a 10-fold lower IC50
towards Sp-SrtAΔN81 [18]. Lee et al. prepared a series of synthesized analogs of
natural products with indole pharmacophores, which showed inhibitory activity
towards Sa-SrtA. Here, the indole moiety only interacted with Sa-SrtAΔN59 in the
presence of two carbonyl moieties in the molecule, as removal of either group
caused a complete loss of inhibitory activity [22]. Our indole-based compound C10
contains only one carbonyl group, which could be cause for less interaction with
the Sa-SrtAΔN59 active site.
18
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2

FIGURE 3. Small molecules that showed moderate inhibition of Sp-SrtAΔN81 activity identified
by SOS approach, with the most potent molecule C10 depicted in the red box.

Next, steady-state kinetics were determined to evaluate the type of sortase A
inhibition in the presence of different concentrations of compound C10 (Figure 4B).
Using a Michaelis-Menten model and the above mentioned fluorometric assay, the
Michaelis constant (Km) and the maximum rate (Vmax) were assessed. Both values
changed with increasing inhibitor concentration: Km showed an increase, whereas
Vmax values decreased. This result indicated a mixed type of inhibition, in which
the inhibitor can bind to either the free enzyme (E) or the complex of enzyme and
substrate (ES).
Binding aﬃnity studies. In order to confirm the binding and to characterize the
interaction of compound C10 with Sp-SrtAΔN81, we used microscale thermophoresis
(MST) [24]. The binding affinity Kd of compound C10 was determined to be 60 µM
(Figure 5). Importantly, the MST results demonstrated that the C10 compound did
not show autofluorescence, nor did Sp-SrtAΔN81 aggregate in the presence of the
small molecule. Thus, these results confirm that C10 specifically interacts with SpSrtAΔN81 and therefore minimize the chance that C10 belongs to the group of
pan-assay interference compounds (PAINS) [25].
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FIGURE 4. The potency of sortase A inhibition in vitro in the presence of diﬀerent concentrations
of compound C10. (A) Inhibition of purified recombinant Sp-SrtAΔN81 with an IC50 of 10 µM.
Specificity of sortase A inhibition is shown by the lack of inhibition of Sa-SrtAΔN59. (B) Michaelis-Menten representation of Sp-SrtAΔN81 kinetics in the presence of diﬀerent concentrations
of compound C10.

FIGURE 5. Binding of compound C10 to 50 nM purified recombinant Sp-SrtAΔN81 with the
dissociation constant of 60 µM.

Structure-activity relationship (SAR). To study and verify the importance of the
substituents of C10 on the inhibition of Sp-SrtAΔN81 activity, three C10 analogues
were synthesized (Scheme 1) and analyzed for their inhibitory activity (Figure 6).
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SCHEME 1. Synthesis of compounds 1-3. Reagents (R1 – R3) and conditions: a) NaH, DMF, 24
h, RT, then HCl, FeCl3 and Zn, 1 h, 100°C, 30-32% yield; b) benzoylchloride, Et 3N, dry CH2Cl2,
N2, 18 h, RT, 50%.

2

The removal of the chlorine atom from the benzene ring in compound 1 (with respect
to C10) led to a twofold reduction in the effectiveness of Sp-SrtAΔN81 inhibition. In
contrast, exchange of the morpholino group of C10 for a piperidine ring resulted in
a total loss of inhibitory properties for compound 2. A similar effect was observed
for compound 3 when the amine group was benzyl-protected. To conclude, the
modification of C10 substituents contributing as donor-acceptor moieties hindered
its interaction with Sp-SrtAΔN81.

FIGURE 6. SAR study of compound C10, illustrating the importance of the chemical substituents
indicated with red circles.

Molecular modeling. The docking pose of the C10 molecule with the highest score
demonstrates a binding in the active site as was initially hypothesized (Figure 7). In
line with that, an overlay of the C10 binding poses with the highest scores illustrates
equivalent docking poses (Supplementary Figure S5 and Table S2). Notably, two
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positions that were shown to be crucial for the inhibition of Sp-SrtAΔN81 in the
SAR studies were also predicted to be crucial in our model. The morpholino oxygen
of the C10 compound interacts with the two amino acid residues His143 (3.11Å,
-2.1 kcal/mol) and His142 (2.79Å, -0.9 kcal/mol), whereas the 2-amino functionality
interacts with Val206 (2.98Å, -4.2 kcal/mol) (Figure 7B, Supplementary Table S3).
These residues are located near the active site of the enzyme. This is in line with
the mixed type inhibition in which inhibitors can bind close to the enzyme active
site and thus affect both Km and Vmax constants.
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2

FIGURE 7. (A) Proposed binding mode of inhibitor C10 in the active site cleft of the enzyme. (B)
2D model of the interaction of the C10 compound with Sp-SrtAΔN81.

CONCLUSIONS
It is of key importance to develop new approaches for the treatment of different
life-threatening diseases caused by strains of S. pyogenes, as resistance to currently
used antibiotics is a significant problem [3,26]. In this study, we employed a rational
approach based on SOS combined with an in vitro fluorometric assay to search for
a potent Sp-SrtAΔN81 inhibitor. We identify the compound C10 with an IC50 value
of 10 µM and a Kd of 60 μM. Our SAR studies clearly showed that the substituents
of compound C10 are essential for the inhibitory properties towards Sp-SrtAΔN81.
These SAR observations were confirmed by our molecular modeling study, which
proposed a binding mode of the C10 compound close to the active site of SpSrtAΔN81. The information obtained by SAR and molecular modeling can be used
for further improvement of the inhibitory properties of compound C10.
The prognosis is that by 2050, infections caused by antibiotic-resistant organisms
will lead to the death of up to 10 million people per year [27]. We believe that our
indole-based compounds can aid in the exploration of sortase inhibitors, which in
turn can lead to the development of new anti-infective agents against S. pyogenes.
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EXPERIMENTAL SECTION
Chemistry
(2-amino-1H-indol-3-yl)(morpholino)methanone (1). The synthesis was adapted
from a known procedure [28]. In short, 4 mL dry dimethylformamide (DMF),
3-morpholino-3-oxopropanenitrile (R3) [29] (2.0 mmol, 1.0 equiv.) and NaH (60%
dispersion in mineral oil, 2.2 mmol, 2.2 equiv.) were added to a 50 mL round-bottom
flask equipped with a stirring bar. After 10 min, 2-fluoronitrobenzene (R1) (2.0 mmol,
1.0 equiv.) was added, which led to a deep purple reaction mixture. The mixture was
left stirring at room temperature for 24 h. Next day, 1.0 N HCl (4.0 mmol, 2.0 equiv.)
was added, followed by FeCl3 (6.0 mmol, 3 equiv.) and Zn dust (20 mmol, 10 equiv.).
The reaction mixture was heated to 100°C and left stirring for 1 h. The mixture
was cooled afterwards and 20 mL of water was added. The crude reaction mixture
was filtered and the sticky grey residue was washed with 25 mL of ethyl acetate.
The ethyl acetate layer of the resulting filtrate was separated and the water layer
was again extracted with ethyl acetate (2 x 20 mL). The combined organic extracts
were washed with a saturated sodium bicarbonate solution (10 mL) and brine (10
mL), dried with anhydrous magnesium sulfate and the solvent was removed under
reduced pressure. The resulting crude product was dissolved in ether (10 mL), cooled
to 0°C, and 2 M HCl in ether was added until no more formation of precipitate was
observed. The precipitate was filtered and washed with cold ether to afford the
product. Beige solid, yield 30%. 1H NMR (500 MHz, MeOH-d4) δ 7.40 - 7.37 (m, 2H),
7.23 - 7.17 (m, 2H), 3.94 - 3.85 (m, 4H), 3.77 - 3.60 (m, 4H). 13C NMR (Chloroform-d, 126
MHz) δ 170.42, 165.06, 142.26, 129.49, 126.61, 124.71, 123.52, 112.03, 66.39, 66.12,
44.40, 42.75 ppm. HR-MS, calcd for C13H16N3O2 [M+H]+ 246.1237, found 246.1236
(Supplementary Figure S2).
(2-amino-1H-indol-3-yl)(piperidin-1-yl)methanone (2). The synthesis was adapted
from a known procedure [28]. In short, 4 mL dry dimethylformamide (DMF), 3-oxo3-(piperidin-1-yl)propanenitrile (R2) [29] (2.0 mmol, 1.0 equiv.) and NaH (60%
dispersion in mineral oil, 2.2 mmol, 2.2 equiv.) were added to a 50 mL round-bottom
flask equipped with a stirring bar. After 10 min, 2-fluoronitrobenzene (R1) (2.0 mmol,
1.0 equiv.) was added, which led to a deep purple reaction mixture. The mixture was
left stirring at room temperature for 24 h. Next day, 1.0 N HCl (4.0 mmol, 2.0 equiv.)
was added, followed by FeCl3 (6.0 mmol, 3 equiv.) and Zn dust (20 mmol, 10 equiv.).
The reaction mixture was heated to 100°C and left stirring for 1 h. The mixture
was cooled afterwards and 20 mL of water was added. The crude reaction mixture
was filtered and the sticky grey residue was washed with 25 mL of ethyl acetate.
The ethyl acetate layer of the resulting filtrate was separated and the water layer
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was again extracted with ethyl acetate (2 x 20 mL). The combined organic extracts
were washed with a saturated sodium bicarbonate solution (10 mL) and brine (10
mL), dried with anhydrous magnesium sulfate and the solvent was removed under
reduced pressure. The resulting crude product was dissolved in ether (10 mL), cooled
to 0°C, and 2 M HCl in ether was added until no more formation of precipitate was
observed. The precipitate was filtered and washed with cold ether to afford the
product. Beige solid, yield 32%. 1H NMR (500 MHz, DMSO-d6) δ 10.54 (s, 1H), 7.10
(d, J = 8.5 Hz, 2H), 6.92 (t, J = 7.7 Hz, 1H), 6.83 (t, J = 7.7 Hz, 1H), 6.18 (br s, 2H), 3.39
(t, J = 5.5 Hz, 4H), 1.61-1.57 (m, 2H), 1.55-1.50 (m, 4H). 13C NMR (126 MHz, DMSO-d6)
δ 169.66, 152.42, 132.27, 126.74, 120.22, 118.57, 117.05, 110.09, 87.66, 46.50 (2C),
26.38 (2C), 24.77. HR-MS, calcd for C14H18N3O [M+H]+ 244.1444, found 244.1443

2

(Supplementary Figure S3).
N-(3-(morpholine-4-carbonyl)-1H-indol-2-yl)benzamide (3). Benzoylchloride chloride
(1.5 mmol, 1.5 equiv.) was slowly added under a nitrogen atmosphere to a cooled
(0°C) solution of compound 1 (1 mmol, 1.0 equiv.) and Et 3N (210 μL, 1.5 mmol, 1.5
equiv.) in dry CH2Cl2 (10 mL). After being stirred at room temperature for 18 h, a sat.
sol. of NaHCO3 was added and the mixture was stirred for 15 minutes to destroy
all remaining acyl chloride. Then, more CH2Cl2 was added and the layers where
separated. The organic layer was washed with 1 N HCl (25 mL), a saturated solution
of NaHCO3 (25 mL) and brine (25 mL), then dried over anhydrous magnesium sulfate
and the solvent was removed under reduced pressure. The crude product was
purified with silica column chromatography with CH2Cl2:EtOAc 10:1 (v/v) as eluent.
Yellow solid, yield 50%. 1H NMR (500 MHz, Chloroform-d) δ 7.73 – 7.69 (m, 2H),
7.69 – 7.64 (m, 1H), 7.51 (m, 2H), 7.23 – 7.17 (m, 1H), 7.11 (m, 1H), 6.80 (br s, 2H), 6.72
(m, 1H), 6.31 (m, 1H), 3.83 – 3.71 (m, 4H), 3.68 – 3.57 (m, 4H).

13

C NMR (126 MHz,

Chloroform-d) δ 192.49, 168.94, 152.67, 133.41, 131.53, 129.47, 129.27, 129.02, 128.86,
127.13, 123.74, 119.97, 119.83, 117.76, 114.22, 99.98, 67.24 (2C), 46.21 (2C). HR-MS,
calcd for C20H20N3O3 [M+H]+ 350.1499, found 350.1496 (Supplementary Figure S4).
Cloning, production and purification of sortases. The DNA sequence encoding
soluble, truncated sortase A (Sp-SrtAΔN81), Val82-Thr249, was kindly provided by
Dr M.J. Banfield (Newcastle University, UK) and cloned into the BamHI and HindIII
restriction sites of the expression vector pQIq [30]. The sortase A gene from S.
aureus (Sa-SrtAΔN59) was cloned into the NdeI and BamHI restriction sites of
the pET28a vector (Novagen, USA). The Escherichia coli BL21(DE3) strain (New
England Biolabs, USA) was used for transformation of the plasmids encoding the
recombinant sortases and subsequent protein production. The sortase enzymes
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were each purified via their N-terminal M(R)GSH6 -tags using Ni-NTA resin (Qiagen,
Germany). The proteins were further purified by size exclusion chromatography
in Tris-HCl buffer (50 mM, pH 7.5) containing 150 mM NaCl and 10% (v/v) glycerol.
Enzyme inhibition studies. A fluorometric assay was used to assess the inhibition
of cleavage of the quenched substrate Abz-LPETA-Dap(Dnp) or Abz-LPETG-Dap(Dnp).
(Bachem AG, Switzerland). Stock solutions of all inhibitor compounds were dissolved
in dimethyl sulfoxide (DMSO) at a concentration of 10 mM and diluted with assay
buffer consisting of 50 mM Tris-HCl, pH 7.5, and 150 mM NaCl and 100 mM CaCl2
in case of Sa-SrtAΔN59, to a final concentration of 100 µM. Sortase enzymes
were added to a final concentration of 2 µM and preincubated with the potential
inhibitors for 10 min at RT. The reaction was initiated by the addition of internally
quenched substrate at a final concentration of 20 µM. The fluorescence intensity was
measured in 96-well black plates (Greiner Bio-One, Austria) using a FLUOstar Omega
Microplate Reader (BMG Labtech, Germany) at the excitation wavelength of 317 nm
and emission wavelength of 420 nm every minute for 2.5 h. The linear increase in
fluorescence in the absence of inhibitor was determined as 100% activity of the
enzyme and no fluorescence response in the absence of enzyme was observed.
The threshold for selection of potent compounds was set to a reduction in enzyme
activity of at least 50% compared to untreated controls.
The same fluorometric assay was used to determine the half maximal inhibitory
concentration (IC50) values of selected compounds. Inhibitors were diluted with the
assay buffer using a serial dilution to the concentrations ranging from 0.195 µM to
100 µM. Data were analyzed using GraphPad Prism software; each data point was
reported as the average of three measurements and their standard deviations.
Kinetics of sortase A. The fluorometric assay mentioned above was used for
the evaluation of enzyme kinetics. The activity assay was performed in 50 mM
Tris-HCl, pH 7.5, and 150 mM NaCl. Sp-SrtAΔN81 was diluted with the assay buffer
to a final concentration of 2 µM. The Abz-LPETA-Dap(Dnp) concentrations were
prepared in the range between 0 µM and 40 µM. The activity of the enzyme was
measured in the presence of the inhibitor at the concentrations of 0 µM, 5 µM and
10 µM. The progress of the reaction was monitored every minute for 2 h. The initial
reaction velocities (V0) were plotted against the substrate concentrations. The Km
and the Vmax values were calculated from the Michaelis-Menten equation using
GraphPad Prism software. Each data point was reported as the average of three
measurements.
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Microscale thermophoresis (MST). Binding studies between Sp-SrtAΔN81 and the
C10 compound were performed with a Monolith NT.115 instrument using standard
treated capillaries (NanoTemper Technologies, Germany). The His-tag of the target
protein was labeled with an NT-647 fluorescence dye (NanoTemper Technologies)
according to the manufacturer’s instructions and the labeled protein was diluted to
a concentration of 100 nM using the assay buffer consisting of phosphate-buffered
saline, pH 7.5 (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 1.5 mM KH2PO4),
with the addition of 0.05% (v/v) Tween-20. The conditions for LED and MST power
were set to 40% and Medium, respectively. The compound C10 was diluted in the
assay buffer without detergent to a concentration of 4 mM and a DMSO content
of 4% (v/v). Equal amounts of labeled Sp-SrtAΔN81 were mixed in a 1:1 ratio with

2

serial dilution of compound C10 starting from 2 mM. The Kd value was calculated
from three replicate studies using NT analysis software (NanoTemper Technologies).
Molecular modeling. A docking study was performed to predict the binding
mode of compound C10. This study was performed using the Molecular Operating
Environment (MOE) software platform and the 3D structure of Sp-SrtAΔN81,
PDB 3FN7. The experiments were performed with rescoring model 1 London dG
(refinement: forcefield) and rescoring 2: GBVI/WSA dG, followed by minimization
energy (forcefield: MMFF94X; eps = r, cutoff {8,10}).
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SUPPLEMENTARY TABLE S1. Structures and inhibition efficiency (in %, screening at 100 µM) of
the compounds in the library. ND: not detected, signal outside the detection limit.
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LC-MS and NMR analysis of C10 and SAR compounds. The purity and mass of
compound C10 were confirmed by LC-MS analysis (Figure 1). Solvents and reagents
for the synthesis of SAR compounds were purchased from Sigma-Aldrich and Acros
chemicals, and were used without further purification unless stated otherwise.
Synthesis reactions were monitored by thin layer chromatography (TLC). Merck
silica gel 60 F254 plates were used and spots were detected under UV light or after
staining with potassium permanganate for the non UV-active compounds. 1H NMR
(500 MHz) and 13C NMR (126 MHz) spectra were recorded with a Bruker Avance
4-channel NMR Spectrometer with TXI probe. Chemical shifts were referenced
to the residual proton and carbon signal of the deuterated solvent. The following
abbreviations were used for spin multiplicity: s = singlet, br s = broad singlet,

2

d = doublet, t = triplet, m = multiplet. Fourier Transform Mass Spectrometry (FTMS)
of the SAR compounds was recorded on an Orbitrap XL Hybrid Ion Trap-Orbitrap
Mass Spectrometer to give high-resolution mass spectra (HRMS).

FIGURE S1. The LC-MS analysis of compound C10.
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FIGURE S2. 1H NMR and 13C NMR spectra of compound 1 (2-amino-1H-indol-3-yl)(morpholino)
methanone.
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2

FIGURE S3. 1H NMR and 13C NMR spectra of compound 2 (2-amino-1H-indol-3-yl)(piperidin-1-yl)
methanone.
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FIGURE S4. 1H NMR and 13C NMR spectra of compound 3 N-(3-(morpholine-4-carbonyl)-1H-indol-2-yl)benzamide.

34

MagdaBinnenwerk.indd 34

19/02/2020 13:53:49

IDENTIFICATION OF POTENTIAL ANTIVIRULENCE AGENTS

2

FIGURE S5. Overlay of C10’s binding poses with the highest score, using MOE software. The
docking poses are: Blue binding pose 1, Green binding pose 2, Cyan binding pose 3.
TABLE S2. Detailed docking scores (MOE software) of the top binding poses of C10.
Binding pose

Color
(Figure S5)

Score

1

Blue

-8.7

2

Green

-8.6

3

Cyan

-8.5

TABLE S3. Interactions of C10 with the receptor.
C10

Interaction

Enzyme

Distance [Å]

E [kcal/mol]

N10

H-donor

Val206

2.98

-4.2

O14

H-acceptor

His142

2.79

-0.9

O14

H-acceptor

His143

3.11

-2.1
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ABSTRACT
Sortase-mediated transpeptidation is a widely employed reaction in site-specific
protein labelling. From all sortases identified to date, the most commonly used
and best characterized is Staphylococcus aureus sortase A. However, when in an
in vitro environment all sortases are rather limited in their catalytic activity. In
order to extend the range of applicable sortases, they need to undergo genetic
modifications for improvement. In this work, we focus on the improvement of the
activity of Streptococcus pyogenes sortase A (Sp-SrtA). For this, we applied a semirational approach consisting of modelling and iterative saturation mutagenesis. This
combination of two powerful techniques led to the selection of a Sp-SrtA mutant
with a twofold improved affinity towards LPXTG and LPXTA substrates. The method
proposed in this study provides an approach for the further improvement of sortase
enzymes.
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INTRODUCTION
Many biotechnological applications require modification of proteins to introduce
diverse functionalities, such as fluorophores, polymers and drugs, in order to
enhance a protein’s properties1. Some of the currently used methods include inteins2,
expressed protein ligation (EPL)3 and native chemical ligation (NCL) 4. Although these
techniques are very well established and broadly used they have some drawbacks:
e.g., the NCL method requires the presence of an N-terminal cysteine residue, while
the EPL method can result in formation of undesired inclusion bodies5. To overcome
these limitations, sortase A (SrtA)-mediated transpeptidation or sortagging offers
an alternative and precise way to site-specifically conjugate and modify proteins6.
Sortagging is a two-step, site-specific enzymatic reaction which can be performed in
vitro7. The enzyme ligates two different substrates which contain small peptide motifs

3

at the termini. Sortase’s catalytic histidine and arginine function together to abstract
a proton from the active site cysteine. As a consequence, a reverse protonation
mechanism drives a nucleophilic attack of the cysteine’s active sulfhydryl group
towards a scissile amide bond located at the C-terminal pentapeptide sequence
LPXTG (X being any amino acid) of the first substrate. A transient tetrahedral
intermediate between the enzyme and the substrate is formed, which then reacts
with a second substrate8. Thus, by first cleaving and then making new peptide bonds
between these motifs, sortases can create novel molecules or molecular formats
that did not exist before9.
The first sortase to be isolated, characterized, subjected to directed evolution and
used for biotechnological applications was Staphylococcus aureus sortase A (SaSrtA)10,11. Since sortase A is a housekeeping enzyme present in almost all Grampositive bacteria as well as some Gram-negative ones12,13, our aim is to broaden
the scope of sortase-mediated transpeptidation reactions by the exploitation of
sortase A homologs. In our study, we focused on Streptococcus pyogenes (Sp-SrtA)
sortase A, to which – to our knowledge – directed evolution has not yet been applied.
The advantage of this enzyme is that, unlike Sa-SrtA, it does not rely on Ca2+ as
an allosteric activator. Sp-SrtA is also known to have a more relaxed substrate
specificity: in addition to the LPXTG peptide motif, it recognizes LPETA and LPKLG
motifs, and accepts alanine residues as nucleophile14,15.
Since the 3D structure and the mechanism of Sp-SrtA are known16, we chose to
optimize the enzymatic properties of Sp-SrtA via a semi-rational method. Here,
we applied computational design using the Rosetta molecular modelling suite,
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which has been used for the optimization of interactions between amino acids
located in close proximity to the catalytic cleft17, and combined it with iterative
saturation mutagenesis (ISM)18,19. We created small-scale focused libraries in key
positions interacting with the Leu and Pro residues from the C-terminal motif;
these were then screened for improved enzymatic activity. In the next step, the
most improved mutants were used as a template for mutagenesis and selection at
another site18. Following this approach, we identified a triple Sp-SrtA mutant with a
twofold increase in affinity for both LPETG and LPETA substrates compared to the
wild type (WT) Sp-SrtA enzyme.

RESULTS AND DISCUSSION
Identification of target sites using a computational predictive algorithm
Because of their limited in vitro catalytic activity, sortases are an interesting
target for enzyme engineering, which can result in the development of mutants
with enhanced activities or modified specificities20. Different strategies have been
successfully used for the engineering of sortases, with the directed evolution
approach being the most frequently used; random mutant libraries of sortase
enzymes have been screened for improved catalytic activities or modified substrate
selectivity using 96-well plate formats11, phage display combined with western
blot analysis21 or yeast display combined with fluorescence-activated cell sorting
(FACS)10,22. In addition, rational approaches have been successfully applied for the
modification of sortase features like substrate specificity23 and Ca2+-independence24.
Here, design of novel mutants was based on superimposition studies performed
on the available sortase 3D structures which helped in the selection of fragments
or positions for modification. Our goal was the improvement of the affinity of the
Sp-SrtA enzyme towards its substrates and for this we decided to use a combination
of both techniques, a semi-rational approach25,26; first, we applied computational
protein design (CPD)25,27 to select focused positions near the substrate-binding site.
For this, we built a model in complex with the LPETG peptide using the Rosetta
modelling suite17 and we identified four residues within a distance of 4.5 Å to the
sorting motif. These positions, Met-125, Ala-140, Val-191 and Ile-194, were all located
in the tunnel-like hydrophobic pocket of Sp-SrtA in close proximity to the active site
(His-142, Cys-208 and Arg-216, Figure 1). Three out of four residues (Met-125, Val-191
and Ile-194) selected for mutagenesis in our study were previously also indicated as
important for the substrate-enzyme interaction in the molecular model proposed
by the group of Race et al16.
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3
FIGURE 1. Surface representation of part of Sp-SrtA’s structure (PDB 3FN5). The four key residues
identified by Rosetta modelling for mutagenesis are highlighted in green. Mutated residues are
located near the active site of the enzyme (highlighted in red).

Preparation of the library of Sp-SrtA mutants and selection of the best variants
Based on our computational predictions, four single-site focused libraries were built
using site-saturation mutagenesis (SSM). Megaprimer PCR with wobble primers was
used for the preparation of Sp-SrtA mutants. Libraries of single-site mutant libraries
were built consisting of approximately 1000 E. coli colonies each and the diversity
of all prepared libraries was confirmed by sequencing. The activity of the sortase
variants in cell lysates was screened using an internally quenched fluorescent
substrate7,28. Next, the libraries were screened with the use of the ISM strategy.
The advantage of ISM is the ability to observe positive epistatic effects of selected
positions, leading to a mutant with improved features29. To compare the efficiency
of the analyzed Sp-SrtA variants with the WT enzyme, the activity of the Sp-SrtA WT
in the cell lysate was set at 100%. Results of the cell lysate assay for position V191X,
our starting position for ISM, are shown in Figure 2. Variants exhibiting a relative
activity higher than Sp-SrtA WT were sequenced. The results of the screening of the
other libraries can be found in the Supplementary Information, Figure S1.
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FIGURE 2. Bar graph representing the enzymatic activity of 96 mutants at position V191X (red
bars) relative to Sp-SrtA WT (blue bar).

After two rounds of screening single Sp-SrtA mutants, a total of 14 mutants from
single-site libraries at positions M125X, V191X and I194X showed a higher activity
in the cell lysate assay in comparison to the Sp-SrtA WT (Table 1).
TABLE 1. Single-site Sp-SrtA mutants selected after two repetitions of the cell lysate assay.
Modified position

Mutations found

M125

A, L, L, V, C

A140

No variants

V191

Y, L, I, T, G, W

I194

A, L, L, V, V, V, M, M

Since position 191 gave the biggest diversity in variants after screening, the
selected mutants were produced, purified and their activity was measured using
the fluorometric assay. To calculate the efficiency of the analyzed Sp-SrtA variants,
their activity was compared to that of Sp-SrtA WT. Of six mutants only one variant,
V191I, showed an increased activity in comparison to the WT (Figure 3) and was
then selected as a starting point for ISM. The other purified mutants performed
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worse than the WT. These false-positive results of the cell-lysate screening could
be explained by differences in protein production (Supplementary information,
Figure S2) or possible interference of other components in the cell lysates and the
reaction mixture.

3

FIGURE 3. Measurement of the activity of purified single mutants in position 191 (n=3). Mutants
were selected based on their relative activity in the cell lysate assay. After validation of the hits,
mutant V191I with the highest enzymatic activity was selected as a template for ISM.

Position I194X was selected next as site for ISM due to high relative activities
observed in the cell lysate assay (Supplementary Figure S1). The V191I mutant was
used as a template for the construction of a library at position I194X. After screening
(Supplementary information, Figure S3), three variants showing the highest relative
activity compared to the WT were sequenced. Two variants showed a mutation
into a Cys residue, while one variant showed a mutation into Val. After purification
of the double mutants and measurement of their activity, mutant V191I/I194C
showed a 1.2-fold improvement in activity in comparison to the WT. The catalytic
activity of mutant V191I/I194V was 1.5 times improved over the WT (Supplementary
information, Figure S4). Interestingly, the mutation Ile to Val was also found in the
single-site library screening, which indicates that it is a favored modification in
this position. Thus, double variant V191I/I194V was selected as template for the
preparation of triple Sp-SrtA mutants.
Screening of the single-site library at position 140 did not yield any improved
variants. Therefore, position 125, which from the initial screening did yield variants
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more active than WT, was selected for the next round of ISM using the V191I/I194V
template. After screening the mutant library, only one variant with increased activity
relative to not only WT, but also to single mutant V191I and double mutant V191I/
I194V, was selected (Supplementary information, Figure S5). Sequencing results
revealed a mutation at position 125 from Met to Ile. The fluorescence-based activity
assay showed a twofold improvement of activity in comparison to the WT.
To assess the impact of individual mutations we created combinations of the
respective mutations that were found in the M125I/V191I/I194V (TRI) variant. From
these experiments, we observed that positions M125I and V191I contributed the
most towards improvement of the enzyme’s catalytic properties (Figure 4).

FIGURE 4. The enzymatic activity of WT (black bar), individual and combined site-specific mutations of Sp-SrtA (white bars) (n=3).

Since mutation I194V did not contribute much to the improved catalytic activity,
we chose to use the DNA template of the best double mutant, M125I/V191I, as a
starting point for another round of mutagenesis and screening at position I194V. Of
the four hits with improved relative activity found via the cell lysate screening, three
turned out to bear the I194V mutation. This corroborates with the results from our
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previous screening and indicates that Val is the preferred amino acid at position 194.
The fourth hit had an I194T mutation; after purification of this new triple mutant,
the activity was measured using the fluorescence-based assay. Nevertheless,
M125I/V191I/I194T showed a similar activity as the previously identified TRI mutant
(Supplementary information Figure S6). This indicates that residue 194 is a flexible
site which can be changed into polar (T) or hydrophobic (V) amino acids without
much influencing the activity of the enzyme.
We also applied double mutant M125I/V191I as a template for a new round of
screening of libraries at position A140. In our model, A140 sits at the bottom of the
groove hosting the bound peptide. It is likely that any mutation to a larger residue
would compromise the binding by preventing the peptide to sit inside the cleft.
As in the screening of the single-site libraries at these positions, screening of the

3

libraries in combination with the mutations M125I and V191I yielded no variants
with an improved activity (Supplementary information Figure S7).
Characterization of the selected Sp-SrtA TRI mutant
In order to measure the kinetic parameters of the evolved Sp-SrtA mutants, we
used a well-known high-performance liquid chromatography (HPLC)-based activity
assay30. The assay measures both the acylation and the transpeptidation steps
of the reaction performed by Sp-SrtA. Unlike the fluorometric assay, it allows
tracking of the formation of the H-G-Dap(Dnp)-NH2 product. As expected from the
measurements performed using the fluorescence-based assay, the TRI mutant
showed improved kinetics in comparison with the WT (Table 2, Figure S8). According
to the obtained steady-state kinetics, the affinity towards both synthesized peptide
substrates, LPETG and LPETA, increased twofold. This indicates that modifications
introduced into the TRI mutant are not associated with the specificity of this enzyme.
TABLE 2. Kinetic parameters of the evolved Sp-SrtA variant TRI, obtained by the HPLC-based
activity assay.
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Enzyme evolution can lead to changes in protein folding and thermostability
which can then result in an alteration of the activity31,32. Using differential scanning
fluorimetry (DSF)33 we determined the effect of the TRI mutations on the (un)folding
of Sp-SrtA WT (Figure 5).

FIGURE 5. Thermal unfolding of Sp-SrtA WT (blue) and the evolved TRI variant (black) (n=3).

The melting temperature (Tm) values for Sp-SrtA WT and the TRI mutant were similar,
65.7°C and 64.5°C, respectively. Furthermore, the unfolding of both proteins was
irreversible. These results indicate that the increase in the activity of the TRI variant
is not caused by a higher thermostability of the TRI mutant. This result also confirms
the previously reported observation that changes introduced at residues located
near the active site can lead to modification of the activity and/or selectivity but
not necessarily of the stability of an enzyme34.

CONCLUSIONS
In summary, we have demonstrated that a semi-rational approach can be used
to improve features of the Sp-SrtA enzyme. Using Rosetta modelling, followed by
ISM, we identified a triple Sp-SrtA mutant with a twofold improved affinity towards
its substrates. By mutating back the TRI mutant, we have observed the impact
of individual mutations and their combinations, particularly the M125I and I191V
mutations, on the in vitro activity of the Sp-SrtA enzyme. Additionally, we proposed
a new molecular model which shows interactions between the Sp-SrtA enzyme and
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the LPXTG substrate. This model can be a useful tool in further engineering of the
Sp-SrtA enzyme.

EXPERIMENTAL SECTION
Protein complex modelling. A PyMol superposition of Sa-SrtA containing a bound
LPETG peptide (PDB ID 1T2W) and Sp-SrtA (PDB ID 3FN7) provided the starting
position for the peptide within the Sp-SrtA complex model. The relax protocol35 in
the Rosetta molecular modelling suite36 was used to explore peptide and protein
rotamers and perform energy minimization. During these steps, the target scissile
amide bond was restrained in a position allowing the formation of the cysteinelinked catalytic intermediate.

3

Production and Purification of the protein. The Streptococcus pyogenes gene
encoding sortase A∆81 (Sp-SrtA) was kindly provided by Dr M.J. Banfield (Newcastle
University, UK). It was cloned between the BamHI and HindIII sites of plasmid pQIq37
having an N-terminal His-tag and this vector was then used for transformation of
and protein production in E. coli BL21(DE3) competent cells. The overnight cultures
were grown in 2 x YT media (16 g tryptone, 10 g yeast extract and 5 g NaCl/L)
supplemented with ampicillin at a final concentration of 100 µg/mL (AMP100) and
glucose with a final concentration of 1% (w/v). On the following day, the cultures were
diluted 1:100 in 1 L of 2 x YT media with AMP100 and 0.1% (w/v) glucose. Flasks were
incubated at 37°C with a shaking frequency of 210 rpm. Once the OD600 reached a
value between 0.5 and 0.9, protein production was induced by the addition of IPTG
to a final concentration of 1 mM. Cultures were incubated for 4 h at 37°C and 210
rpm. Afterwards, cells were centrifuged for 15 min at a speed of 4500 rpm. Pellets
were resuspended in buffer composed of 50 mM Tris-HCl, pH 7.5, 150 mM NaCl and
20 mM imidazole and subsequently lysed by sonication and centrifuged at the speed
of 13,000 rpm. A column packed with 1 mL Ni–NTA resin (Qiagen, Hilden, Germany)
was used for gravity purification and the protein was ultimately eluted with a buffer
containing 50 mM Tris-HCl, pH 7.5, with 150 mM NaCl and 300 mM imidazole. For
the removal of imidazole and exchange of the buffer to 50 mM Tris-HCl, pH 7.5, with
150 mM NaCl and 10% glycerol (v/v), proteins were purified on a Superdex 75 GL
16/60 column (GE Healthcare).
Generation of sortase A mutant libraries. The vector pQE30_sfGFP encoding
a 3’ genetic fusion with superfolder green fluorescent protein (sfGFP) 38,39 and E.
coli Turbo competent cells were used for the preparation of sortase A mutant
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libraries. The Sp-SrtA WT gene was cloned between the BamHI and HindIII sites.
For mutagenesis of the positions predicted by the Rosetta algorithm, the Sp-SrtA
WT gene was subjected to megaprimer PCR40; primer sequences are shown in the
Supplementary information, Table S1. The PCR products were digested with BamHI
and HindIII, and ligated into their respective sites in the pQE30_sfGFP vector; the
ligation mixture was used for the transformation of E. coli Turbo competent cells.
For library screening, plasmids obtained from all mutants were harvested and used
for transformation of E. coli BL21(DE3) competent cells.
Screening of sortase A mutant libraries: cell lysate assay. E. coli BL21(DE3)
transformants were cultured overnight at 37°C in a 96-well Masterblock in 1.2 mL
2 x YT media supplemented with AMP100 and 1% (w/v) glucose. For the production
of proteins, the overnight cultures were first diluted 1:100 in 1 mL 2 x YT media
supplemented with AMP100 and incubated for 45 min in an orbital shaker at 37°C.
After initial growth, protein production was induced by addition of IPTG to a final
concentration of 0.5 mM IPTG and incubated further for 4 h in an orbital shaker
at 37°C. After centrifugation, pellets were resuspended in 50 µL of BugBuster
(Novagen) supplemented with 1 mM EDTA and incubated for 30 min at room
temperature and orbital shaking at a speed of 210 rpm. Finally, 950 µL activity assay
buffer composed of 50 mM Tris-HCl, pH 7.5, with 150 mM NaCl was added to each
well and the Masterblock was centrifuged for 30 min at a speed of 3,000 rpm. The
activity of transformants was measured using black 96-well plates (Greiner). Each
well was filled with 50 µL of the cell lysate, assay buffer and internally quenched
Abz_LPETA-Dap(Dnp)-NH2 substrate (Bachem, Switzerland) to a final concentration
of 20 µM. The activity of the Sp-SrtA mutants was monitored by measuring the
fluorescence signal at an excitation and emission wavelength of 355 and 460 nm,
respectively. Additionally, the expression level of the WT and mutants in the cell
lysate assay was assessed using SDS-PAGE (Supplementary information, Figure S2).
Measurement of enzymatic activity: fluorometric assay. The activity of purified
Sp-SrtA and mutants was validated using the fluorescence-based assay measuring
the cleavage of the internally quenched Abz_LPETA-Dap(Dnp)-NH2 or Abz-LPETG(Dap)Dnp-NH2 substrate in the presence of an NH2-AA-OH nucleophile (Bachem,
Switzerland). The enzyme, substrate and nucleophile concentrations used for the
assay were 2 µM, 20 µM and 2 mM, respectively. The activity was monitored at an
excitation and emission wavelength of 355 and 460 nm, respectively.
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Characterization of Sp-SrtA WT and TRI mutant. The kinetic parameters of SpSrtA WT and the TRI mutant were determined using an HPLC-based assay previously
reported for the measurement of activity of Sa-SrtA WT 30. The transpeptidation
reaction catalyzed by Sp-SrtA was measured using conditions similar to those
described in16. Briefl y, 5 µM of Sp-SrtA was incubated at 37°C for 150 min with
variable concentrations of Abz-LPETA-(Dap)Dnp-NH2 or Abz-LPETG-(Dap)Dnp-NH2,
with the nucleophile NH2-AA-OH at a final concentration of 2 mM. The reactions
were quenched by addition of HCl to a final concentration of 0.4 M. Afterwards
samples were analyzed using an ultra-fast liquid chromatography (UFLC) system
(Shimadzu) with a reverse-phase Eclipse XDB-C18 HPLC column (4.6 x 150 mm, 5
µm, Agilent Technologies). The reaction products containing the Dnp moiety were
separated using a 10 to 65% linear gradient of acetonitrile supplemented with 0.1%
trifluoroacetic acid at a flow of 1 mL/min and the UV absorption was detected at

3

355 nm.
Thermal stability of all purified proteins was determined by DSF. The Sypro® Orange
merocyanine dye (Sigma Aldrich, Saint Luis, USA) was added to the protein solutions
according to the protocol provided by the company. The Real-Time PCR Detection
System (Bio-Rad) was used for the measurement of the fluorescent signal with
excitation at 530 nm and emission at 556 nm. The signal was quantified using the
HEX channel. The temperature was gradually increased from 20°C to 95°C with a
ramp of 0.5°C/minute. The reversibility of the unfolding process was assessed after
subjection of the proteins to the following denaturation conditions: a temperature
increase from 20°C to 65°C with a ramp of 1°C/minute, and to the repeated thermal
stability measurement. The melting temperature (Tm) values were calculated using
the Boltzmann equation for folded proteins.
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SUPPLEMENTARY INFORMATION
TABLE S1. Wobble and flanking primers used for preparation of mutant libraries at positions
predicted by Rosetta algorithm using the megaprimer PCR method. Restriction sites are
underlined.
Name

Sequence

SpSrtABamFor

GGATCCGTCTTGCAAGCACAA

SpSrtAHindRev

GGAAGCTTTAGGTAGATACTTGG

Sp125Rev

TTGTTCTTCTTTMNNCGTTCCTGCGCC

Sp140Rev

TCCAAAAATATGATGACTMNNAAGAGAATAATT

Sp191For

GCTCCTGAACGCNNKGATGTTATCGAT

Sp194For

ACGCGTTGATGTTNNKGATGATACAGCTGGT
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FIGURE S1. Screening of the library of mutants in positions M125X, A140X and I194X.
Variants exhibiting a relative activity higher than the Sp-SrtA WT (blue column) were
sequenced, produced and purified and their activity was subsequently verified using
the fluorometric assay.
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FIGURE S2. Representative SDS-PAGE gel showing the expression level of the WT and mutants
(M1 – M6) in the cell lysate assay. Sp-SrtA_sfGFP with a molecular weight of 48 kDa is indicated
with an arrow.
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FIGURE S3. Screening of the library of double mutants in positions V191I/I194X. Variants exhibiting a higher activity with reference to the Sp-SrtA WT (blue column) were sequenced, produced
and purified and their activity was subsequently verified using the fluorometric assay.

FIGURE S4. Measurement of enzymatic activity of purified WT, single mutant V191I and double
mutants V191I/I194C and V191I/I194V.
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FIGURE S5. Screening of the library of triple mutants in positions V191I/I194V and M125X. Variants exhibiting a higher activity compared to the Sp-SrtA WT (blue column), single mutant V191I
(purple column) and double mutant V191I/I194V (green column) were sequenced, produced and
purified and their activity was subsequently verified using the fluorometric assay.

FIGURE S6. Measurement of activity of two triple mutants (white bars) (n=3). A) Activity of the WT
and mutants on the LPETG substrate and 2-Ala nucleophile. B) Activity of the WT and mutants
on the LPETA substrate and 2-Ala nucleophile.
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FIGURE S7. Screening of the library of triple mutants in positions: M125I/V191I and A140X. No
variants exhibiting significantly higher activity than the WT (blue column) were selected.

FIGURE S8. Determination of the kinetic parameters of the Sp-SrtA WT (circles) and evolved
Sp-SrtA TRI variant (triangles). A) Enzymatic activity in the presence of LPETA substrate with the
2-Ala nucleophile. B) Enzymatic activity of the enzymes in the presence of LPETG substrate and
2-Ala nucleophile.
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ABSTRACT
Sortases are a group of enzymes displayed on the cell-wall of Gram-positive bacteria.
They are responsible for the attachment of virulence factors onto the peptidoglycan
in a transpeptidation reaction through recognition of a pentapeptide substrate.
Most housekeeping sortases recognize one specific pentapeptide motif; however,
Streptococcus pyogenes sortase A (SpSrtA WT) recognizes LPETG, LPETA and LPKLG
motifs. Here, we examined SpSrtA’s flexible substrate specificity by investigating the
role of the β7/β8 loop in determining substrate specificity. We exchanged the β7/β8
loop in SpSrtA with corresponding β7/β8 loops from Staphylococcus aureus (SaSrtA
WT) and Bacillus anthracis (BaSrtA WT). While the BaSrtA-derived variant showed
no enzymatic activity towards either LPETG or LPETA substrates, the activity of the
SaSrtA-derived mutant towards the LPETA substrate was completely abolished.
Instead, the mutant had an improved activity towards LPETG, the preferred
substrate of SaSrtA WT.
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INTRODUCTION
Gram-positive bacteria display proteins on their surface, which help them interact
with the environment [1]. These surface proteins, often virulence factors, are
attached to the outer envelope of Gram-positive bacteria via a transpeptidation
reaction catalyzed by sortases [2]; these enzymes recognize and break the
penultimate peptide bond in a specific C-terminal pentapeptide present in the
protein substrate, and subsequently attach the substrate to the peptidoglycan,
thus creating a new peptide bond. Based on sequence alignments and predicted
substrate preferences, the sortase superfamily has been divided into six classes
A-F [3–5]. Different 3D structures have revealed a common eight-stranded β-barrel
“sortase fold”, providing details on the active site environment and the catalytic
triad of Cys, His and Arg. In the proposed model for the catalytic mechanism, the
catalytic Cys residue is in a deprotonated state, whereas the His residue occurs in a
protonated form. Upon binding of the substrate, the thiolate of the Cys attacks the
carbonyl group of Thr in the substrate and thus forms a tetrahedral intermediate.

4

The His residue on the other hand is hypothesized to be involved in the protonation
of the substrate leaving group, which leads to the formation of an acyl-enzyme
intermediate. The function of the Arg residue in the transpeptidation reaction
performed by sortases is still poorly understood, though it is thought it might aid
in the stabilization of the acylated product [6,7].
However, some significant variations within the catalytic centers of different sortases
have been observed. For the best studied sortases, which belong to class A, the main
differences around the conserved catalytic domain have been described for the area
of the N-terminus that precedes the catalytic domain, the β6/β7 loop, the β7/β8 loop
and the C-terminus of the protein [8]. So far, the most information regarding the
structure and catalytic mechanism of the sortase superfamily has been obtained
from studies on the Staphylococcus aureus sortase A (SaSrtA WT) [1]. Here, we focus
on the lesser explored, homologous sortase A from Streptococcus pyogenes (SpSrtA
WT), which exhibits certain differences in substrate profile and structure [9]. Unlike
SaSrtA WT, the SpSrtA WT can recognize not only the canonical LPXTG (X being any
amino acid) pentapeptide motif but also LPXTA and LPKLG motifs [10]. This allows
a somewhat broader scope of substrates for sortase-mediated ligation [11]. The
structure of SpSrtA [9] exhibits some notable differences around the active site,
which distinguish it from SaSrtA WT: (i) no Ca2+ binding site for allosteric activation,
(ii) a channel that leads to the active site of the enzyme, and (iii) an opened β7/β8
loop, creating a prolonged groove [8]. Since the β7/β8 loop of SaSrtA WT is involved
in the interaction with the C-terminal part of the LPXTG substrate and the incoming
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nucleophile [12], we hypothesized that the opened β7/β8 loop of the SpSrtA WT
plays an important role in this enzyme’s broader substrate specificity. Therefore,
we designed a loop hybrid based on the scaffold sequence of SpSrtA WT (PDB 3FN5)
grafted with the β7/β8 loop from the SaSrtA WT (PDB 2KID). Indeed, we found that
replacement of the SpSrtA loop led to a shift in substrate preference of this variant
towards LPXTG while abolishing activity towards LPXTA. We also created a second
loop variant using the β7/β8 loop from Bacillus anthracis sortase A (BaSrtA WT, PDB
2RUI). This loop is comparable in size to that of SpSrtA WT but differs in dynamics: it
undergoes a disordered-to-ordered transition after binding of the substrate [13,14].
Replacement of the β7/β8 loop lead to inactivation of the BaSrtA-derived variant.
Overall, our work provides insight into the flexible substrate specificity of SpSrtA.

MATERIALS AND METHODS
Computational analysis of the SrtA structures
For the identification of the residues in the β7/β8 loops intended for grafting, we
constructed a structure-based alignment using the constraint-based multiple
alignment tool (COBALT) [15], available on the National Center for Biotechnology
Information (NCBI) website. The results were downloaded in FASTA format and
analyzed further using Jalview software [16]. A superimposition of the SrtA enzymes
(PDB 3FN5 with 2KID, and with 2RUI) was generated using the 3DMA module within
the BIOVIA Discovery Studio software. Based on these superimposition studies we
decided to swap three fragments within the region of the β7/β8 loops: the fragment
I211-E215 from SpSrtA WT was selected to be exchanged with Y187-K196 from
SaSrtA WT (Sp_LoSa), and with V190-K195 from BaSrtA WT (Sp_LoBa). Additionally,
we exchanged the β7/β8 loop of SaSrtA WT (Y187-K196) for the fragment I211-E215
from SpSrtA WT, thus creating mutant Sa_LoSp (Supplementary Information, S1 Fig).
The LPETG substrate was modeled into the structure of the SpSrtA WT and the
model of the SaSrtA-derived variant (Sp_LoSa). The model of the enzyme-substrate
complex was generated using data obtained from the 3D structure of SaSrtA WT
covalently bound with an LPXTG analog (2KID) and known features of the SpSrtA WT
enzyme. To further optimize the docking of the substrate we minimized the energy
using the Smart Minimizer protocol from the BIOVIA Discovery Studio software.
The protocol was set to a maximum of 200 steps and an RMS gradient tolerance of
0.1 kcal/(mol x Å).
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Generation of the loop mutants
The gene encoding truncated SpSrtA Δ81 WT (kindly provided by Dr M.J. Banfield,
Newcastle University, UK) was cloned into plasmid pQIq [17] between the BamHI and
HindIII sites, and subsequently used as a template for the preparation of the loop
mutants. Using AQUA cloning [18], DNA encoding position I211-E215 of the SpSrtA
β7/β8 loop was exchanged with DNA encoding positions Y187-K196 (SaSrtA β7/β8
loop) and V190-K195 (BaSrtA β7/β8 loop), and the SaSrtA β7/β8 loop was exchanged
with DNA encoding positions I211-E215 (SpSrtA β7/β8 loop) (primer sequences in
Supplementary Information, S1 Table). E. coli Turbo competent cells (New England
Biolabs) were used for cloning and grafting was confirmed by DNA sequencing.
Protein production and Purification
Production and purification of proteins used in this study was performed as
described previously [19]. Briefly, competent E. coli BL21(DE3) cells were transformed
with plasmids encoding SpSrtA WT and loop mutants. Overnight cultures were used
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to inoculate 1 L of 2 x YT media supplemented with 100 mg/ml ampicillin. Protein
production was induced with the addition of IPTG to a final concentration of 1 mM
(Duchefa, The Netherlands) and continued for 4 hours at 37°C with orbital shaking
(200 rpm). Next, cultures were centrifuged and cell pellets were resuspended in
50 mM Tris-HCl, pH 7.5, 150 mM NaCl and 10 mM imidazole. Cells were disrupted
by sonication and the clarified lysates were used for affinity purification via the
N-terminal His-tag. Proteins were purified to 90% purity by preparative sizeexclusion chromatography on a Superdex75 16/60 column (GE Healthcare).
Thermal denaturation measurement
The unfolding of the SpSrtA WT and mutants was analyzed with differential scanning
fluorimetry (DSF) [20] using a CFX96 Touch Real-Time PCR Detection system (BioRad). Proteins at a concentration of 1 mg/mL were mixed with the SYPRO Orange
dye (Sigma Aldrich) according to the manufacturer’s protocol. The fluorescence
signal was continuously measured at the emission wavelength of 556 nm, with the
temperature increasing from 20°C to 70°C (1°C/minute). Assuming a two-state model
for protein denaturation, the fraction of folded protein (Pf), the melting temperature
of the proteins and non-linear fitting of the Boltzmann’s sigmoidal equation were
calculated as reported before [21] using GraphPad Prism.
Activity measurement
The activity of WT enzymes and their mutants was measured using a fluorometric
assay with quenched substrate analogues Abz-LPETA-Dap(Dnp) and Abz-LPETG-
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Dap(Dnp) [22] (Bachem AG, Switzerland). After cleavage of the quencher, the
increase in fluorescence (excitation wavelength 355 nm) was recorded at emission
wavelength 460 nm. Measurements were performed using a FLUOstar Omega
spectrometer (BMG LABTECH). Enzyme concentrations were kept at 2 µM in a final
reaction volume of 100 µL. The reaction buffer was composed of 50 mM Tris-HCl,
pH 7.5, supplemented with 150 mM NaCl. Substrates and nucleophiles were added
to the reaction to a final concentration of 20 µM and 2 mM, respectively. The data
in this study are reported as the slope values obtained from the linear phase of the
cleavage reaction.

RESULTS
Identification of residues in the β7/β8 loops intended for grafting
SpSrtA WT, SaSrtA WT and BaSrtA WT share the conserved “sortase fold”, with a
few alterations observed in this study (Fig 1). The sequence identity between SpSrtA
and SaSrtA is 29%, and 32% between SpSrtA and BaSrtA [14]. The β7/β8 loop of
the SpSrtA WT is comparable in size to the loop in BaSrtA WT, yet much smaller
and more rigid compared to the β7/β8 loop of the SaSrtA WT. Since the SaSrtA WT
enzyme is to date the best characterized sortase, it was used as a template for the
localization of the β7/β8 loops in the analyzed strucures [23]. The average distance
between the atoms of the superimposed enzymes used in this study was calculated
as the root-mean-square deviation (RMSD). SpSrtA WT and SaSrtA WT superimposed
with an RMSD of 1.3 Å, whereas SpSrtA WT and BaSrtA WT superimposed with an
RMSD of 1.5 Å. The cutoff for the distance of consecutive Cα atoms was set at 2.5 Å.
Based on the structural alignments and superimposition studies (Fig 1) we chose
stretches of residues located in the β7/β8 loops (Table 1) for exchange. The β7/β8
loop in the structure of SaSrtA WT selected for grafting is five amino acids longer
than the β7/β8 loop of SpSrtA WT. The β7/β8 loops in SpSrtA WT and BaSrtA WT
represent relatively short fragments composed of five and six amino acids (Table
1), respectively.
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FIGURE 1. Comparisons of the sortase enzymes. A. Superimposition of the SpSrtA WT (PDB 3FN5,
in cyan) and SaSrtA WT (PDB 2KID, in orange) enzymes. The β7/β8 loops are depicted in green
(SpSrtA WT) and yellow (SaSrtA WT), while the Ca2+ ion, important for the enzymatic activity of
SaSrtA WT, is depicted in black. B. Superimposition of the SpSrtA WT (cyan) and BaSrtA WT (PDB
2RUI, in magenta) enzymes. Loops β7/β8 are depicted in green (SpSrtA WT) and blue (BaSrtA WT).
C. Structural alignments of SaSrtA WT and BaSrtA WT with SpSrtA WT, with red boxes marking
the parts of the β7/β8 loop used for grafting.

Since the catalytic Cys residue for each of these enzymes is located within the β7/
β8 loop, grafting was performed with a two amino acids’ distance from the catalytic
center.

TABLE 1. Amino acid sequences and their locations in the β7/β8 loops used for the mutagenesis
studies performed in this study.
Enzyme

Origin of grafted
loop

Residues (Original position)

SpSrtA WT

-

IEATE (211-215)

Sp_LoSa

SaSrtA WT

YNEKTGVWEK (187-196)

Sp_LoBa

BaSrtA WT

VKDNSK (190-195)
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Diﬀerential scanning fluorimetry (DSF) analysis of SpSrtA WT and mutants
Every modification introduced into the structure of a protein may cause changes
in the secondary structure as well as the folding of the protein. Particularly larger
changes such as loop grafts may lead to protein misfolding. Therefore, DSF was
used to assess the thermal transition from the folded to the unfolded state of the
SpSrtA WT and the mutants. The results of protein unfolding upon temperature
increase are shown in Fig 2.

FIGURE 2. Unfolding of SpSrtA WT (blue), the Sp_LoSa (magenta) and the Sp_LoBa (red) upon
temperature increase with the mean value presented on the graph (n=3).

As shown in Fig 2, all enzymes examined exhibited a sigmoidal transition from
the native state to unfolded protein when exposed to increasing temperature. The
melting temperatures (Tm) were calculated as described in Materials and Methods
and are given in Table 2. Both mutants of SpSrtA WT showed slightly increased Tm
values in comparison to the WT.
TABLE 2. The Tm values for SpSrtA WT and the two loop mutants, Sp_LoSa and Sp_LoBa.
Enzyme

Tm (°C)

SpSrtA WT

65 ± 0.2

Sp_LoSa

68 ± 0.5

Sp_LoBa

66 ± 0.7
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Activity measurement of SpSrtA WT and mutants
In order to estimate the effect of replacement of the β7/β8 loop on the substrate
specificity and activity of the enzyme, we performed activity measurements as
described in the Materials and Methods section. Both LPETA and LPETG substrate
analogues were tested in combination with the nucleophiles 2-Ala and 5-Gly,
respectively. The result of these activity measurements is shown in Fig 3.

4

FIGURE 3. The enzymatic activity of SpSrtA WT and the Sp_LoSa and Sp_LoBa mutants. The
activity was measured for 30 min using diﬀerent combinations of substrate analogues of sortase
enzymes (n=3). A. Enzymatic activity measured in the presence of the LPETA and 2-Ala substrates.
B. Enzymatic activity measured in the presence of the LPETG and 5-Gly substrates.

Although the created mutants were properly folded (Fig 2), activity was only
measured for the variant with the loop fragment derived from SaSrtA WT.
Conversely, a Sa_LoSp mutant (SaSrtA with the loop from the SpSrtA WT) did
not show proper unfolding using DSF (data not shown) nor did it show enzymatic
activity in the fluorescence assay (Supplementary information, S1 Fig), indicating
the enzyme is non-functional. In our study, the SpSrtA WT showed higher activity
towards the LPETA substrate analogue than towards LPETG. In the case of the Sp_
LoBa mutant, no activity towards either LPETA or LPETG could be measured (Fig 3).
Interestingly, while the activity of the Sp_LoSa mutant was completely abolished
for the LPETA substrate in combination with 2-Ala nucleophile, activity towards the
LPETG substrate was maintained and even slightly improved, suggesting that the
mutant did indeed acquire an LPETG substrate preference like SaSrtA WT. To learn
more about the difference in the location of the loop β7/β8 of the SpSrtA WT and
the Sp_LoSa in reference to the LPETG substrate we looked at the superimposition
of SpSrtA WT (PDB 3FN5) and a model of Sp_LoSa (Fig 4). One of the main differences
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we noticed was the presence of a Trp residue in the β7/β8 loop of the Sp_LoSa
mutant, which is positioned very closely to the substrate groove (Fig 4, shown in
blue).

FIGURE 4. Structural representation of the superimposition of SpSrtA WT and the Sp_LoSa
mutant. The β7/β8 loop of the SpSrtA WT is shown in green, and the loop β7/β8 from the SaSrtA
WT grafted onto the SpSrtA WT (the Sp_LoSa mutant) is shown in magenta. The Trp residue is
indicated in blue in the model of the Sp_LoSa mutant.

Previous studies on SaSrtA WT have shown that Trp194 has indeed an impact on the
activity of the enzyme: after substrate binding and β7/β8 loop displacement, the
indole ring of this residue moves closer to the Thr from the substrate motif [12,24].
The Sp_LoSa mutant did not show any activity towards the LPETA substrate but
did hydrolyze the LPETG substrate. Thus, we speculate that the aforementioned
Trp residue in the Sp_LoSa mutant hinders the accessibility to the active site for
substrates terminating in residues other than Gly.

DISCUSSION
Evolution of proteins in nature does not only happen by means of single-point
modifi cations, sometimes bigger fragments such as loops and domains are
exchanged [25,26]. Currently, this exchange of fragments can be rationally applied
in the engineering of a protein’s biochemistry or modification of their features.
The approach makes use of existing protein scaffolds in which (large) fragments
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of proteins are exchanged to design proteins with potentially new, unnatural
folds and with improved functions [27,28]. Domain and loop swapping has been
applied successfully in the engineering of many different features of enzymes and
proteins, such as the change of catalytic activity of glyoxalase II [27], the inversion
of enantioselectivity of Bacillus subtilis Lipase A [29], and the humanization of
antibodies [30].
Loop swapping was also applied to SaSrtA WT in order to better understand
substrate recognition. Previous work on SaSrtA WT showed that this active site loop
is involved in the interaction with the substrate [13,31]: the β6/β7 loop undergoes a
disorder-to-order transition after binding of a single Ca2+ ion, which then promotes
the binding of the substrate [32]. SaSrtA’s β6/β7 loop was exchanged for the
corresponding loop from the S. aureus sortase B (SaSrtB) [31]. Once the β6/β7 loop
from the SaSrtB was grafted onto the SaSrtA WT, the substrate specificity of the
SaSrtA WT was switched to an NPQTN substrate, which is characteristic for class B
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sortases [31]. This study confirmed that the β6/β7 loop of the SaSrtA WT makes an
important site for substrate recognition and also showed that the extended β6/β7
loop of the SaSrtB determines the recognition of the NPQTN motif characteristic
for class B sortases [31].
In fact, one of the most studied regions of sortase A enzymes with known 3D
structures is the β6/β7 loop. For BaSrtA WT, the β6/β7 loop undergoes a similar
transition as SaSrtA WT before binding of the substrate [13], though it is a Ca2+independent enzyme. Although sortases share the same eight-stranded β-barrel
fold, recognition of the substrate may be modulated by different parts of the
enzyme [8]. Some studies revealed that N-terminal helices may modulate substrate
binding. Weiner et al. found that the N-terminal appendage of BaSrtA, which consists
of 23 amino acids, is responsible for partial shielding of the active site and, as a
consequence, regulation of substrate access. This feature may aid in the reduction of
unwanted hydrolytic cleavage [13,14]. A similar structural feature was observed for
Streptococcus mutans SrtA, where the N-terminal appendage was found to interact
with the active site of the enzyme [33].
Our study focused on the β7/β8 loop, which we hypothesized to be involved in
the more flexible substrate specificity of SpSrtA WT. Previously elucidated 3D
structures of sortases from class A revealed that a displaced β7/β8 loop plays a role
in the formation of a second groove located near the active site [9,33,34]. E.g., this
behavior was observed for BaSrtA, for which the binding of the substrate leads to
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transition of the β7/β8 loop [13], which then forms a surface for the transpeptidation
reaction [12,35]. For our grafting experiments we chose two enzymes with known
3D structures, SaSrtA WT and BaSrtA WT. Although their β7/β8 loops present
different lengths and dynamics, these enzymes are known to be highly specific
towards the LPXTG substrate. Presence of a slightly bigger amino acid in the motif,
LPXTA, abolishes the enzymatic activity in an in vitro environment [14]. SpSrtA WT
on the other hand, can accept more substrates: LPXTG LPXTA, and LPKLG [10,36].
The exchange of the β7/β8 loop in the structure of SpSrtA WT resulted in a change
in substrate preference. Along with the introduction of the β7/β8 loop from SaSrtA
WT into the structure of SpSrtA WT, the specificity of the Sp_LoSa mutant became
exclusively directed towards LPETG substrate, similar to SaSrtA WT (Fig 3). In the
superimposition model of SpSrtA WT and the Sp_LoSa mutant (Fig 4), we noticed
the presence of an aromatic residue located near the active site of the mutant.
We speculate that this Trp residue plays a key role in regulating the enzyme’s
specificity by physically blocking access to the substrate groove [12]. In contrast,
after the introduction of the loop from BaSrtA WT with a similar length but different
amino acid composition, the resulting Sp_LoBa mutant had lost its activity (Fig 3);
nevertheless, the enzyme was properly folded (Fig 2).
Engineering of the enzyme specificity can be difficult due to a variable number of
modifications that need to be introduced into the structure of enzymes in order
to change substrate preference. For some enzymes, it is sufficient to introduce a
single mutation in order to change its substrate specificity [37]. However, other
enzymes require more advanced modifications such as the exchange of whole
domains between homologous enzymes. Here, we highlighted the less studied β7/
β8 loop from SrtA enzymes and its significance in substrate recognition. Our results
indicate that the β7/β8 loop regulates substrate access to the active site and would
therefore, along with the β6/β7 loop, form a compelling starting point to engineer
the specificity of sortase enzymes.
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SUPPLEMENTARY INFORMATION
TABLE S1. Primers used for loop grafting of the SpSrtA WT and the SaSrtA WT.
Primer name

Sequence (5’à 3’)

Saloopin_For

AAACCGGTGTGGGGAAAAACGTATTATTGTCAAAGGA

Saloopin_Rev

CACCGGTTTTTTCGTTATAATCTGTACAAGTCACTAAAGT

Balopin_For

GTGAAAGATAATTCTAAACGTATTATTGTCAAAGGAGA

Balopin_Rev

TTTAGAATTATCTTTCACATCTGTACAAGTCACTAAAGT

Sploopin_For

ATCGAAGCAACAGAA CGCAAAATTTTTTGTGGCC

Sploopin_Rev

TTCTGTTGCTTCGATATCATCACAGGTAATCAGGG

4

FIGURE S1. Enzymatic activity of the SpSrtA WT and Sa_LoSp mutant. Fragment Y187-K196 from
SaSrtA WT was selected for exchange with I211-E215 from SpSrtA WT. The activity was measured
(n=3) using diﬀerent substrates.
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ABSTRACT
Staphylococcus aureus sortase A (SaSrtA) is an enzyme that anchors proteins to
the cell surface of Gram-positive bacteria. During the transpeptidation reaction
performed by SaSrtA, proteins containing an N-terminal glycine can be covalently
linked to another protein with a C-terminal LPXTG motif (X being any amino acid).
Since the sortase reaction can be performed in vitro as well, it has found many
applications in biotechnology. Although sortase-mediated ligation has many
advantages, SaSrtA is limited by its low enzymatic activity and dependence on Ca2+.
In our study, we evaluated the thermodynamic stability of the SaSrtA wild type and
found the enzyme to be stable. We applied consensus analysis to further improve
the enzyme’s stability, while at the same time enhancing the enzyme’s activity. As a
result, we found thermodynamically improved, more active and Ca2+-independent
mutants. We envision that these new variants can be applied in conjugation
reactions in low Ca2+ environments.
Keywords
Staphylococcus aureus Sortase A, Conjugation, Protein engineering, Consensus
design, Protein stability.
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INTRODUCTION
The bacterial transpeptidase sortase A (SrtA) enzyme is found in the membrane
of most Gram-positive bacteria, where it mediates the anchoring of proteins and
virulence factors to the cell wall. The best characterized and most studied SrtA
is that of Staphylococcus aureus (SaSrtA).[1,2] This enzyme recognizes a C-terminal
sortase-specific motif, which consists of the five amino acids LPXTG (X being any
amino acid), and cleaves the peptide bond between the penultimate (Thr) and last
(Gly) amino acid. After cleavage, the substrate remains bound to the enzyme until
this intermediate is resolved by a nucleophilic attack from a second substrate,
containing an N-terminal pentaglycine motif.[3,4] Interestingly, the sortase-mediated
reaction can be used in vitro for site-specific conjugation reactions,[5,6] however,
the soluble version of SaSrtA ΔN59 wild type (WT) lacking the first 59 residues is a
catalytically inefficient enzyme.[7–10]
Both directed evolution and rational design have been employed to optimize certain
enzyme characteristics.[11–14] The choice of strategy depends on the availability of a
robust high-throughput screening or selection method, and of data on the enzyme’s
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structure-function relationship; naturally, both methods can be used simultaneously
in a semi-rational approach.[15] So far, SaSrtA ΔN59 has been successfully engineered to
create mutants with an altered substrate specificity [16] as well as catalytically more
active mutants using directed evolution.[9,10,17] An evolved SaSrtA ΔN59 pentamutant
(PM) was reported to have a 120-fold higher kcat /Km LPETG and a 20-fold higher Km GGG.[9]
However, a higher enzymatic activity sometimes comes at the expense of stability,[18]
which can have implications for reuse, immobilization or storage.[19] The stability of
SaSrtA ΔN59 WT was previously characterized using circular dichroism.[20,21] We also
used far-ultraviolet circular dichroism (CD)[22,23] and determined the reversibility of
thermal unfolding of both truncated SaSrtA ΔN59 WT and SaSrtA ΔN59 PM subjected
to increasing temperatures. We found that both enzymes are thermodynamically
stable proteins, with a reversible change in CD as a function of temperature.
Previous efforts to improve the melting temperature (Tm) include linking two
intradomain cysteine residues using biselectrophiles.[24] Here, we applied consensusbased mutagenesis for the improvement of the stability of SaSrtA ΔN59 WT: we
generated multiple sequence alignments (MSA) to assess the effect of consensus
mutations on the stability and activity of SaSrtA ΔN59.[25] We attempted to further
improve the stability of both WT and PM enzymes, while at the same time improving
the enzyme’s activity. We applied consensus design[26,27] to search for evolutionary
information preserved in homologous sequences.[28] Therefore, we built SrtA-MSAs
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consisting of a panel of homologous SrtAs derived from organisms adapted to
different temperatures, such as mesophiles and thermophiles. Based on our MSAs,
we selected and replaced eight non-consensus amino acids of SaSrtA ΔN59 WT with
the corresponding consensus ones. As a result, we found some mutations which
not only led to an improvement of the thermostability of the protein, but also to
an improvement of the enzymatic activity.[26,29] Finally, we introduced the two best
mutations into the known SaSrtA ΔN59 PM, making it even more active than previously
reported[9] and less dependent on Ca2+ ions.[8]

MATERIALS AND METHODS
Consensus design
Sequences to be used in the MSA encoding class A sortases were retrieved from
the UniProt database.[30] All sequences were verified for their proper distribution
of soluble and insoluble domains using the TMHMM Server v. 2.0.[31] This server
uses a hidden Markov model for the prediction of integral membrane proteins.
As a result, 134 sequences encoding SrtA from different Gram-positive organisms
were selected, with 35 enzymes from extremophile organisms. All organisms from
which SrtA sequences were selected and used in the MSA, are shown in Figure 2.
Prior to generation of the MSA using the PROMALS3D tool[32], secondary structure
elements were aligned and highly conserved residues in SrtA were identified using
high resolution 3D structures. To this purpose, S. aureus SrtA (PDB 1T2P), Bacillus
anthracis SrtA (PDB 2KW8), Streptococcus agalactiae SrtA (PDB 3RCC), S. pneumoniae
SrtA (PDB 4O8L), S. mutans SrtA (PDB 4TQX), Listeria monocytogenes SrtA (PDB 5HU4),
Corynobacterium diptheriae SrtA (PDB 5K9A), and Actinomyces oris SrtA (PDB 5UTT)
were selected. Based on predictions obtained from the structural alignment of
these eight enzymes, all 134 retrieved sequences were used for the construction
of the MSA.
Cloning, production, and purification of SaSrtA ΔN59 WT, SaSrtA ΔN59 PM and
selected mutants
The DNA sequence encoding SaSrtA ΔN59 WT [33] was cloned into the pET28a plasmid
(Novagen, USA) between the BamHI & NdeI restriction sites; the previously
described mutations of SaSrtA ΔN59 PM (P94R / D160N / D165A / K190E / K196T)
and Ca2+-independent SaSrtA ΔN59 mutant (E105K / E108Q, indicated as WT-Ca) were
introduced via Quikchange® site-directed mutagenesis (Agilent, La Jolla, CA, USA).
[34]

After confirmation of the sequence, all plasmids were used for transformation
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of competent E. coli BL21(DE3) cells (New England Biolabs, USA). The SaSrtA ΔN59
mutations selected from the MSA analysis were created via QuikChange ® sitedirected mutagenesis using templates encoding truncated SaSrtA ΔN59 WT or
SaSrtA ΔN59 PM. The primers were designed according to the QuikChange® instruction
manual and their sequences can be found in the supporting information, Table S1.
After induction with 1 mM isopropyl β- d -1-thiogalactopyranoside (IPTG), protein
production was continued for 4 h at 37°C. Cells were then lysed by sonication
and the cleared lysate was purified using Ni-NTA resin (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. All proteins were purified to 95%
purity via size exclusion chromatography using a Superdex75 HiLoad 16/60 column
(GE Healthcare, MA, USA) in Tris-HCl buffer (50 mM, pH 7.5) supplemented with 150
mM NaCl and 10% v/v glycerol. Protein concentrations were determined using a
Pierce bicinchoninic acid protein assay kit (Thermo Scientific).
Thermal stability
Thermal stability of all proteins was determined using a Jasco J-815 far-UV CD
Spectropolarimeter equipped with a temperature controller, a thermostatted cell
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holder and a thermostatic bath. The instrument was under constant nitrogen flush.
Experiments were performed in quartz cuvettes with a 1 mm path length. The
protein concentration of WT SaSrtA ΔN59 and the mutants was set to 1 mg/mL in a
50 mM Tris-HCl buffer, pH 7.5, supplemented with 150 mM NaCl. The secondary
structure of SaSrtA ΔN59 was recorded at 25°C as a spectrum between 210 and
250 nm; each measurement was repeated three times and corrected for solvent
contributions. The molar ellipticity (θ) was calculated as reported before.[35]
The reversibility of the unfolding process was assessed after subjecting the proteins
to a temperature increase from 20°C to 70°C with a ramp of 1°C/min and cooling.
Subsequently, thermal unfolding was monitored at the minimum measured at 210
nm, which corresponds to secondary structure content. Once spectra from the initial
and the new measurement at 210 nm matched, thermodynamics of the samples
could be calculated. Since spectral changes measured for SaSrtA ΔN59 showed
sigmoidal curves with a single transition from a native to an unfolded state, we
assumed a two-state model for protein denaturation. The equilibrium constant of
unfolding (Keq) was calculated from the fraction of folded and unfolded protein.[36]
The enthalpy ΔHu for a globular monomeric protein was calculated using the Van ’t
Hoff plot, and the Gibbs free energy of unfolding ΔGu was estimated using the GibbsHelmholtz equation. For calculation of the change in heat capacity upon unfolding
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ΔCp, the values of the coefficients were obtained through the relationship between
reported parametric equations[37] and the amino acid sequence of the protein.
Library screening and fluorescence-based activity assay
The enzymatic activity of purified SaSrtA ΔN59 WT and mutants was measured using a
fluorometric assay as described previously.[38,39] Briefly, the cleavage of the internally
quenched substrate Abz-LPETG-Dap(Dnp) (Bachem AG, Switzerland) (20 µM) was
monitored using a FLUOstar Omega Spectrometer (BMG LABTECH), measuring the
change in fluorescence at λem=460 nm after excitation at λex=355 nm at 37°C or 45°C.
The NH2-5Gly-OH (Bachem AG, Switzerland) nucleophile was added to the reaction
to a final concentration of 2 mM. The purified enzymes were individually added to
a final concentration of 1 µM. Fluorescence signals were plotted against time and
the slope values were obtained from the linear phase of the reaction.
To screen the mutant libraries, the activity of individual SrtA mutants was assessed
in cell lysate. Briefly, E. coli BL21(DE3) transformants were grown overnight at 37°C
in a 96-deep well Masterblock® (Greiner Bio-One), after which the overnight cultures
were diluted 1:100 in 1 mL 2 YT media supplemented with Kanamycin (30 µg/mL)
and incubated for 45 min at 37°C in an orbital shaker. Protein production was
induced by addition of IPTG to a final concentration of 0.5 mM and continued for 4
h. After centrifugation, pellets were resuspended in 50 µL of BugBuster® (Novagen)
supplemented with 1 mM EDTA and incubated for 30 min at room temperature with
orbital shaking. Finally, 950 µL activity assay buffer with 5 mM CaCl2 was added
to each well and the Masterblock® was centrifuged for 30 min at a speed of 3,000
rpm. The activity of the SrtA variants was measured using a fluorescence-based
activity assay in 96-well black polystyrene plates (Greiner). Each well was filled with
50 µL of the cell lysate, assay buffer and internally quenched Abz-LPETG-Dap(Dnp)
substrate to a final concentration of 20 µM. The expression level of the proteins was
monitored by SDS-PAGE, as shown in the supporting information, Figure S1B. For
the measurement of activity in the absence of Ca2+ ions, 5 mM CaCl2 was exchanged
for 5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA).
For the measurement of activity at 60°C, the enzymes were pre-incubated in a water
bath at 60°C up for 90 min.
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RESULTS
Thermostability of Sortase WT and Sortase PM
For characterization of the secondary structure content and thermostability of the
purified SaSrtA ΔN59 WT and SaSrtA ΔN59 PM proteins, far UV-circular dichroism spectra
were used. It showed minima at 210 nm which are characteristic for the presence
of β-sheets. Additionally, the reversibility of unfolding was monitored by gradually
bringing samples to a temperature of 70°C with steps of 1°C/min, then cooling down
to 20°C and repeating the process; as shown in Figure 1, the unfolding and refolding
transitions were found to be superimposable, which indicates that the proteins
exhibited reversible unfolding.

5

FIGURE 1. Reversibility of protein unfolding measured by CD. Individual graphs represent the
unfolding of native (red line) and unfolding of refolded (blue line) WT (left) and PM (right).[40] The
inset figures show the CD spectra of the native (red) and refolded proteins (blue).

The SaSrtA ΔN59 WT was therefore corroborated to be a thermodynamically stable
protein, refolding after being subjected to 70°C and cooled down to 25°C. The same
behavior was observed for the SaSrtA ΔN59 PM.
Identification and selection of mutagenesis sites
Protein consensus design was performed to identify and select those amino acid
positions in the structure of the SaSrtA ∆59 WT, which could affect the thermostability
of the enzyme. In the UniProt database, 166 SrtA sequences from different
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bacteria were found. All sequences were then analyzed using the TMHMM Server;
only sequences with a proper distribution of cytoplasmic, transmembrane and
extracellular domains were used for further studies. Consequently, a total of 134
sequences were selected for the MSA. The taxonomic classification of all organisms
that carry the srtA gene is shown in Figure 2.

FIGURE 2. Organisms from which SrtA sequences were selected and used in the MSA. A. Pie chart
representing the 17 diﬀerent taxonomic families of the 134 bacterial SrtA sequences selected
from the UniProt database and analyzed using the TMHMM Server. B. Pie chart representing the
classification of 35 extremophile SrtA sequences. C. Pie chart representing the classification of
35 bacterial SrtA sequences according to the extremophile group they belong to.

The 134 selected sequences from different organisms were then classified according
to the organism’s habitat: extremophilic or mesophilic.[41] As shown in Figure 2B, the
extremophile organisms showed taxonomical diversity. Most of these organisms
were halophiles, while some were both halophilic and thermophilic, and others
solely thermophilic (Figure 2C). Based on these categories, we developed two
strategies: strategy 1 covered all 134 sequences encoding SrtA genes, while strategy
2 only covered the 35 SrtA sequences from extremophiles.
We used PROMALS3D to build the MSAs.[42] This progressive tool can be used to
accurately construct alignments using information from available 3D structures,
database homologs and predicted secondary structures.[32] For each amino acid
the conservation index, ranging from 0 to 9 with 9 indicating the highest degree of
conservation, was calculated with the AL2CO program[43] linked to the PROMALS3D
server. We used the conservation index to assess the quality of our alignment and
to select positions for the mutagenesis. The conservation index was used together
with the consensus analysis to select amino acid substitutions (Figure 3).
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FIGURE 3. Part of the consensus design analysis of strategy 2, showing the positions selected
for the mutagenesis in the SaSrtA ΔN59 WT shown in green, with orange indicating the residues in
the SaSrtA ΔN59 WT. The catalytic Cys is highlighted in red with Cys184 residue in the SaSrtA ΔN59 WT
depicted in yellow. For the consensus analysis, bold and uppercase letters represent conserved
amino acid residues; “l” aliphatic residues (I, V, L); “h” hydrophobic residues (W, F, Y, M, L, I, V, A,
C, T, H); “s” small residues (A, G, C, S, V, N, D, T, P); “+” positively charged residues (K, R, H); “t” tiny
residues (A, G, C, S).

As expected, the conservation index for the Cys residue, which is the catalytic
center of all SrtA enzymes, was the highest. Interestingly, the second highest
conservation index after analyzing the srtA sequences of extremophile organisms
was given to the amino acid residue in position 193, where all analyzed sequences
except the SaSrtA ΔN59 WT contained Arg. Some positions selected in this study had
a conservation index below 5, but here consensus outcome was used as a decisive
variable (Table 1). After analyzing the MSAs from both strategies described above,
we identified 29 non-conserved positions in the input SaSrtA ΔN59 WT sequence
(PDB structure 1T2P). More precisely, analysis of the 134 sequences selected for
strategy 1 resulted in the identification of 13 positions with non-conserved residues
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in SaSrtA ΔN59 WT (supporting information Table S2). The advantage of this strategy
was the considerable number of input sequences and high taxonomic diversity
of the analyzed sequences. Analysis of the sequences selected for strategy 2 led
to the identification of 16 positions at which SaSrtA ΔN59 WT preferred a different
amino acid compared to the consensus (supporting information Table S3). Closer
examination of the MSA from strategy 2 showed that at position 121 all analyzed
extremophile sequences showed a very strong preference for amino acids with
positively charged side chains (Figure 3). Therefore, we substituted the polar,
uncharged Thr in SaSrtA ΔN59 WT with Arg, His and Lys. Of particular interest was
position 193, since all analyzed sequences had an Arg residue at this position,
whereas in the SaSrtA ΔN59 sequence a hydrophobic Val was incorporated. We thus
decided to introduce the specific point mutations T121R, T121K, T121H and V193R
via Quikchange® mutagenesis instead of constructing libraries.
Next, we compared the results from both strategies and selected the six nonconsensus residues in SaSrtA ΔN59 WT that emerged in the MSAs from both strategies
for further studies (Table 1). Since positions 91, 113, 129 and 198 showed a high
variation in (types of) amino acids, site-saturation libraries were constructed on
these positions. At the other two positions, 144 and 155, a more specific preference
towards aliphatic amino acids was observed, and therefore these residues were
mutated into the three aliphatic amino acids Ile, Val and Leu.

TABLE 1. Non-consensus residues in SaSrtA ΔN59 WT identified by both strategies. Consensus
amino acids at positions 144 and 155 showed more specific preferences for amino acid
substitutions. The other residues listed in this table were modified into all 20 natural amino acids.
Position

Type of residue in the consensus sequence
(Strategy 1 / Strategy 2)

Modifications

P91

Hydrophobic / Hydrophobic

All possible amino acids

Q113

Hydrophobic / Small

All possible amino acids

Q129

Hydrophobic / Hydrophobic

All possible amino acids

F144

Aliphatic / Aliphatic

I, V, L

M155

Aliphatic / Aliphatic

I, V, L

K198

Hydrophobic / Tiny

All possible amino acids

Hydrophobic residues are W, F, Y, M, L, I, V, A, C, T, H; small residues are A, G, C, S, V, N, D, T, P;
aliphatic residues are I, V, L; tiny residues are A, G, C, S.
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Enzymatic activity of the mutants
After purification, SaSrtA ΔN59 WT and single mutants (Table 1) were first examined
for their enzymatic activity on the quenched substrate. The three mutants made at
position T121 were all found to be inactive. On the other hand, mutants M155V and
V193R were found to be slightly more active than the WT (Figure 4).
Next, the libraries at positions 91, 113, 129 and 198 were screened for their activity
using cell lysate (supporting information Figure S1). As a result, five potential hits,
P91T, Q113G, Q129I, Q129F and K198A, were found, which were purified and assessed
for their activity. Unfortunately, the purified mutants showed lower activities than
the WT (Figure 4). Finally, of the six mutants at positions F144 and M155, only mutant
M155V was found to have an improved activity in comparison to the WT (Figure 4).

5

FIGURE 4. Bar graph showing the residual activity of purified wild type (WT) and mutants selected
from the MSAs (n=3). The white bars represent variants emerging from both strategy 1 and 2.
The grey bars represent variants emerging from strategy 2. Variants M155V and V193R, showing
higher activity than the WT, were selected for further analysis.

Mutations M155V and V193R were then incorporated in the previously described
SaSrtA ΔN59 PM, and the activity of the resulting mutants PM155 and PM193 was
assessed at 37°C and 45°C. As shown in Figure 5, the temperature change did not
have a significant influence on the initial rate of the reaction. Interestingly, variant
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PM155 performed around 50% better than SaSrtA ΔN59 PM at either temperature
while the activity of variant PM193 was comparable to that of SaSrtA ΔN59 PM.

FIGURE 5. Bar graphs showing the residual activity the mutants compared to the wild type (WT)
(n=3). A. The enzymatic activity of single mutants M155V and V193R compared to WT, measured
at 37°C (grey bars) and 45°C (white bars). B. The enzymatic activity of the SaSrtA ΔN59 PM and PM
with incorporated single mutations (PM155 and PM193) compared to WT and measured at 37°C
(grey bars) and 45°C (white bars).

In order to assess the thermostability at a temperature higher than 45°C we
incubated the mutants for 90 min at 60°C, followed by measurement of the
enzymatic activity (Figure 6). Both single mutants were more resistant to the
increased temperature than the WT. Additionally, mutation V193R introduced into
the PM made the mutant more thermostable. Unfortunately, mutation M155V did
not have a similar effect on thermostability as V193R when introduced into the PM.
Since the catalytic function of SaSrtA ΔN59 has been described to rely on Ca2+ ions,[8,44]
we examined the activity of mutants M155V and V193R, both exhibiting higher
activity than the WT, in the presence and absence of this divalent ion. As a control
for the activity of SaSrtA ΔN59 WT and mutants in the absence of Ca2+ we used a
known Ca2+-independent SaSrtA ΔN59 mutant (E105K / E108Q, indicated as WT-Ca).[44]
As shown in Figure 7, in the absence of the allosteric activator, single mutant M155V
exhibited approximately a three-fold increase in activity in comparison to the WT.
Interestingly, mutation M155V conferred Ca2+-independence to the PM, which may
allow the use of this enzyme for in vivo conjugation reactions.
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FIGURE 6. Bar graph representing the residual enzymatic activity of the mutants after 90 min
incubation at 60°C (n=3). The activity of enzymes before the temperature treatment was set as
100% (t = 0 min).

5

FIGURE 7. Bar graph showing the enzymatic activity of selected mutants in the absence of the
Ca2+ ions (presence of EGTA) in relation to the Ca2+-independent mutant WT-Ca (n=3).
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Characterization of the thermostability
Mutants M155V, V193R, and PM155 and PM193 exhibiting enzymatic activities higher
or comparable to SaSrtA ΔN59 WT were examined for their thermostability using CD.
The reversibility of unfolding was monitored by gradually subjecting samples to
a temperature of 70°C with steps of 1°C/min, subsequently cooling down to 20°C
and repeating the process; as shown previously for WT and PM, the unfolding and
refolding transitions were found to be superimposable, which indicates that the
proteins exhibited reversible unfolding (Figure 8).

FIGURE 8. Reversibility of protein unfolding as measured by CD (n=3). Individual graphs represent
the unfolding of native (red line) and unfolding of refolded (blue line) single mutants M155V and
V193R, and PM155 and PM193.[40] The inset figures show the CD spectra of the native (red) and
refolded proteins (blue).
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The fraction folded protein was calculated from the CD measurement and the
ellipticity at 210 nm. The reversibility of the temperature-induced unfolding allowed
the estimation of thermodynamic parameters from the CD measurement using the
Van ’t Hoff equation. Slopes from the Van ’t Hoff plots, which gave R-squared values
higher than 0.9, were used for the calculation of the thermodynamic parameters
given in Table 2.
TABLE 2. Thermodynamic parameters of SaSrtA ΔN59 WT and mutants (n=3).
Protein

Tm (°C)

ΔHu
(kJ/mol)

ΔGu
(kJ/mol)

WT

59 ± 0.2

224.9 ± 1.5

4.0 ± 0.2

M155V

56 ± 1.3

259.5 ± 3.5

8.4 ± 0.4

V193R

57 ± 0.5

270.8 ± 3.1

9.7 ± 0.3

PM

57 ± 0.1

234.5 ± 0.4

6.9 ± 0.1

PM155

54 ± 0.9

181.7 ± 3.1

3.1 ± 0.2

PM193

55 ± 0.8

271.6 ± 2.7

11.1 ± 0.8

5

Although a slight decrease in Tm values of the mutants was observed, almost
all examined variants showed higher thermodynamic stability with increased
ΔHu and ΔGu compared to WT. The only combination of mutations that led to
reduced enzyme stability was found in the PM155 mutant. In contrast, the single
modification of position M155V led to an increased thermostability of the SaSrtA ΔN59
WT. Nevertheless, the most prominent modification of the SaSrtA ΔN59 WT which
increased both ∆Hu and ∆Gu was found at position V193 as a single mutation and in
combination with the PM.

DISCUSSION
An overall stabilizing effect of a protein results from the presence of stabilizing and
neutral, but also destabilizing mutations, which counterbalance each other.[45] As
previously reported, thermophilic proteins have a higher frequency of the residues
R and Y in their structures[46] as well as amino acids G, K and I[47] or G, A and V.[48] On
the other hand, amino acids N, Q, M and C are considered to bring thermolability
and are not often found in thermophilic proteins.[46,49] Nevertheless, thermal stability
of a protein is not only dependent on the occurrence of particular amino acids, but
also on the location of the residue selected for substitution as well as its interactions
with other residues.[46]
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To broaden its range of applications, a protein’s stability can be engineered,
either via the introduction of appropriate mutations or chemical modification at
the surface of the protein.[50] Currently, with the advancement of computational
techniques and DNA sequencing technologies, sequence-based approaches have
gained interest and have led to the introduction of a consensus concept to this field
of science.[27,45,51] The utility of this approach has been demonstrated by improving
the stabilities of different proteins such as endoglucanases,[52] fluorescent proteins[53]
and a maltogenic amylase.[54]
Although consensus design has been successfully applied to many proteins to
improve their stability,[50] some key factors need to be considered before using this
methodology. One of the most important aspects is the generation of an MSA. It
requires utilization of high-quality sequences with well-conserved regions, similar
length and no repetitions, which are not always available for the protein of interest.
[55]

Additionally, application of sequences belonging to different taxonomic groups

can decrease the bias towards specific taxa or species. Apart from the quality, the
number of sequences can also influence the accuracy of MSA, although an optimal
number is not established.[56,57] In other words, both the quality and the quantity
of sequences used for the generation of the MSA need to be properly selected.
Our approach to the improvement of SaSrtA’s thermostability covers more than
a hundred homologous input sequences belonging to nine families of bacteria
available. Before generating the MSA, all duplicates were removed, and sequences
were evaluated for their length.
In order to get a complete picture of SaSrtA’s stability, we calculated the Tm value,
which is most commonly used for the estimation of thermal resistance. In addition,
we determined ΔGu values, which take the difference in free energy of the folded
and unfolded species into consideration.[58,59] Here, we corroborate that the
structure of SaSrtA ΔN59 WT is thermodynamically stable and exhibits a reversible
unfolding (Figure 1). This is a great evolutionary advantage, which helps prevent
protein aggregation in unfavorable conditions.[58] We decided to engineer the
SaSrtA ΔN59 WT and the SaSrtA ΔN59 PM to potentially improve their thermostability:
detection of destabilizing mutations and their removal can lead to an increase in
thermostability.[45] We identified two thermodynamically more stable mutations,
M155V and V193R (Figure 4 and Table 2). The V193R mutation had in fact the biggest
impact on the thermostability of SaSrtA, and was found via strategy 2, for which
only extremophiles were used to build the MSA. In comparison to WT, both M155V
and V193R showed a more than twofold improved ΔGu, which could reduce the
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loss of activity over time. Indeed, mutants M155V and V193R did show a higher
residual activity after incubation at 60°C compared to WT and even PM (Figure 6).
One would expect a higher enzymatic activity at higher temperature[60]; interestingly,
the mutants (alone and in combination with the PM) did not show an increased
initial reaction rate (Figure 5). However, not all enzymes exhibit perfect MichaelisMenten kinetics.[61] Although ΔGu improved, ΔHu and Tm did not undergo a similar
improvement (Table 2); we speculate this combination could lead to an improved
stability without a further improvement in the enzymatic activity.[61]
Ca2+ is known to enhance the activity of SaSrtA.[4,33,62] Binding of the ion is coordinated
through E105, E108 and E171, residues that are remote from the active site. Ca2+
binding combined with substrate binding leads to a closed conformation, which
involves a disorder-to-order transition of the β6/β7 loop[4,63] and extensive structural
changes such as shortening of part of the loop (T156 to V161). Previously, Ca2+ independence was achieved by introducing mutations E105K and E108Q.[44] These
mutations were also introduced into the PM; though the mutants were active in
the absence of Ca2+, the activity was generally less than in the presence of the

5

allosteric activator.[8,64,65] Interestingly, we found that mutation M155V rendered the
enzyme activity in the absence of Ca2+ (Figure 7), even though M155V is located at the
C-terminal end of strand β6 lining the substrate groove and not involved with Ca2+
binding. Ca2+-independence was conferred to PM155 as well. We hypothesize that
mutations lining the substrate groove, such as M155V but also D160A and D165A in
the PM, may improve substrate binding by altering the conformation of the β6/β7
loop, thereby also changing the role for the allosteric activator.
In summary, we explored the thermodynamic stability of S. aureus SrtA, and
potential improvement thereof by means of consensus design. Consensus design
was successfully applied to identify specific residues in the SaSrtA ΔN59 WT sequence
that did not only have an impact on thermal stability, but also on enzymatic activity,
and even on Ca2+ -dependence. We therefore anticipate that variants such as
M155V and PM155 could find an application in conjugation reactions in low Ca2+
environments, and potentially be used in in vivo labeling experiments.
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Supporting information for Sortase mutants with improved protein thermostability and enzymatic activity obtained by consensus design.
Magdalena Wójcik et al.
TABLE S1. Primers used for the preparation of mutants identified using strategy 1 and 2.
Primer name

Sequence (5’-3’)

SaP91X_F1

ccggtttatccgggtndtgcaacaccggaacag

SaP91X_F2

ccggtttatccgggtvmagcaacaccggaacag

SaP91X_F3

ccggtttatccgggtatggcaacaccggaacag

SaP91X_F4

ccggtttatccgggttgggcaacaccggaacag

SaP91X_R1

ctgttccggtgttgcahnacccggataaaccgg

SaP91X_R2

ctgttccggtgttgctkbacccggataaaccgg

SaP91X_R3

ctgttccggtgttgccatacccggataaaccgg

SaP91X_R4

ctgttccggtgttgcccaacccggataaaccgg

SaQ113X_F1

gaaagcctggatgatndtaatattagcattgccgg

SaQ113X_F2

gaaagcctggatgatvmaaatattagcattgccgg

SaQ113X_R1

ccggcaatgctaatattahnatcatccaggctttc

SaQ113X_R2

ccggcaatgctaatatttkbatcatccaggctttc

SaQ129X_F1

gatcgtccgaattatndttttaccaatctgaaagcagcc

SaQ129X_F2

gatcgtccgaattatvmatttaccaatctgaaagcagcc

SaQ129X_F3

gatcgtccgaattatatgtttaccaatctgaaagcagcc

SaQ129X_F4

gatcgtccgaattattggtttaccaatctgaaagcagcc

SaQ129X_R1

ggctgctttcagattggtaaaahnataattcggacgatc

SaQ129X_R2

ggctgctttcagattggtaaatkbataattcggacgatc

SaQ129X_R3

ggctgctttcagattggtaaacatataattcggacgatc

SaQ129X_R4

ggctgctttcagattggtaaaccaataattcggacgatc

SaF144X_For

ggtagcatggtgtatnttaaagtgggtaatgaaacccgc

SaF144X_Rev

gcgggtttcattacccactttaanatacaccatgctacc

SaM155X_F1

acccgcaagtataaandtaccagcattcgtgatg

SaM155X_R1

catcacgaatgctggtahntttatacttgcgggt

SaK198X_F1

gtgtgggaaaaacgcndtatttttgtggccacc

SaK198X_F2

gtgtgggaaaaacgcvmaatttttgtggccacc

SaK198X_F3

gtgtgggaaaaacgcatgatttttgtggccacc

SaK198X_F4

gtgtgggaaaaacgctggatttttgtggccacc

SaK198X_R1

ggtggccacaaaaatahngcgtttttcccacac

SaK198X_R2

ggtggccacaaaaattkbgcgtttttcccacac

SaK198X_R3

ggtggccacaaaaatcatgcgtttttcccacac

SaK198X_R4

ggtggccacaaaaatccagcgtttttcccacac

5

97

MagdaBinnenwerk.indd 97

19/02/2020 13:54:05

CHAPTER 5

Primer name

Sequence (5’-3’)

SaT121R_For

gaatattagcattgccggtcatcgctttattgatcgtccgaattatc

SaT121R_Rev

gataattcggacgatcaataaagcgatgaccggcaatgctaatattc

SaT121K_For

gaatattagcattgccggtcataaatttattgatcgtccgaattatc

SaT121K_Rev

gataattcggacgatcaataaatttatgaccggcaatgctaatattc

SaT121H_For

gaatattagcattgccggtcatcactttattgatcgtccgaattatc

SaT121H_Rev

gataattcggacgatcaataaagtgatgaccggcaatgctaatattc

SaV193R_For

gattataacgaaaaaaccggccggtgggaaaaacgcaaaatttttg

SaV193R_Rev

caaaaattttgcgtttttcccaccggccggttttttcgttataatc

FIGURE S1. A representative example of the results of the library screening and the expression
level of the proteins A. Bar graph representing part of the screening results of the cell lysate assay
of libraries of mutants in positions 91, 113, 129 and 198. Potential hits with higher activity than
the WT were further analyzed. B. SDS-PAGE gel showing the expression level of the proteins from
the cell lysate assay. The lanes of the gel correspond to the samples in the assay.
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TABLE S2. Results of the consensus analysis for strategy 1, considering all SrtA sequences.
Position

Residue in SaSrtA sequence

Type of residue in the consensus
sequence (134 sequences)

85

E

Hydrophobic

91

P

Hydrophobic

113

Q

Hydrophobic

129

Q

Hydrophobic

135

A

Polar

144

F

Aliphatic

151

R

Hydrophobic

155

M

Aliphatic

167

G

Polar

194

W

Small

198

K

Hydrophobic

200

R

Aliphatic

201

V

Polar

5

Hydrophobic residues are W, F, Y, M, L, I, V, A, C, T, H; small residues are A, G, C, S, V, N, D, T, P;
aliphatic residues are I, V, L; tiny residues are A, G, C, S.
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TABLE S3. Results of the consensus analysis for strategy 2, considering extremophile SrtA
sequences. The two residues 121 and 193, selected for further studies, are depicted in red.
Position

Residue in Sa-SrtA
sequence

Type of residue in the consensus sequence
(extremophiles)

81

A

Aliphatic

91

P

Hydrophobic

113

Q

Small

121

T

Positively charged

129

Q

Hydrophobic

136

A

Aliphatic

144

F

Aliphatic

155

M

Aliphatic

160

D

Hydrophobic

190

K

Small

193

V

R

195

E

Aliphatic

196

K

Aliphatic

198

K

Tiny

199

I

Polar

202

A

Polar

Amino acid code: aliphatic (I,V,L), hydrophobic (W, F, Y, M, L, I, V, A, C, T, H), small (A, G, C, S, V, N,
D, T, P), positively charged (K, R, H), tiny (A, G, C, S), polar (D, E, H, K, N, Q, R, S, T).
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ABSTRACT
Over the last three decades, protein engineering has established itself as an
important tool for the development of enzymes and (therapeutic) proteins with
improved characteristics. New mutagenesis techniques and computational design
tools have greatly aided in the advancement of protein engineering. Yet, one of the
pivotal components to further advance protein engineering strategies is the highthroughput screening of variants. Compartmentalization is one of the key features
allowing miniaturization and acceleration of screening. This review focuses on novel
screening technologies applied in protein engineering, highlighting flow cytometryand microfluidics-based platforms.
Keywords: high-throughput screening; FACS-based screening platforms;
microfluidics-based screening platforms; protein engineering; in vitro
compartmentalization
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INTRODUCTION
Nature offers many different biocatalysts and (therapeutic) proteins, which usually
require alterations in order to meet criteria with regard to reaction conditions and
usage under industrial or medical circumstances. Protein engineering techniques
can aid in the evolution of properties such as activity, stability, expression, selectivity
and inhibition [1,2]. In the last few decades, much progress has been made in this
field due to advances in mutagenesis including directed evolution, semi-rational
approaches and computational methods. Nowadays, structural and mechanistic
knowledge of the protein of interest as well as bioinformatics tools are applied in
the prediction of hot spots [2]; consequently, small focused libraries are created
which can be screened in a short time [3]. Thus, significant improvements in protein
characteristics can be achieved. However, finding the best approach to generate
a mutant library is only the starting point in the roadmap to a molecule with the
optimally desired characteristics [4]. The choice of a suitable screening or selection
system is one of the most important checkpoints in the design of an experiment
[4,5]. In general, selection strategies are less labor-intensive and more efficient than
screening techniques: whole libraries of variants can be analyzed simultaneously.
Thus, the size of the library—usually 1010 –1013 variants—is not a limiting factor. In
screening strategies, each variant’s activity is determined individually; the size of

6

the library is therefore usually much smaller, though the use of robotics has made
the screening process less labor-intensive [6]. Despite the clear difference in concept
and in library size that can be tested, the words screening and selection appear to
be interchangeable in current literature.
The choice for a screening strategy is dictated by some constraints: a reliable
production host and its transformation efficiency, assay development (compounds
selection, detection limits) and the availability of analytical tools and standardized
equipment [4]. All currently available strategies, such as agar plate screens,
microtiter plate screens, cell surface display selections or screens of single (bacterial)
cells functioning as microreactors, have their advantages and disadvantages [7]. In
search for a higher throughput, compartmentalization techniques have emerged.
Inspired by nature where reactions are taking place within cells or organelles, waterin-oil droplets of the size of Escherichia coli bacteria have been developed. These
cell-like chambers brought some new advantages to screening, one of the main
benefits being the miniaturization of the reaction volume to a few microliters. As
a consequence, a higher throughput can be achieved, which means screening a
higher number of variants in a shorter amount of time [8,9]. However, reducing
reaction volumes has some limitations: the reduction is associated with physical
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restrictions in terms of evaporation and capillarity [10]. Thus, a further decrease in
reaction volume was impossible until the introduction of microfluidics technology,
which enabled the decrease of the reaction volume down to a few picoliters [9,11].
Two techniques have emerged in the field of protein engineering together with
the development of compartments: fluorescence-activated cell sorting (FACS) and
microfluidics. This review focuses on advances in the application of these methods
in the context of protein engineering, with an emphasis on applications in enzyme
engineering. Chosen for their novelty and general applicability, recent examples
from the last five years are described here to illustrate the use of high-throughput
screening technologies; these examples are summarized in Tables 1 and 2.

NATURE’S OWN COMPARTMENTS IN FACS-BASED SCREENING PLATFORMS
A prerequisite of any screening or selection method is a physical link between the
genotype and the resulting phenotype [5]; this is typically a ‘compartment’, such as
prokaryotic or eukaryotic cells. Thus, the impact of the change in the nucleic acid
sequence can be observed and characterized at the level of the expression product,
the protein [8]. Several screening and selection strategies based on nature’s own
compartments have been developed, e.g., mammalian cell display, yeast surface
display and cell-based screening; these have been combined with FACS to achieve a
higher throughput of screening [6,7]. Evolution of the protein of interest must lead to
a fluorescent signal for sorting. Fluorescent (non-)natural probes are commercially
available, although natural substrates should preferably be used to prevent false
positive results: e.g., the protein of interest could strongly bind to the non-natural
fluorescent probe or not show any improvement in activity towards its natural
substrate [12].
Display of Protein Variants on Eukaryotic Cells
Antibody display systems using phages, yeast cells or ribosomes have seen many
successes in the development of new therapeutics. However, only small antibody
fragments can be displayed; reformatting of these fragments into soluble, full-length
IgGs is not always an easy task. In addition, the selected antibody fragments may
possess either different posttranslational modifications or none at all [13, 14, 15].
To isolate and affinity mature antibodies, several mammalian display methods have
been developed, which usually rely on transient transfection of mammalian cells,
resulting in rapid protein expression. Episomal vectors can be stably transfected
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at high efficiency and maintained at low copy number; hence, multiple rounds of
selection are now possible [16]. Bowers et al. describe a generalized approach that
imitates the adaptive immune system by coupling in vitro somatic hypermutation
(SHM) with mammalian cell display [14]. In the adaptive immune system, SHM is
used to mature antibodies and generate high-affinity antibody responses through
the enzymatic activity of activation-induced cytidine deaminase (AID). This enzyme
targets DNA encoding the immunoglobulin variable domains, and preferentially
deaminates cytidine residues at hotspot motifs [17,18].
In non-B cells, SHM can be achieved by expression of recombinant AID. HEK293 cells
were stably transfected with episomal vectors expressing a library based on germline
V-gene segments with recombined human regions. A C-terminal transmembrane
domain was added to the full-length IgG1 heavy chain (HC) to anchor the antibody
on the cell surface. Antibodies were selected in two rounds against the target
antigen human β-neuronal growth factor (hβNGF). After sequencing analysis, six
unique clones were chosen for affinity maturation via SHM. Then, an additional
three rounds of sorting were performed with increasing stringency, and the best
hβNGF-binding antibody-expressing cells were selected; sequencing revealed
enriched mutations, in particular in the HC regions. The best mutant APE925 was
characterized having a KD of 25 pM [14].

6

Yeast display has been used frequently for the improvement of affinity [19]. It is
however not often applied in directed enzyme evolution. Integrating yeast display
as one of the main elements, Chen et al. developed a general method for the
evolution of bond-forming enzymes with an improved catalytic activity [20]. In this
method, an enzyme library is anchored on the yeast cell surface as a fusion to the
Aga2p cell surface mating factor. The latter is covalently bound to the Aga1p mating
factor via the S6 peptide which functions as a reactive handle. Bacillus subtilis Sfp
phosphopantetheinyl transferase enables covalent attachment of substrate 1 to the
S6 peptide. Substrate 2, conjugated to an affinity tag (e.g., biotin), is added to the
substrate 1-conjugated enzyme library displayed on yeast cells. Following incubation
with substrate 2, cells are stained with a fluorescently labeled molecule that can
bind to substrate 2’s affinity tag, enabling isolation by FACS (Figure 1).
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FIGURE 1. An overview of the yeast display system used in the evolution of bond-forming enzymes. The enzyme library is displayed on the yeast surface fused to the Aga2p mating factor.
Aga2p is bound covalently to the Aga1p mating factor. Substrate 1 is linked to the system via the
reactive handle S6. Substrate 2, which is conjugated to an affinity tag, is added to the system.
Only active library members will catalyze the reaction between substrate 1 and 2. This is followed
by the addition of a fluorescent molecule that binds to the affinity handle and screening using
FACS [20].

To validate the system, the transpeptidase sortase A (SrtA) from Staphylococcus
aureus was used. SrtA recognizes an LPXTG motif (X being any amino acid) and
cleaves the scissile amide bond between threonine and glycine using a nucleophilic
cysteine residue. The resulting acyl-enzyme intermediate is resolved with (GGG)
n

-linked molecules resulting in a fusion peptide or protein [21]. Wild type SrtA was

randomly mutated using an error prone PCR (epPCR) method and the resulting
library was displayed on the Saccharomyces cerevisiae strain ICY200. The SrtA
substrate GGGYK was covalently linked to the S6 peptide, while the second
substrate, a biotinylated peptide conjugated to an LPETG recognition motif, was
added exogenously. Incubation of the enzyme library with the substrates was
followed by addition of fluorescently labeled streptavidin to detect the biotinylated
LPETG peptide. In four rounds, the cells were screened with FACS under increasing
selection pressure; the surviving genes were subjected to DNA shuﬄing, displayed
on yeast cells and sorted again four times. After the final round, the extent of
product formation was 40-fold higher than that of wild type SrtA. One variant with
four mutations exhibited a 140-fold increase in LPETG-coupling activity (kcat /KM)
compared to the wild type, though showing a decreased GGG substrate binding
[20]. Further engineering of this variant led to the construction of the pentamutant
eSrtA which showed a 120-fold higher kcat /KM for the LPETG substrate and a 20-fold
higher KM for the GGG substrate.
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The pentamutant eSrtA from the previous study was used as a starting point in
the reprogramming of the enzyme’s substrate specificity towards the substrates
LAETG or LPESG [22]. eSrtA has a 103-fold preference for LPETG over LAETG, and
a fi ve-fold preference for LPETG over LPESG. The eSrtA gene was subjected to
chemical mutagenesis, and the library was displayed on the yeast surface, together
with the LAETG or LPESG substrate. After three rounds of screening and further
mutagenesis steps, the best variants showed a 51,000-fold change in specificity for
LAETG instead of LPETG, and a 125-fold change in specificity for LPESG instead of
LPETG. Importantly, there was no loss in catalytic efficiency compared to eSrtA [22].
Yeast endoplasmic reticulum sequestration screening (YESS) was developed as a
general, highly versatile eukaryotic system for directed evolution of proteolytic
substrate selectivity and activity [23,24]. YESS is based on the co-expression of a
tobacco etch virus protease (TEVp) mutant library as a fusion with multifunctional
sequences. These include sequences encoding yeast adhesion receptor subunit
Aga2, selection and counterselection substrates flanked by epitope tags, and an
ER retention signal. Once the ER retention sequence and respective epitope tags
are cleaved off by the protease, what remains of the (counter-) selection substrate
will migrate to the S. cerevisiae cell surface; there, it will be anchored to the cell

6

wall via Aga2, and the epitope tags can be detected by fluorescently labeled antiepitope antibodies (Figure 2). The availability of these epitope tags depends on
which substrate is cleaved. Multicolor FACS can be used to sort cells exhibiting
a characteristic fluorescence profile corresponding to the selective proteolysis
only at the desired substrate sequence. As a consequence, rare cells expressing a
protease variant capable of specifically cleaving at only the desired new sequence
are enriched. Using a counterselection substrate is key to avoiding isolating mutants
with relaxed specificity.
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FIGURE 2. Schematic overview of the yeast endoplasmic reticulum sequestration screening
(YESS) system. Both protease and substrate contain a C-terminal endoplasmic reticulum (ER)
retention sequence. Within the ER, the protease can move in close proximity to the substrate.
Depending on the specificity of the engineered protease, proteolysis of the selection substrate or
counterselection sequence takes place. This results in the removal of the ER retention sequence
and respective epitope tags located on the substrate fusion polypeptide. The remaining N-terminal portion of the polypeptide is then displayed on the yeast cell surface. Each cell is labeled with
fluorescently conjugated anti-epitope tag antibodies and screened using multicolor FACS [24].

Yi et al. validated YESS by altering the substrate specificity of TEVp using the S.
cerevisiae strain EBY100 (URA +/leu− /trp−). The protease recognizes the amino acid
sequence ENLYFQS/G [25] and will cleave between the glutamine (P1) and serine
or glycine residues. The substrate sequence was randomized at position P1
(ENLYFQ→SENLYFXS, X being any amino acid) to create a substrate library. The
natural substrate peptide ENLYFQS was used for counterselection. Four residues
at the TEVp S1 pocket were subjected to saturation mutagenesis as well. In three
consecutive rounds, 3.3 × 107 mutants were screened. Sequencing of 50 selected
clones identified 35 different mutant TEVp-substrate combinations, with TEVp
variants selectively recognizing six different amino acids at position P1. Variants
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PE3 and PH7, preferring a glutamate and a histidine, respectively, at position P1,
were selected for further evolution of the catalytic activity. Five rounds of FACS
sorting resulted in the identification of 17 clones with increased catalytic activity,
with two clones, TEV-PE10 and TEV-PH21, showing the highest activity. TEV-PE10
showed a 13-fold higher kcat /Km value for its preferred ENLYFES substrate compared
to the wild type substrate, resulting in 5,000-fold reversal of substrate specificity.
Similarly, TEV-PH21 showed a seven-fold higher kcat /Km for the ENLYFHS substrate
compared to the wild type substrate; this corresponds to an 1100-fold reversal of
substrate specificity compared to the wild type TEVp.
To demonstrate the generality of the YESS system for the directed evolution of
proteases, analogous constructs were created for hepatitis C virus protease (HCVP) and human granzyme K (GrK) in conjunction with their preferred substrate
sequences. Yeast cells displaying these constructs showed a relatively similar
fluorescence readout compared to controls lacking proteases. In addition, Yi et
al. showed that the YESS system could also be used for the detection of tyrosine
phosphorylation by human Abelson tyrosine kinase (AblTK). Promising results from
these experiments indicate that the YESS system could have a broader applicability
in directed evolution [24].

6

Prokaryotic Cytoplasmic Screening of Protein Variants
Kostallas and Samuelson used bacterial cells to develop a cytoplasmic screening
platform for the in vivo activity and solubility of proteases, as not all enzymes can
be expressed in yeast cells. In their proof-of-principle enrichment experiments,
TEVp was used [26]. In this method, E. coli DH5α cells are used for the constitutive
expression of green fluorescent protein (GFP) fused to ssrANY, and co-expression of
TEVp variants. ssrANY, an optimized variant of ssrA [27], functions as a degradation
tag which is recognized by the cytoplasmic protease ClpXP, resulting in degradation
of GFP and elimination of fluorescence [28,29]. Introduction of a protease cleavage
site between the GFP and the ssrANY genes enables selection of a substrate-specific
protease: the ssrANY-tag will be removed and, therefore, GFP will be salvaged from
degradation. The resulting fluorescence intensity correlates with protease activity
and permits cell sorting with FACS [24]. Using this system, differences in the
substrate processing efficiency of the wild type TEVp were analyzed. Two fusion
proteins, GFP-subG-ssrA NY containing the natural TEVp cleavage site ENLYFQG
and GFP-subP-ssrANY with the non-canonical ENLYFQP sequence were used. In a
proof-of-principle experiment, cells co-expressing TEVp and GFP-subG-ssrANY were
mixed with cells co-expressing TEVp and GFP-subP-ssrANY in a ratio of 1:100,000. The
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mixture was sorted in two rounds of FACS; 71% of the most fluorescent population
appeared to express the wild type substrate GFP-subG-ssrANY. This is translated into
a 69,000-fold enrichment of cells expressing the GFP-subG-ssrANY fusion compared
to the starting point [26].
To assess TEVp’s substrate specificity, three combinatorial substrate libraries
with sequences XNLXFXG, XNLXFXX and EXXYXQX (X being any amino acid) were
constructed and constitutively expressed in E. coli DH5α. The libraries were coexpressed with TEVp and fluorescent clones were collected. After two rounds of
sorting, more than 78% of the clones from all libraries showed high fluorescence
intensity. Sequencing results showed that the selected peptide substrates had
sequences identical to or having high sequence similarity with the wild type
substrate ENLYFQGS. Furthermore, no clones expressed a better proteolytic
substrate in terms of kcat /KM than the wild type substrate ENLYFQGS. Though this
method corroborates TEVp’s wild type substrate sequence, it cannot confirm the site
at which cleavage actually takes place. This could be a limiting factor for proteases
of which the substrate profile is not as well studied as for TEVp [30].
The previously mentioned FACS-based screening platforms are based on a
fluorescence signal proportional to a specific activity or affinity. Recently, a novel
FACS-based screening system for the detection of subtle differences in intracellular
metabolite concentrations was described. This ligand-mediated eGFP-expression
system (LiMEx) establishes a competitive relationship between the regulation of a
fluorescent protein by an effector molecule and the biochemical depletion of this
effector molecule by a co-expressed recombinant enzyme [31]. The fluorescence
intensity originating from the fluorescent protein can thus be used to quantify the
enzymatic activity. Cheng et al. used the regulation of arginine biosynthesis in E.
coli to validate the LiMEx system. This amino acid is synthesized from citrulline
by employing argininosuccinate synthetase (ASS) and argininosuccinate lyase
(ASL) [32]. ASS is encoded by argG, the transcription of which is regulated by the
arginine repressor (ArgR). As eGFP is under the control of the argG promoter, tight
binding of ArgR in the presence of co-repressor arginine to the argG promoter
region suppresses eGFP expression. Thus, the intracellular arginine concentration,
even in the μM range, can be correlated to eGFP fluorescence under physiological
conditions (Figure 3).
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FIGURE 3. Scheme showing the ligand-mediated eGFP-expression system (LiMEx). Regulation of a
fluorescent protein is dependent on the competitive relationship between the eﬀector molecule
and the enzymatic performance of a co-expressed recombinant enzyme. Upon high enzymatic
activity, the eﬀector is depleted, which results in expression of the fluorescent protein. In contrast,
an enzyme variant with low activity is unable to bind the eﬀector molecule, which is subsequently
intercepted by the repressor. Together with the eﬀector molecule, the repressor binds tightly to
the promoter region of the fluorescent protein and suppresses the expression of the protein.
The signal derived from the fluorescent probe is screened using FACS [31].

6

The arginine concentration can be varied by the activity of a co-expressed argininemetabolizing enzyme. To this purpose, Pseudomonas plecoglossicida arginine
deiminase (PpADI) was co-expressed in E. coli; expression of the enzyme will lead
to a decrease in the intracellular arginine concentration and a correlated increase
in eGFP fluorescence. The previously evolved PpADI mutant M21 was used as a
template for randomization by epPCR. After three rounds of directed evolution,
PpADI activity was detected in 90% of the sorted clones, with 30% of that population
showing at least a 1.5-fold improvement compared to the parent M21. The best
variant, M31, showed a 2.8-fold increase in kcat /KM compared to the parent M21,
which corresponded to a 970-fold increase in catalytic efficiency compared to the
wild type PpADI [31].
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MAN-MADE COMPARTMENTS IN FACS SCREENING PLATFORMS
As described above, maintaining a link between genotype and phenotype is naturally
ensured by compartmentalization of the library in whole cells. Nevertheless, the
use of cells significantly reduces the size of libraries that can be sampled due to
the need of transformations or transfections. Furthermore, as cell viability must
be maintained, the scope of buffers, solvents and temperatures that can be used
are limited [33]. In the last two decades, the field of cell-free directed evolution has
rapidly grown and expanded with the emergence of in vitro compartmentalization
techniques.
Emulsion-Based Compartments
The first compartments were water-in-oil droplets, formed by mixing water with a
mineral oil containing an adjuvant surfactant [8]. However, as these droplets are
not compatible with FACS-based screening, it is necessary to cover the continuous
oil phase with an external aqueous phase. The resulting water-in-oil-in-water
compartments or double emulsions are compatible with flow cytometry, thus
broadening the applicability of emulsion-based compartments [34].
Ostafe et al. developed an assay for the detection of cellulase-based decomposition
into soluble sugars. The so-called ViPer assay (Figure 4A) is based on the indirect
measurement of the reduction of sugars [12,35]. Cellulases convert cellulosic
substrates into glucose monomers or polymers. These in turn are converted by
hexose oxidase to produce hydrogen peroxide; the latter is used by vanadium
bromoperoxidase (VBrPOx) in the conversion of aminophenyl fluorescein (APF)
into fluorescein. The accumulation of fluorescein is thus a measure of the cellulase
activity and can be used to sort cells [12]. Only the cellulases are expressed in S.
cerevisiae; the cells are in vitro compartmentalized together with all other necessary
enzymes and substrates.
In proof-of-principle experiments, this assay was used to enrich S. cerevisiae YPH500
cells expressing Cel5A cellulase from a mixture of 5% cellulase-positive cells and
95% cellulase-negative S. cerevisiae YPH500 cells transformed with the empty vector.
The cells were emulsified together with all other components required for the assay
in double emulsions. After one round of selection, cells expressing Cel5A showed
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accumulation of fluorescein in the droplets and could be sorted resulting in a 12fold enrichment of positive cells. Although this system has only been validated in
proof-of-principle experiments, it could be used to sort cellulase libraries in search
of more active variants [12].
The so-called ProFC-IVC technique (Figure 4A) was developed as a screening system
to evolve proteases with increased resistance to inhibitors [36]. Here, Bacillus subtilis
WB800N cells are compartmentalized in water-in-oil-in-water droplets. As this strain
is deficient in extracellular proteases, cells will only express and secrete the protease
of interest while background signals are kept to a minimum [36]. Both cells and
substrate, a rhodamine 110-containing peptide, are entrapped in a double emulsion
in the presence of the inhibitor antipain dihydrochloride [36]. The secreted protease
of interest then converts a soluble substrate into a fluorescent product; thus, the
protease activity is correlated with the fluorescence intensity.
As proof of principle, the model protease subtilisin Carlsberg (SC) was subjected to
epPCR. Cells expressing SC variants were encapsulated with the inhibitor antipain
dihydrochloride and the peptide substrate bis(suc-AAPF)-rhodamine110; due to
the negative charge of the succinyl group, the substrate was retained within the

6

emulsion droplets. The library, containing ~105 variants, was screened in three
rounds of FACS to identify variants with increased resistance towards the antipain
dihydrochloride inhibitor. After the final round, the library could be enriched
approximately 12-fold compared to the unsorted library. A small fraction of the
sorted cells was analyzed for their protease activity. One clone exhibited a 160%
increase in residual activity in the presence of the inhibitor compared to the wild
type, despite a reduced absolute activity [36]. This system can likely be modified to
select for other properties (e.g., thermostability, altered pH profile or ionic strength
resistance) or to evolve other proteases.
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FIGURE 4. Schemes showing the emulsion-based compartments. Scheme (A) gives a general
overview of the ViPer [12,35] and the ProFC-IVC [36] methods. Enzyme-secreting cells are encapsulated together with the substrate into double emulsions. The reaction between the secreted
enzyme and the substrate results in the formation of a fluorescent product.

The signal is measured using FACS. Scheme (B) represents a novel liposome display
system [37]. In this cell-free translation system, DNA encoding a membrane
protein of interest is encapsulated in a cell-sized phospholipid vesicle together
with a HaloTag protein. After the membrane protein’s expression and formation
of pores, small molecules—ligands conjugated to a fluorophore—are able to enter
the liposome and react with the HaloTag protein. The transporter activity of the
membrane protein is correlated with the fluorescence signal, which is measured
using FACS.
To extend compartmentalization techniques to the directed evolution of membrane
proteins, Fujii et al. developed a novel liposome display system (Figure 4B) [37].
Liposome display enables evolution of membrane proteins based on their
transporter activity. In a cell-free translation system, DNA encoding the membrane
protein of interest and a HaloTag protein are mixed. The mixture is encapsulated in
liposomes in such a way that each liposome contains a single DNA molecule. The
membrane protein is expressed in vitro in the lipid bilayer of cell-sized, unilamellar
liposome [38,39].
Proof of concept experiments were carried out using the pore-forming α-hemolysin
(AH) from S. aureus. The AH gene was randomly mutated by epPCR and variants
were selected for improved pore-forming activity. Within the liposome, AH was
expressed as monomers in the aqueous phase. The water-soluble monomers
spontaneously integrated into the lipid bilayer, where they associated into
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heptamers. Consequently, pores were formed, which enabled molecules with a
molecular weight smaller than 3 kDa to enter the liposome [40]. For the detection of
the pore-forming activity of α-hemolysin, a HaloTag ligand conjugated to AlexaFluor
488 (AF488) was added to the outer solution. The ligand could only cross the lipid
bilayer via the AH-formed nanopores; in the liposome, the ligand covalently bound
to the HaloTagged protein. Accumulation of AF488 fluorescence was therefore
indicative of a greater number of pores formed and thus a higher AH activity. The
top 1% population showing the highest fluorescence was sorted; after 20 rounds
of selection, a mutant was identified that showed a 30-fold higher pore-forming
activity compared to the wild type.
This method can potentially be applied to a variety of membrane proteins that
have been integrated successfully into lipid-bilayer membranes (e.g., Fo-a subunit
of F1Fo-ATP synthase [41], (1,3)-β- d -glucan (curdlan) synthase (CrdS) [42] or a
multidrug transporter (emrE) [43]). Furthermore, liposome display is compatible
with multimeric proteins, thus enabling the selection of homo- and heterooligomeric
proteins [37].

6

Polymer-Based Platforms
Artificial compartments can also be created using polymers. Polymer-based
compartments are highly permeable and biocompatible. They are built from scratch
in a stepwise manner either by means of a polyelectrolyte multilayer assembly [44]
or a “self-encapsulation” radical reaction process [45] (Figure 5). In the first system,
the polyelectrolyte multilayer technology takes advantage of opposing electrostatic
charges of the polymers (e.g., anionic alginate, cationic chitosan). When this layerby-layer (LbL) assembly process is finished, the innermost layer—the template of
the established compartment—is removed. Remaining layers enveloping the hollow
structure of the capsule function as a multilayer scaffold [44]. This approach has
already been successfully used for the encapsulation of yeast and bacterial cells
[46, 47, 48]. In the “self-encapsulation” method, the capsule is produced by means
of a free radical polymerization of poly(ethylene glycol) acrylate. The polymerization
reaction is triggered by hydroxyl radicals, products of a Fenton reaction between
hydrogen peroxide and Fe2+ ions [49].
The advantage of the polymer-based compartments over water-in-oil emulsions is
their high stability in aqueous solutions; this allows them to be analysed by standard
FACS equipment directly. In addition, polyelectrolytes can withstand more extreme
conditions than emulsion-based droplets. Finally, the semipermeable nature of
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the polymer-based compartments makes them suitable for multistep processes,
in which the exchange of different reaction components needs to be adjustable in
comparison to emulsion-based droplets [48].

FIGURE 5. Principle of polymer-based platforms. (A) The fur shell method relies on the coupled
reactions of two enzymes in which d -δ-gluconolactone is produced. The latter is a substrate in
the Fenton reaction, which leads to the production of hydroxyl radicals, needed in the co-polymerization of poly(ethylene glycol)-diacrylate (PEG-diacrylate) and Polyfluor 570 [45,50]; (B) In
CHESS, the polymers are assembled in a layer-by-layer manner.

Each cell is subjected to the deposition of alternating layers of oppositely charged
polymers [51,52]; and (C) Gel-shell beads are produced with the help of a microfluidic
device. Water-in-oil droplets, containing agarose and a polyanion, are formed. With
a decrease in temperature to 4 °C, agarose gelates within the water droplet. To
decrease the molecular weight cut-off, the beads are de-emulsified in the presence
of a polycation. Driven by the opposite charges, the polyanion and polycation form
a shell bead that encloses any compounds of the reaction [48].
The so-called fur-shell screening platform was developed as a generally applicable
screening system for hydrolase activity [45]. In this method, an enzyme reaction of a
glucose oxidase coupled with an active hydrolase leads to hydrogel shell formation
and co-polymerization of fluorescent methacryloxyethyl thiocarbamoyl rhodamine
B monomer (Polyfluor 570) around E. coli cells; the resulting shell resembles a fur
and is fluorescent, which makes this technique compatible with FACS [45,50].
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This method was used to improve the catalytic activity of Yersinia mollaretti phytase
(YmPh) towards the non-natural substrate 4-methylumbelliferyl phosphate (4-MUP).
An epPCR mutant library of YmPh was expressed in E. coli BL21(DE3) LacIQ1 cells.
YmPh-catalyzed hydrolysis of glucose-6-phosphate led to the formation of β- d glucose, which was oxidized by glucose oxidase oxidized to δ-gluconolactone under
formation of hydrogen peroxide. Via the Fenton reaction, co-polymerization of the
PEG-acrylate monomer with fluorescent Polyfluor 570 was triggered, thus forming
a PEG-Polyfluor 570 hydrogel shell. As only cells containing active YmPh variants
showed hydrogel formation and therefore fluorescence, a cell mixture containing
40% active variants could be enriched to 89% active variants in a single round of
screening [45,50]. For further characterization, the 10% YmPh variants showing
the highest fluorescence were collected and their activity was determined using a
microtiter-based activity assay using 4-MUP. An increased activity was detected for
11 YmPh variants, of which the best variant showed a 31% increase in kcat towards
4-MUP compared to the wild type. In addition, this mutant also showed a 5%
increase in kcat for the natural substrate phytic acid in comparison with wild type
YmPh [45].
Recently, Lülsdorf et al. showed that the fur-shell technology is also applicable to

6

other hydrolases. They used Bacillus licheniformis p-nitrobenzyl esterase (pNBEBL),
Bacillus subtilis lipase A (BSLA) and a cellulase from a metagenome library (CelA2).
pNBEBL and BSLA hydrolyzed β- d -(+)-glucose pentaacetate, whereas CelA2
converted the β-d-cellobioside 4-MUC. After a single round of directed evolution, the
kcat of the best pNBEBL mutant towards β- d -(+)-glucose pentaacetate was increased
seven-fold compared to the wild type. A BSLA variant was identified showing a 1.3fold increased kcat towards the screening substrate p-nitrophenyl acetate (pNPA)
compared to the wild type. Finally, the catalytic activity of CelA2 was improved as
well: the kcat towards the β- d -cellobioside (4-MUC) substrate was enhanced by 1.9fold compared to the wild type [50].
CHESS was originally developed to increase the thermostability and detergent
stability of G-protein coupled receptors (GPCRs) to facilitate crystallization. Single
E. coli DH5α cells expressing the protein of interest are encapsulated by layers of
the oppositely charged polymers chitosan and alginate [47,51]. The cell membrane
is solubilized leaving only the capsule as a semipermeable barrier between cell
components and the environment. The main advantage of the barrier is that small
molecules such as fluorescent substrates and ligands can diffuse into the capsules
whereas large proteins and the genetic information are retained: the molecular
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weight cut-off is 70 kDa. Therefore, a protein of interest smaller than 70 kDa needs
to be expressed as a fusion protein, e.g., partnering with GFP or MBP molecules.
Importantly, CHESS capsules are only stable in the range of pH 6–9: below pH 6 the
capsules will aggregate, above pH 9 the capsules will dissolve [52].
CHESS was first applied to the rat neurotensin receptor (NTS1); the randomized
mutant library StEPM303 [53] expressed in E. coli DH5α cells was encapsulated
with alginate and chitosan, and subjected to a mixture of detergents. Next, the
capsules were incubated with the fluorescent ligand BODIPY-FL-labeled neurotensin
8–13 (FL-NT), after which they were screened for expression of the membrane
protein using FACS. In each of the three screening rounds, the top 0.5%–1% of the
fluorescent capsules were collected. Finally, DNA from 20,000 collected capsules was
recovered and analyzed for the ability of selected variants to bind FL-NT in n-heptylβ- d -thioglucopyranoside (HTG). The best mutant NTS1-H4 showed an increase in
thermostability of 21.6 °C for the bound and 26.8 °C for the apo state compared to
the wild-type NTS1 [54].
CHESS has also been applied to soluble proteins, shown by optimization of the
detergent stability and thermostability of superfolder green fluorescent protein
(sfGFP). An epPCR library of 1.2 million sfGFP mutants fused to MBP was expressed
in E. coli DH5α and encapsulated in chitosan and alginate. Before FACS screening the
capsules were heated at 60 °C. The 1% capsules showing the highest fluorescence
were collected, and DNA extracted from these capsules was subjected to two more
rounds of screening with increasing temperatures for each round. Two mutants were
identified: the very stable GFP (vsGFP) showed an increase in melting temperature
of 12.9 °C in 2% (w/v) SDS over the wild type, while the ultra-stable GFP (usGFP)
exhibited even a 19.3 °C improvement in 2% (w/v) SDS [52].
The gel-shell bead (GSB) approach also makes use of LbL technology for
compartmentalization [48]. For the generation of GSBs, single E. coli BL21(DE3) cells
expressing the protein of interest are compartmentalized in water-in-oil emulsion
droplets using a microfluidics droplet generator. One aqueous stream contains the
cells, liquid agarose and alginate; the aqueous stream is then mixed with a cell
lysis reagent and a fluorescent substrate for catalysis. The catalytic reaction can be
precisely controlled and is stopped by heat inactivation of the enzyme followed by
cooling to 4 °C to solidify the agarose, thus forming a gel bead. Since gel beads have
a ~250 kDa cut-off, an additional layer or shell is needed to maintain a link between
genotype and phenotype. The additional shell around the gel beads reduces the
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molecular weight cut-off to ≤2 kDa and therefore guarantees the retention of DNA,
protein and fluorescent product within the gel-shell beads. After sorting by FACS,
genes of improved variants can be recovered by increasing the pH to 12 to disrupt
the beads [48]. GSBs can also be recovered after use, offering the advantages of
immobilized enzymes, though without having to express, purify and immobilize
the enzymes. In comparison to the CHESS capsules described previously, GSBs are
not only stable at high temperatures (up to 95 °C) and in the presence of organic
solvents, but at pH values between 2 and 11 as well. However, microfluidic devices
are needed for the generation of GSBs whereas CHESS capsules can easily be formed
using standard laboratory equipment.
GSBs were first applied in the improvement of a phosphotriesterase (PTE) from
Pseudomonas diminuta towards its native substrate, the pesticide paraoxon.
Fischlechner et al. created an epPCR library of 5 × 105 clones. After a single round of
screening followed by an analysis in a 96-well plate for the turnover of the pesticide
paraoxon, the best mutant PTEF9 was selected: it exhibited an eight-fold improved
kcat /Km for the pesticide paraoxon compared to the parent PTER8 [48].

6

TABLE 1. FACS-based screening platforms described in this review.
Protein

Experiment

Compartment

Result

Throughput
(Events/s)

Nature’s own compartments
Antibodies
(IgG) [14]

Selection
and affinity
maturation

Whole cells,
mammalian
display

Improvement in
binding affinity
towards human
cytokine (hβNGF)

ND

Staphylococcus
aureus sortase
A (SrtA) [20]

Mutagenesis
(epPCR, DNA
shuﬄing and
saturation
mutagenesis)

Whole cells,
yeast display

140-fold
improvement in
LPETG-coupling
activity

ND

S. aureus SrtA
mutant (eSrtA
[20]) [22]

Mutagenesis
(epPCR, DNA
shuﬄing and
saturation
mutagenesis)

Whole cells,
yeast display

51,000-fold change
in specificity for
LAETG instead of
LPETG and a 125-fold
change in specificity
for LPESG instead of
LPETG

ND

Tobacco Etch
Virus protease
(TEVp) [24]

Mutagenesis
via epPCR

Whole cells,
yeast display

1100–5000-fold
reversed substrate
specificity

~2 × 108 cells
screened
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TABLE 1. Continued.
Experiment

Compartment

Result

Throughput
(Events/s)

TEVp [26]

Enrichment

Whole cells,
intracellular
expression

69,000-fold
enrichment for
variants recognizing
the
natural substrate

300

TEVp [30]

Site-directed
mutagenesis

Whole cells,
intracellular
expression

Substrate profiling

300

Pseudomonas
plecoglossicida
arginine
deiminase
(PpADI) [31]

Mutagenesis
(epPCR)

Whole cells,
intracellular
expression

2.8-fold increase in
kcat /KM in comparison
to the parent PpADI
mutant M21

5000

Protein

Man-made compartments (emulsion-based)

Enrichment

Whole cells,
double
emulsion
droplets

12-fold enrichment
of active variants
form a mixture
containing 5% cells
expressing cellulase

8000 to 20,000

Subtilisin
Carlsberg (SC)
[36]

Mutagenesis
(epPCR)

Whole cells,
double
emulsion
droplets

160% increase
in resistance
towards antipain
dihydrochloride

8000

α-Hemolysin
[37]

Mutagenesis
(epPCR)

Cell-free,
liposome
display

30-fold higher poreforming activity

ND

Cellulase
Cel5A [12]

Man-made compartments (polymer-based)
Yersinia
mollaretii
phytase
(YmPh) [45]
p-nitrobenzyl
esterase
(Bacillus
licheniformis);
lipase A
(Bacillus
subtilis);
cellulase
(CelA2)
(metagenome
library [55])
[50]

Mutagenesis
(epPCR)

Mutagenesis
(epPCR)

Whole cells ,
fur-shell

97 U mg−1 higher
specific activity
towards
4-methylumbelliferylphosphate
(4-MUP)

5000

Whole cells,
fur-shell

7-fold increase in
kcat towards pNPA;
1.3-fold increase
in kcat towards
β- d -(+)-glucose
pentaacetate;
1.9-fold increase
in kcat towards
4-methylumbelliferylβ- d -cellobioside,
respectively

5000
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TABLE 1. Continued.
Protein

Experiment

Compartment

Result

Throughput
(Events/s)

G-protein
coupled
receptors
(GPCRs) [54]

Mutagenesis
(StEP,
Slonomics®
technology
[55],
Martinsried,
Germany)

Whole cells,
CHESS

~26.8 °C increase in
thermostability of
NTS1

8000

sfGFP [52]

Mutagensis
(epPCR)

Whole cells,
CHESS

~19 °C increase in
thermostability in 2%
(w/v) SDS

8000

Cell lysate,
GSBs

19-fold increase in
kcat /Km towards
tetraethyl-Ofluorescein
diphosphate

~2800

Pseudomonas
diminuta
phosphotriesterase
[48]

Mutagenesis
(epPCR)

ND indicates the throughput has not been determined or stated.

6

MICROFLUIDICS SCREENING PLATFORMS
Despite a significant extension of the versatility of conventional FACS by application
of different compartmentalization systems, FACS-based screening platforms still
face some limitations. The main problem is that the compartments cannot be formed
and manipulated (e.g., droplet fusion, fission, or mixing) within the experiment
in a controlled manner [56]. This leads to the formation of highly polydisperse
compartments or to polymer aggregation. Consequently, compartments of different
sizes carrying proteins with the same activity can lead to incomparable assay
outcomes [57,58]. In addition, bulk emulsion droplets are hard to manipulate: it is
very difficult and sometimes even impossible to add new reagents to pre-formed
droplets at defined times [9,59].
To overcome the limitations mentioned above and to increase the throughput
of screening platforms, new, faster and more economical approaches are being
investigated. Microfluidics enable droplet manipulation, incubation and sorting
all in one system [60]. Different droplet-based microfluidic modules have been
developed, which can control the formation of highly monodisperse single [61] and
double emulsions [62] (Figure 6). Other modules can measure reaction kinetics in
microfluidic systems [63] and sort droplets [64] (Figure 7). Additionally, methods
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for the delivery of fluorogenic substrates into the droplets have emerged; adding a
substrate into the stream carrying an enzyme is usually done prior to microdroplet
formation [65,66]. Fluorogenic substrates can also be injected or fused with a preformed droplet at a defined time, depending on the kinetics of the enzymatic
reaction. This enables adjustment of the reaction’s incubation time prior to selection
[59,67,68].

FIGURE 6. Representation of a droplet generator module of a microfluidic screening platform.
Aqueous stream 1 contains the fluorogenic substrate which can be supplemented with lysis
reagents. The stream is combined with aqueous stream 2, which carries a suspension of cells
displaying, expressing or secreting the protein of interest and variants thereof, or a PCR mixture
(in vitro systems). The water-in-oil droplets are formed at a flow-focusing junction and move into
an incubation line. Droplets carrying active variants are shown in green. The incubation line is
either directly connected to the next module of the platform (sorting module, FIGURE 6) or it is
intersected with an additional module—the droplet fusion device (not depicted)—which enables
modification of preformed droplets [59,64,65,68,69,70].

Nevertheless, microfluidic platforms pose a technical challenge [57]. To build
microfluidic devices, specialized and non-standard equipment is needed. Therefore,
FACS-based screening methodologies using standard equipment are still favored.
However, commercial microfluidic devices, in particular microfluidics-based modules
for droplet formation, are becoming more easily available [71]. These modules can
be used for the formation of single and double emulsions [72], and GSBs [48]. As
double emulsions and GSBs are compatible with standard cell sorters, a pipeline can
be created from the creation of capsules using microfluidic devices to the analysis;
this will enable high-throughput screening of libraries for directed evolution [59,68].
An overview of screening platforms based on compartmentalization by microfluidics
is given in Table 2.
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FIGURE 7. Representation of a droplet sorting module of microfluidic screening platform. The
module consists of a sorting junction controlled by a fluorescence detector and electric field
applied across two electrodes. Each of the generated emulsion-based droplets is examined
with respect to its fluorescence. The presence of fluorescence (green droplets) activates the
alternating current (AC) electrodes, which results in the formation of the electric field. Once
droplets come into contact with the electric field, the dielectrophoretic activity of the droplets
is triggered: they will become polarized. Consequently, the polarized droplets can move in two
directions at the junction. If dielectric constant of a droplet is higher than the conductivity of
the electric current, the droplets will move in the direction of the increasing electric field (+). In
contrast, if the dielectric constant of a droplet is lower, the droplets move away from high field
regions (−) [59,64,65,68,69,70].

6

The first successful microfluidic-based screening application in directed enzyme
evolution was designed for the selection of improved catalysis of horseradish
peroxidase (HRP) towards Amplex Ultrared (AUR) [65]. In this method, an HRP
mutant library is displayed on the yeast cell surface. The yeast cells enter the first
microfluidics module via one stream, where they are combined with a second stream
carrying the fluorogenic substrate AUR. Upon mixing of these two streams, picolitervolume aqueous drops are formed at a flow-focusing junction in fluorocarbon
oil. Next, the drops are pooled in an incubation line, which is connected to the
screening module. There, the droplets are dielectrophoretically sorted according to
the fluorescence signal of the reaction product, which is retained within the droplet.
Two generations of horseradish peroxidase variants were analyzed. In the
first generation, two types of libraries were created by epPCR and site-specific
mutagenesis, each containing >107 mutants of the HRP gene. Four sorting rounds
of the first generation of both libraries gave a ~2 times increase in the mutants’
catalytic efficiency towards the substrate AUR. The 18 best variants were further
randomized to create a second generation of the HRP mutants. From a pool of 107
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variants, the 5%–10% droplets with the highest fluorescence were sorted; the 13
best mutants after five rounds of screening all showed a significant improvement
in kcat /KM with the best mutant showing a seven-fold increase over the wild type
HRP. In comparison to robotic microtiter plate screening methods, the microfluidic
droplet-based approach proved to be 1000-fold faster in the screening of a mutant
library [65].
Hollfelder and co-workers extended the microfluidics system described above
to a bacterial cytoplasmic expression system at a picoliter scale [66]. In the first
microfluidic device, an aqueous suspension of bacterial cells expressing the
enzyme of interest is mixed together with a second aqueous stream at a flowfocusing junction. The second stream not only carries a substrate for PAS, but is
also supplemented with cell lysis reagents. After mixing of both streams followed
by droplet formation, E. coli cells are lysed and protein variants are released into the
droplet; during off-chip incubation, active enzyme variants convert the substrate
into a fluorescent product. Then, droplets are injected into the second microfluidic
device, where they are sorted dielectrophoretically based on their fluorescence
signal.
Directed evolution was applied to increase the promiscuous hydrolytic activity
of the arylsulfatase from Pseudomonas aeruginosa (PAS) towards the non-native
substrate phosphonate. A PAS mutant library was expressed in the cytoplasm of
E. coli BL21(DE3) cells. After three rounds of sorting in which the top 4% brightest
droplets were collected, 500 mutants were further analyzed for their promiscuous
activity. The best mutant showed a six-fold improved hydrolytic activity (kcat /KM)
towards the non‑native substrate phosphonate compared to the wild type PAS.
This method proved to be a 100 times faster than advanced robotic microtiter platebased screening systems [66].
In another approach proposed by Romero et al. the characterization of a library of
enzyme variants was done by means of fluorescence-based activity assay followed
by deep mutational scanning [71].
In this method single E. coli BL21(DE3) cells expressing a library of enzyme variants
are combined with a substrate and the lysis reagents in the microdroplets using
a microfluidic co-flow droplet generator. After an off-line incubation, droplets are
injected into a microfluidic sorter, where they are analyzed based on the level of the
fluorescence. Selective electrocoalescence is used to separate 3.4% of positive drops
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that exceeded the threshold of 0.2 fluorescence [73]. Next-generation sequencing
data obtained from a sorted and an unsorted library are used for the statistical
analysis of the frequency of mutations that are found in analyzed variants [74].
Deep mutational scanning is a very powerful and promising approach that can
help to explore the protein fitness landscape by answering fundamental questions
on the dependence of the protein’s function on mutations [75]. This approach
was used to map the activity of 10 million epPCR variants of β-glucosidase (Bgl3)
from Streptomyces sp. [71]. In this method, E. coli BL21(DE3) cells expressing the
library were analyzed for their activity towards the substrate fluorescein di-(β- d glucopyranoside). The droplets were collected and incubated off-chip, after which
the droplets were injected into the microfluidic sorting device where they were
screened for fluorescence emission. Prior to sorting, 35% of the library members
were found to be functional, whereas, after sorting, the fraction of functional
variants had increased to 98%. Genes recovered from the active droplets were
subjected to sequencing analysis to enable high-throughput sequence-function
mapping. As a result of statistical analyses, a large decrease in the mutation
frequency was observed for the sorted library when compared with the results
obtained for the unsorted library carrying active and inactive variants. This suggests
that mutations that were not found in the sorted library were unfavorable for the
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proper function of the enzyme. The less tolerant the residue was to mutation, the
more that position denoted its functional importance.
Furthermore, to demonstrate the versatility of this platform, the same screening
experiment was conducted under altered conditions: droplets carrying Bgl3 variants
were subjected to a 10-minute heat challenge at 65 °C to improve the enzyme’s
thermostability. After a sorting step, 20% of the initial population still showed
enzymatic activity. The highest impact on the enzyme’s thermostability reached a
5.3 °C higher tolerance [71].
The microfluidics platforms described so far make use of bacterial or yeast cells
as DNA library carriers. Cell-free systems overcome limitations associated with
the use of in vivo expression systems [76]. A completely in vitro screening system
has been developed and its applicability in protein engineering experiments
has been demonstrated by means of an enrichment experiment for the enzyme
β-galactosidase [68]. Here, the lacZ gene and lacZmut genes encoding inactive
enzyme variants were amplified by PCR and mixed into monodisperse droplets.
These droplets were fused with droplets carrying purified in vitro transcription
and translation (IVTT) components, supplemented with the fluorogenic substrate
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fluorescein-di-β-d-galactopyranoside (FDG). During a 2 h off-chip incubation, the lacZ
and the lacZmut genes were transcribed and translated, and droplets carrying the
active β-galactosidase converted the substrate FDG to galactose and fluorescein.
After injection into the sorting device, the droplets were sorted by fluorescenceactivated electrocoalescence (2000 droplets/s), allowing for a direct recovery of
DNA from the aqueous stream [68]. As a result, lacZ genes encoding an active
β-galactosidase could be enriched 502-fold from a 1:100 molar ratio mixture of lacZ
to lacZmut genes. This droplet-based system enabled a reduction of the volume of
reagents by ~78,000-fold and an increase in sorting speed up to 2000 droplets/s.
Consequently, this system turned out to be 100,000-fold more economical when
compared to microtiter plate‑based systems. With a still 10-fold lower sorting rate,
the described microfluidic system compensates for this by being more quantitative
and flexible than FACS methods based on double emulsions.
Recently, microfluidic devices were used for the enhancement of production hosts
of industrial enzymes: a yeast cell library was screened for an improved homologous
production of secreted α-amylase [69]. Yeast strain MH34 was subjected to irradiation
with UV light, thus randomly introducing mutations throughout the whole genome.
Next, each cell was encapsulated in emulsion droplets together with the substrate
starch conjugated with the internally quenched BODIPY fluorophore. During the 3
h off-chip incubation, the enzyme was produced and secreted into the emulsion
droplet. While the starch substrate was converted, the BODIPY fluorophores became
gradually unquenched. The generated emulsion containing converted substrate was
injected into a separate sorter circuit. Each droplet was screened and sorted based
on its fluorescence value. Only the droplets that exceeded the threshold value of the
top 0.72% most fluorescent population were qualified as active and collected. Cells
from the sorted population showed on average a 63% higher enzyme production
and a 35% higher product yield compared to the unsorted library. Sixty individual
clones were selected for further characterization. In addition to a higher growth
rate, the best clone showed twice the α-amylase production of the mother strain.
The application of a droplet-based microfluidic system instead of a commonly used
automated microtiter plate screening system enabled the analysis of about 3 ×
106 droplets at a rate of 323 droplets/s, an over 300 times higher throughput. This
method could have a significant industrial value, not only because of the higher
rate of library screening but also because of the million-fold reduction of reagent
consumption [69].
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The application of a droplet-based microfluidics platform for metagenomic
studies was demonstrated by the enrichment of cellulolytic microorganisms from
environmental samples [77]. Cellulases are a mixture of endoglucanases and
exoglucanases or cellobiohydrolases working synergistically together; they can
efficiently hydrolyze cellulosic biomass into fermentable sugars, which are used for
the production of valuable biofuel. Najah et al. screened a soil sample from a wheat
stubble field for cellobiohydrolase activity. Bacteria were directly extracted from
the soil sample and compartmentalized in water-in-oil droplets using a microfluidic
drop-maker device. Each droplet contained a fluorogenic cellobiohydrolase
substrate, β- d -cellobioside-6,8-difluoro-7-hydroxycoumarin-4-methanesulfonate
[77]. The generated emulsions were incubated off-chip for 24 h at 30 °C. Next, they
were injected into a fluorescence-activated droplet sorting device. The enzymatic
activity in each droplet was assessed by the fluorescence obtained from the product
of the hydrolysis reaction, sorting the 2% droplets with the highest fluorescence.
The cellulase activity of the selected bacterial population was also assessed using
a microtiter plate growth assay containing sodium β- d -cellobioside-6,8-difluoro7-hydroxycoumarin-4-methanesulfonate. Both methods enabled the discovery of
a diverse population of cellulolytic bacteria directly from soil. Nevertheless, the
droplet-based method resulted in the selection of a higher cellobiohydrolase activity

6

compared to the plate growth assay: this population exhibited a 17-fold higher
exoglucanase activity as well as a seven-fold endogluconase activity, the latter being
important in the collective reaction of cellulose hydrolysis. A metagenomics screen
revealed a difference in the taxonomic diversity obtained after screening: after
the microfluidic screening, Paenibacillaceae and Paenibacillus species were most
abundant, whereas after the microtiter-based method, the Bacillaceae species was
predominantly found. All in all, the use of the droplet-based microfluidic system
enabled the screening of 100,000 bacteria in less than 20 minutes. The use of a
state-of-the-art robotic microtiter plate screening system would still require more
than three days to screen the same number of microorganisms. In addition, the
reagent volume and costs were ca. 250,000-fold lower for the microfluidics system
[78,79].
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TABLE 2. Microfluidics-based screening platforms described in this review.
Protein

Experiment

Compartment

Result

Throughput
(Events/s)

Horse radish
peroxidase [65]

Mutagenesis
(epPCR and
saturation
mutagenesis)

Yeast display,
drop-based
microfluidic
system

7-fold increase
in catalytic
efficiency
towards Amplex
Ultrared (AUR)

2000

Mutagenesis
(epPCR)

Cell lysate, dropbased microfluidic
system

6-fold increase
in promiscuous
hydrolytic
activity towards
the nonnative
substrate
phosphonate

926

Mutagenesis
(epPCR)

Cell lysate, dropbased microfluidic
system combined
with highthroughput DNA
sequencing

5.3 °C increase in
thermostability

>100

β-galactosidase
[68]

Enrichment

In vitro
transcription and
translation, dropbased microfluidic
system

502-fold
enrichment of
positive variants
from a mixture
of active and
inactive variants

2000

Yeast strain
MH34αamylase [69]

Mutagenesis
(UV irradiation)

Whole cells, dropbased
microfluidic
system

2-fold increase
in α-amylase
production

323

Whole cells, dropbased
microfluidic
system

Identification of
microorganisms
with 17fold higher
cellobiohydrolase
activity and
7-fold higher
endogluconase
activity

6667

Pseudomonas
aeruginosa
arylsulfatase
[66]

Streptomyces
sp.
β-glucosidase
[71]

Cellulases for
the hydrolysis
of cellulosic
biomass [79]

Metagenomics
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FUTURE PERSPECTIVES
The continuous evolution of protein engineering strategies is leading to faster and
a more specific development of valuable (therapeutic) proteins and, in particular,
enzymes [80,81]. Apart from directed evolution methods used in the techniques
described in this review, it is important to mention that rational approaches are
also increasing in power [82,83]. No matter which method is used or how smart
the library is, the identification of desirable variants can still be challenging and
time-consuming. Thus, there is an obvious need for flexible and fast screening
methods. A general direction observed in the strategies for library screening is the
miniaturization of reaction volumes. As such, screening technologies are taken to
the level of natural compartments—typical bacterial cells have volumes of a few
femtoliters [9].
Microencapsulation approaches combined with FACS analysis have been broadly
exploited for protein engineering [9]. Nevertheless, only a few enzymes were
reported to be routinely engineered using the water-in-oil or double emulsion
methods [4,9]. One of the main technical difficulties of these techniques has
been the generation of monodisperse droplets [4]. New technologies based on
polymerization reactions or the use of microfluidic devices have enabled generation

6

of compartments in more controllable way [9,79].
Microfluidic systems provide the ability to screen an extensive number of
compartmentalized reactions in one experimental set-up. They also allow monitoring
the actual activity levels of single molecules or in single cells. By integrating dropletmaker and manipulation modules with sorting devices, it has become possible to
perform sophisticated assays for directed evolution. Currently, screening platforms
are based on the measurement of a fluorescent product. However, other methods
for optical readouts will become available in the future; some work has already
been done on the development of microfluidic systems which can use absorbance
[84], Raman scattering [85], or ultrasound [86] detection as a means to determine
enzymatic activity.
Finally, the drawbacks and advantages of FACS-based and microfluidics-based
screening platforms are summarized in Table 3. At present, the most versatile as
well as user-friendly high-throughput screening procedure in protein engineering
seems to be a system comprising of both techniques combined [57]. The sorting
speed of microfluidics-based platforms is still below the capabilities of fluorescenceactivated cell sorters (FACS) (sorting rates up to 50 kHz; 2000 droplets/s). However, it
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is probably only a matter of time until droplet sorters are able to screen at a higher
speed; a new design enabling sorting 10 times faster than the fastest available
droplet sorter has already been reported.
With >99% accuracy, it can sort ~108 droplets/h at rates up to 30 kHz, and sorting
can still be accelerated. Currently, the limiting factor is therefore not the physical
mechanism of sorting but rather the electronics to detect the droplets [87]. Once
these obstacles are removed, these microfluidics-based platforms will be of key
importance in the directed evolution of enzymes and (therapeutic) proteins.
TABLE 3. Comparison of FACS-based and microfluidics-based screening platforms.
FACS-Based

Microfluidics-Based

The utility of FACS assays is limited to
fluorophores that remain inside or on the
surface of cells

The utility of microfluidics is broadened to
components that are secreted

Water-in-oil emulsions must be converted
into a water-in-oil-in-water emulsion
(double emulsion)

Water-in-oil emulsions can be sorted directly

Pre-formed droplets are difficult to
manipulate (restricted range of assays)

Pre-formed droplets are easy to manipulate:
they can be divided, fused, incubated, analyzed,
sorted, broken up

Limited control over the reaction
conditions
in a droplet

Much greater control over the reaction
conditions
in a droplet

Lack of control over the droplet volume,
leading to polydispersity

Good control over the droplet volume,
highly monodisperse

Requires standard cell sorters

Requires specialized instrumentation

Sorting speed up to 20,000 droplets/s

Sorting speed up to 2,000 droplets/s
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CHAPTER 7

ABSTRACT
Sortases are a group of enzymes displayed on the cell surface of Gram-positive
bacteria, such as Staphylococcus aureus. Here, sortases catalyze a transpeptidation
reaction, in which virulence factors are ‘ligated’ onto the peptidoglycan of the
bacterium; this makes sortases essential for pathogenesis. The reaction catalyzed
by sortases can be used in vitro in which the enzyme creates new molecules or
molecular formats that cannot be produced in nature. The most widely used
enzyme for this site-specific conjugation is sortase A from Staphylococcus aureus.
However, these reactions are impaired by the enzyme’s poor catalytic efficiency,
thus necessitating directed evolution campaigns to improve the catalytic properties.
Here, we chose to adapt a high-throughput flow cytometry-based method to select
for catalytically more active sortase variants or variants with a different substrate
specificity. In this chapter, we will give an overview of the steps that were taken to
implement this method.
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INTRODUCTION
Sortases belong to a group of transpeptidase enzymes located on the membrane
of Gram-positive bacteria(1). They are involved in anchoring virulence factors to the
peptidoglycan layer and in assembling pili. The attachment of proteins to the cell
wall is achieved via a transpeptidation reaction in which new peptide bonds between
the protein and lipid II, a peptidoglycan precursor, are formed(2,3). The differences
in the structure and function of sortases have been used for their classification
into six groups, A to F(4,5). Most sortases described to date belong to class A, with
sortase A from Staphylococcus aureus (SaSrtA) being the most important example of
this class(2,6,7). SaSrtA’s mechanism of action is described as a reverse protonation
ping-pong mechanism(8). Once SaSrtA recognizes an LPXTG motif (X being any
amino acid) located at the C-terminus of the substrate, Cys184 in SaSrtA’s active site
will attack the carbonyl of the Thr-Gly scissile bond in the LPXTG motif, forming a
thioacyl-enzyme intermediate. Next, SaSrtA will be regenerated as the enzymesubstrate intermediate will undergo a nucleophilic attack by the incoming substrate
amine from a pentaglycine cross bridge of the lipid II, thus forming a new Thr-Gly
peptide bond. The importance of the Cys184 residue was confirmed via mutagenesis
studies performed on the srtA gene, in which the substitution of Cys184 for an Ala
amino acid completely abolished the activity of the enzyme(9,10).
The truncated version of SaSrtA, with the first 59 amino acids removed, is soluble

7

and has been successfully produced in Escherichia coli. The transpeptidation reaction
catalyzed by SaSrtA Δ59 was tested in vitro using substrates other than lipid II,
including NH2-Gly3 and proteins tagged with a polyglycine(11). Additionally, different
proteins C-terminally tagged with the LPXTG motif were used as a substrate for
the reaction. The possibility of using different substrates for the transpeptidation
reaction paved the way for a broad range of applications(12,13): examples of
successful sortase applications are the site-specific conjugation of antibodies with
small anticancer molecules(14) or the PEGylation of therapeutic proteins(15) to
increase their bio-availability. Despite its good expression and high specificity of the
enzyme the industrial application of SaSrtA is still limited by its catalytic activity(8).
The evolution of SaSrtA by yeast display resulted in the development of a highly
active pentamutant P94R/D160N/D165A/K190E/K196T (SaSrtA PM)(16) as well as
SaSrtA variants with reprogrammed substrate specificity that recognize LAXTG and
LPXSG motifs instead of the canonical LPXTG(17). Even though this engineering was
successful and led to a 45-fold increase in catalytic efficiency and a 51,000-fold
specificity change, respectively, an even further increase in the catalytic activity or
change in substrate specificity could result in a more attractive enzyme for industrial
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applications. Moreover, the evolution of thermostability of SaSrtA could increase
the half-life of the enzyme, thereby reducing the amount of enzyme needed for a
reaction and consequently the cost of the production process.
Two main approaches, rational design and directed evolution, are used for the
engineering of proteins(18,19). In the rational approach, the improvement of the
enzyme’s properties is brought about by the introduction of a small set of mutations
selected after careful analysis of the 3D structure of the protein based on molecular
modeling. This approach can be very useful especially for enzymes with a wellcharacterized mechanism of action; a 3D structure is, however, a prerequisite(19).
The other strategy is directed evolution, entailing the generation and screening or
selection of libraries of mutants for a desired property(18). The main drawback of
this approach is that library screening requires a significant amount of time, effort,
and resources. To overcome these limitations, certain high-throughput methods
have been developed(20). One of these methods used for protein engineering is
based on the encapsulation of bacteria producing the protein of interest, termed
cellular high-throughput encapsulation solubilization and screening (CHESS)(21,22).
As for any selection strategy, phenotype and genotype are linked(23): in CHESS,
plasmids encoding a mutant are entrapped in the same capsule as the mutant
protein they encode. A crucial prerequisite of the CHESS method is the encapsulation
of single cells; this can be achieved by means of electrostatic potential differences
between the bacterial surface and the polymers used for this process. The resulting
capsules are porous, with a molecular weight cut-off of approximately 70 kDa. Using
the CHESS method it is possible to screen, select and analyze a large number of
mutants using fluorescence-activated cell sorting (FACS)(21,22). CHESS has been
employed to select detergent-stable G protein-coupled receptors (GPCRs) from
libraries of over 100 million individual variants(21) and heat-stable variants of green
fluorescent protein (GFP)(22). However, to our knowledge CHESS has not been used
for screening of improved enzyme variants. Here, we explore the use of the CHESS
method (Figure 1) for the selection of sortase variants with improved activity.
The semipermeability of the capsules allows controlled addition of a substrate, but
also puts certain requirements on the substrate: it needs to be small enough to be
introduced into capsules, while the product of the reaction needs to be big enough to
remain inside the capsules(24). Here, we used two fluorescent proteins as substrates
to allow tracking of both the formation of the intermediate and the transpeptidation
product. In our approach, the superfolder green fluorescent protein (sfGFP) tagged
with the C-terminal LPETGG motif was co-expressed with SaSrtA in E. coli DH5α,
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resulting in the formation of the intermediate sfGFP_LPET-SaSrtA. The intermediate
remained inside the semipermeable capsules upon membrane solubilization. Next,
the nucleophile mCherry, N-terminally tagged with 3-Gly, was added to the capsules
and allowed to diff use inside. Consequently, this nucleophile should be able to
attack the intermediate, resulting in the fluorescent product sfGFP_LPETGGG_
mCherry. Due to its size, the product should stay trapped in the capsule, generating
a fluorescent signal that can be used for fluorescence-activated cell sorting (FACS).
In this chapter, we describe proof-of-concept experiments for the implementation
of the CHESS method for the evolution of SaSrtA’s activity and thermostability. We
observed retention of the sfGFP_LPET-SaSrtA intermediate inside the capsules, but
could not detect the reaction product sfGFP_LPETGGG_mCherry. In the discussion,
we provide suggestions and ideas for future experiments that could help with the
establishment of CHESS in sortase engineering.

7

FIGURE 1. Schematic overview of the CHESS method. The superfolder green fluorescent protein
(sfGFP)_LPETGG substrate is expressed within the cell together with a SaSrtA variant (step 2), leading to the formation of a sfGFP_LPET-SaSrtA intermediate. A 3-Gly_mCherry nucleophile is added
from outside after solubilization of the cell membrane (step 4) and attacks the sfGFP_LPET-SaSrtA
intermediate (step 5). The final transpeptidation product can be detected using fluorescence-activated cell sorting (FACS, step 6), in which the capsules with the highest fluorescence will be
recovered and afterwards analyzed (step 7).
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MATERIALS AND METHODS
Cloning and expression of a bicistronic SaSrtA and sfGFP construct
To ensure equal production of both the SaSrtA WT and the substrate sfGFP with a
C-terminal LPETG-tag in Escherichia coli DH5α, we created a bicistronic plasmid with
two expression cassettes, each under the control of a T5 promoter. All primers used
in the cloning procedures are given in the Supplementary Information, Table S1.
As a starting point, we used the pQE30_sfGFP vector(25,26), from which proteins
C-terminally fused to sfGFP can be produced. The LPETGG motif was introduced
into the vector immediately after the sfGFP gene using annealing oligonucleotides.
The SaSrtA ∆59 gene was cloned between the BamHI and HindIII sites. Next, a
second T5 promoter was introduced between the SaSrtA and the sfGFP_LPETGG
genes using AQUA cloning(27). Briefly, PCR-linearized insert and target vector
containing overlapping sequences were mixed together in the presence of water.
The hybridization of the ssDNA strands of the insert and the vector was completed
by repair of the nicks with the help of E. coli’s intrinsic cellular machinery(28). The
presence of the second T5 promoter was confirmed by DNA sequencing.
As a control for the activity of SaSrtA, we subcloned the previously described
pentamutant(16) (SaSrtA PM) into the bicistronic vector between the BamHI and
HindIII sites. In addition, an inactive sortase variant (Cys184Ala) was created by
Quikchange site-directed mutagenesis. For the preparation of a control for the
expression of the sfGFP_LPETGG substrate, the SaSrtA WT gene was removed from
the bicistronic construct, leading to a frameshift. The expression of both cassettes
as well as the control construct carrying only one cassette with the sfGFP_LPETGG
was induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to
a final concentration of 1 mM; protein production was continued overnight at a
temperature of 20oC with orbital shaking (200 rpm). The formation of the sfGFP_
LPET-SaSrtA thioacyl intermediate in E. coli DH5α cells was examined by sodium
dodecyl sulphate-polyacrylamide gel (SDS-PAGE) ant by western blot (WB) using
an anti-polyhistidine-horse radish peroxidase (HRP) antibody (Sigma-Aldrich, the
Netherlands).
Cloning and expression of the 3-Gly_mCherry nucleophile
The mCherry gene was amplified while simultaneously introducing DNA encoding
a 3-Gly-tag at the 5’; the PCR product was inserted in the pET28a vector (Novagen)
using AQUA cloning(27) (Supplementary Information, Table S1). The introduction
of the N-terminal tag was confirmed by DNA sequencing. Chemically competent
E. coli BL21(DE3) were transformed with the plasmid and used for the production
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of the fluorescent protein. To this purpose, overnight cultures were diluted in 1 L
of 2 x YT media supplemented with 50 mg/mL kanamycin. After OD600 reached a
value between 0.6–0.9, protein production was induced by the addition of IPTG to
a final concentration of 1 mM and continued overnight at a temperature of 30oC
with orbital shaking (200 rpm). After protein production, cells were centrifuged and
resuspended in 50 mM Tris-HCl buffer, pH 7.5, supplemented with 150 mM NaCl.
Next, cells were lysed by sonication using a Branson 450 sonicator. Lysates were
loaded onto a 1 mL Ni-NTA gravity column (Qiagen, Hilden, Germany) and washed
with a buffer composed of 50 mM Tris-HCl, pH 7.5, supplemented with 150 mM NaCl
and 20 mM imidazole followed by elution with the same buffer containing 300 mM
imidazole. As a polishing step, the protein was loaded onto a Superdex75 16/60
column (GE Healthcare), while the buffer was exchanged to 50 mM Tris-HCl, pH 7.5
with 150 mM NaCl and 10% (v/v) glycerol.
Cellular encapsulation and solubilization of the bacterial membrane
Cells producing the proteins of interest were encapsulated as described in (21,22).
Briefl y, protein production was induced by addition of IPTG to 100 mL bacterial
culture to a final concentration of 0.25 mM, followed by overnight incubation with
200 rpm shaking at 20oC. After harvesting and washing with phosphate-buffered
saline (PBS, pH 7.4), pellets were washed twice with 5 mL of PBS, supplemented
with 1 mM EDTA (PBS-E, pH 7.4). Next, pellets were washed twice with PBS-E, pH 6.0,
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followed by reconstitution in the first polyelectrolyte chitosan (Low molecular weight
deacetylated Chitin, Sigma Aldrich, cat. 448869) and mixed vigorously at 300 rpm for
20 min at 20oC. Cells coated with chitosan were centrifuged and washed three times
with 5 mL of PBS-E, pH 6.0, followed by reconstitution in the second polyelectrolyte
alginate (alginic acid sodium salt from brown algae, Sigma Aldrich, cat. A1112) and
vigorous shaking at 300 rpm for 20 min at 20oC. Capsules were washed twice in 5
mL PBS-E, pH 6.0, and in 5 mL PBS-E, pH 7.4 and ultimately resuspended in 1.5 mL
of PBS-E, pH 7.4. Lastly, 0.5 mL of CelLytic B (Sigma Aldrich, cat. B7435) and 100 µL
of 10 mM 3-Gly_mCherry nucleophile were added to the suspension and incubated
overnight at 20oC with orbital shaking (200 rpm). The presence of the pQE30-based
plasmid in the resulting capsules was verified by PCR (Supplementary information
Table S1).
Confocal microscopy analysis of capsules
To detect the substrate sfGFP_LPETGG, the sfGFP_LPET-SaSrtA intermediate and the
transpeptidation product sfGFP_LPETGGG_mCherry inside the capsules, confocal
microscopy was undertaken. Cells transformed with the bicistronic construct as
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well as untransformed cells (‘empty capsules’) were encapsulated and treated with
the CelLytic B and 3-Gly_mCherry nucleophile according to the protocol mentioned
above. Next, 5 µl samples of both batches, transformed and untransformed cells,
of capsules were resuspended in PBS-E buffer, pH 7.4, were placed on microscope
slides (Knittel StarFrost®, Germany). These controls included empty capsules and
capsules carrying expressed SaSrtA WT and sfGFP_LPETGG substrate. A Zeiss twophoton confocal laser scan microscope (LSM) with two lasers, a 488 nm blue laser
and a 561 nm yellow laser and Objective Plan-Apochromat 63x/1.4 Oil DIC M27
(FWD=0.19mm) was used for the detection of sfGFP and mCherry.
Flow cytometry (FACS) screening of capsules
After solubilization of the E. coli DH5α membrane with CelLytic B, capsules were
centrifuged and pellets were resuspended in 2 mL of PBS-E buffer, pH 7.4. Capsules
were filtered into a BD Falcon tube with a cell strainer snap cap with a 35 µm
diameter nylon mesh. A BD LSR-II flow cytometer (BD Biosciences) was used for
the detection of different populations of cells, using excitation wavelengths of 488
nm and 635 nm. The untransformed E. coli DH5α cells were used to define a gate
with 100% single cells. Each measurement recorded the absolute number of 10,000
hits inside the predefined gate. All samples were analyzed with respect to forward
scatter-area (FSC-A) and side scatter-area (SSC-A). The obtained raw data were
analyzed using Kaluza software (Beckman Coulter).

RESULTS
Formation of the intermediate product sfGFP_LPET-SaSrtA in E. coli DH5α cells
Though E. coli DH5α is not a standard strain for protein production, this strain is
encapsulated more efficiently than the standard expression strain E. coli BL21(DE3)
due to differences in the composition of the bacterial membrane. Therefore, it was
necessary to first confirm the proper function of the T5 promoter inserted upstream
of the gene encoding the second protein of the bicistronic construct and the
production of individual proteins in the E. coli DH5α cells. Secondly, the formation
of an intermediate product of the enzyme’s reaction needed to be confirmed.
Therefore, soluble fractions of expression cultures were prepared and analyzed
on a 12% SDS-PAGE gel and WB using an anti-Histag antibody conjugated with
HRP. Beside the sample of E. coli DH5α transformed with the bicistronic construct
expressing SaSrtA WT and sfGFP_LPETGG (Figure 2, lane 1), three control samples,
SaSrtA C184A co-expressed with sfGFP_LPETGG (Figure 2, lane 2), sfGFP_LPETGG
solely expressed from the modified bicistronic vector not carrying the srtA gene
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(Figure 2, lane 3) and untransformed DH5α cells (Figure 2, lane 4), were examined
as well. As can be seen in Figure 2, WB analysis confirmed the expression of both
proteins as well as the formation of an intermediate (Figure 2, WB).

FIGURE 2. Detection of the intermediate product. A. SDS-PAGE gel showing the expression
of SaSrtA WT (23 kDa), sfGFP_LPETGG (28 kDa) and the formation of the intermediate sfGFP_
LPET-SaSrtA (51 kDa) in E. coli DH5α. Lane 1 – expression of SaSrtA WT and sfGFP_LPETGG. Lane
2 – expression of SaSrtA C184A and sfGFP_LPETGG. Lane 3 – expression of sfGFP_LPETGG. Lane
4 – untransformed DH5α cells. B. SDS-PAGE gel showing in lane 1 – the expression of SaSrtA WT
(23 kDa), sfGFP_LPETGG (28 kDa) and the formation of the intermediate sfGFP_LPET-SaSrtA (51
kDa) in E. coli DH5α cells. Lane 2 – purified SaSrtA WT (positive control). C. Western blot showing
in lane 1 – the expression of SaSrtA WT (23 kDa), sfGFP_LPETGG (28 kDa) and the formation of
the intermediate sfGFP_LPET-SaSrtA (51 kDa) in E. coli DH5α. Lane 2 – purified SaSrtA WT (positive control).

7

Proteins were successfully produced in all analyzed cultures; however, the
intermediate (51 kDa) was only formed in the culture expressing both SaSrtA WT
and its sfGFP_LPETGG substrate (SDS-PAGE, lane 1 and WB). Consequently, the
amount of sfGFP_LPETGG substrate in this culture was much lower compared to the
control cultures of SaSrtA C184A with sfGFP_LPETGG (lane 2) and of sfGFP_LPETGG
alone (lane 3). As expected, the negative control E. coli DH5α culture (lane 4) did not
produce any protein of interest.
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Retention of the expression plasmid within capsules
In order to confirm retention of the expression plasmid within the capsules, a PCR
reaction was performed, amplifying only the srtA gene. As seen in Figure 3, only
capsules with a plasmid encoding the srtA gene (lane 2) showed a band at the size
of the gene of interest (447 bp).

FIGURE 3. A 1% (w/v) agarose gel showing the amplification of the SaSrtA WT DNA (447 bp) recovered from the capsules. Lane 1 – amplification of empty capsules. Lane 2 – amplification of SaSrtA
WT from the bicistronic pQE30 vector expressing SaSrtA WT and sfGFP. Lane 3 – amplification of
SaSrtA WT from the pQE30 vector expressing SaSrtA WT.

Microscopy analysis of the capsules
LSM imaging analysis confirmed the presence of the sfGFP protein in the complex
with the enzyme sfGFP_LPET-SaSrtA intermediate in single capsules (Figure 4).
As shown in Figure 4, the control sample, empty capsules, did not show fluorescence
after excitation. The second sample, capsules carrying the enzyme and the sfGFP_
LPETGG substrate was treated with the 3-Gly-mCherry nucleophile; the sample
gave a very strong sfGFP signal spread evenly within the capsule after excitation.
At the same time, the sample’s signal detected in the red channel was much weaker
than its signal detected in the green channel. In order to confirm the presence
of the mCherry protein within the capsule, the 488 nm laser was switched off.
Naturally, the sfGFP signal could not be detected in this sample anymore, however,
the mCherry signal could not be detected either.
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FIGURE 4. Confocal microscopy imaging of the capsules using brightfield, as well as a 488 nm
and a 561 nm laser. Empty capsules were excited with both lasers. Capsules carrying SaSrtA WT
and sfGFP_LPETGG were first excited with both lasers simultaneously followed by excitation with
a 561 nm laser only.

FACS analysis of the capsules
In our preliminary study we examined the retention in the capsules of two fusion
proteins with different sizes, SaSrtA_sfGFP with a size of 51 kDa and SaSrtA_3xsfGFP
with a size of 107 kDa. From the FACS analysis shown in Figure 5, we concluded that
after overnight treatment with two detergents, n-Dodecyl-β-D-Maltoside (DDM)
and CelLytic B, the SaSrtA_sfGFP and the SaSrtA_3xsfGFP fusion proteins were
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mostly retained inside the capsules. Based on these results we hypothesized that
our experimental design with the main product of the sortase reaction, the sfGFP_
LPETGGG_mCherry with a size of 60 kDa should be retained inside the capsule in
an amount sufficient for sorting.

FIGURE 5. FACS analysis of the SaSrtA_sfGFP with a size of 51 kDa, graph A, and SaSrtA_3xsfGFP with a size of 107 kDa, graph B. Black sample – uncoated E. coli DH5α cells expressing
SaSrtA_sfGFP (graph A) or SaSrtA_3xsfGFP (graph B). Red sample – encapsulated cells treated
with PBS-E, pH 7.4. Green sample – encapsulated cells treated with the DDM detergent. Blue
sample – encapsulated cells treated with the CelLytic B.

The screening of capsules was performed using analytical flow cytometry. First,
a sample of E. coli DH5α cells was used to define the laser scattering properties
in order to gate single cells only (Figure 6, uncoated cells). When E. coli cells had
been subjected to the encapsulation process, the scatter profile of the sample
was changed dramatically: most of the capsules exhibited scattering properties
characteristic of larger particles, likely caused by aggregation of the capsules (Figure
6, encapsulated cells)(21,22). Only around 24% of encapsulated cells were found in
the gate; these are assumed to be single particles.
The next step in the analysis was the detection and measurement of the fluorescence
signal from sfGFP and mCherry. As shown in the scheme in Figure 1, the mCherry
fluorescent protein is added after solubilization of the bacterial membrane (step
4 and 5). We hypothesized that the 3-Gly_mCherry nucleophile would be able to
penetrate the capsule through its pores and perform a nucleophilic attack on the
intermediate inside the capsule, resulting in the transpeptidation product, which
could ultimately be detected using flow cytometry.
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FIGURE 6. FACS analysis of the size and aggregation of untransformed DH5a cells before and
after the encapsulation process shown as a plot of FSC-A versus SSC-A. Gate A encloses particles
with the size of single E. coli cells. Left sample – single E. coli DH5α cells. Right sample – encapsulated E. coli DH5α cells.

In order to be able to distinguish between the fluorescence signal from individual
proteins and from the combination of both proteins in capsules, two batches of

7

capsules with the expressed SaSrtA WT and sfGFP_LPETGG were prepared. Both
batches were treated overnight with the CelLyticB and afterwards batch 1 was
resuspended in the buffer PBS-E, pH 7.4, whereas batch 2 was first treated with
the 3-Gly_mCherry nucleophile before resuspending in the same buffer. In order to
detect the capsules with both the highest green and red fluorescence, the signal of
the gated single capsules (Figure 6) was measured in the green and red channel and
the collected signal for GFP-A was plotted against the signal of mCherry-A (Figure 7).
In our experimental design (Figure 1), we speculated that the capsules containing
the sfGFP_LPETGGG_mCherry transpeptidation product should have the highest
red and green fluorescence signals in comparison to the control samples: the nonconjugated sfGFP_LPETGG and 3Gly_mCherry are expected to diff use out of the
capsules due to their small size, whereas the bigger transpeptidation product should
remain inside. Unfortunately, distribution of sfGFP and mCherry signals was not
linear and the empty capsules and capsules carrying the SaSrtA C184A mutant were
not showing the lowest signal for both fluorescent proteins.
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FIGURE 7. FACS analysis of the fluorescence signals of sfGFP_LPETGG and 3-Gly_mCherry. Populations with high GFP but low mCherry signal (population 1) and high mCherry but low GFP
signal (population 2) as well as high signals from both fluorescent proteins (population 3) are
indicated. The dot plot on the left shows the measurements of control populations treated with
the buﬀer PBS-E, pH 7.4. The dot plot on the right depicts the analysis of samples treated with the
3-Gly_mCherry nucleophile. Blue – capsules with SaSrtA WT and sfGFP_LPETGG. Yellow – capsules
with SaSrtA PM and sfGFP_LPETGG. Green – capsules with sfGFP_LPETGG. Red – empty capsules.
Pink – capsules with SaSrtA C184A mutant and sfGFP_LPETGG.

Naturally, empty capsules showed the lowest signal in the green channel, measuring
below 1 x 102 in both mCherry-treated and untreated capsules. The level of the
mCherry signal was below 1 x 102, which was set as the background signal in the red
channel. On the other hand, capsules carrying the produced SaSrtA WT and sfGFP_
LPETGG gave the highest signal in the green channel in population 1, independent
of the presence or absence of the 3-Gly_mCherry nucleophile. Unexpectedly, the
addition of the nucleophile led to creation of a second population (population 2).
All analyzed samples from this group showed a very high mCherry signal measured
between 1 x 10 4 and 1 x 105, while the sfGFP signal measured between 1 x 102
and 1 x 10 4. As shown in Figure 7, the SaSrtA PM and sfGFP_LPETGG treated with
the nucleophile showed the highest sfGFP signal within population 2. From our
experimental design (Figure 1), we assumed that semipermeable capsules without
SaSrtA WT or SaSrtA PM would not be able to retain the 3-Gly_mCherry nucleophile
without it being used in the transpeptidation reaction due to the small size of this
tagged protein. Therefore, we were surprised to also detect a red fluorescence signal
from the empty capsules and capsules expressing only sfGFP_LPETGG substrate
in population 2. Their high mCherry signal measured at the level of capsules
expressing the SaSrtA enzyme made analysis very difficult, raising questions about
the distribution of the 3-Gly_mCherry nucleophile in the capsules. Our speculation
was to detect more fluorescence from both fluorophores in the region depicted in
Figure 7 as population 3: a high sfGFP signal in a combination with high mCherry

150

MagdaBinnenwerk.indd 150

19/02/2020 13:54:15

CELLULAR HIGH-THROUGHPUT ENCAPSULATION, SOLUBILIZATION AND SCREENING (CHESS)

signal would indicate the presence of the transpeptidation product sfGFP_LPETGGG_
mCherry.

DISCUSSION
Although there has been a lot of advancement in the use of the transpeptidation or
‘sortagging’ reaction in different biotechnological applications(29), there is still room
for improvement of particular features of the SaSrtA enzyme. One of the future
directions for the enzyme is the improvement of the performance of intracellular
sortagging(30) and isopeptide ligation(31) reactions. In order to perform these
reactions, SaSrtA and other sortases need to be tailored to meet the needs of the
reaction’s conditions, for example the activity of the enzyme has to be enhanced and
the dependence on Ca2+-ions has to be abolished. Besides an efficient mutagenesis
approach that would introduce modifications, a reliable and easy-to-use technique is
needed to screen or select for the best enzyme variants. Previous directed evolution
efforts of SaSrtA have been performed with yeast(16,32,33) and phage display(34).
Yeast display resulted in the SaSrtA PM variant, P94R/D160N/D165A/K190E/K196T,
with a 45-fold increase in a catalytic efficiency compared to the SaSrtA WT(16). Both
yeast and phage display were applied to alter enzyme’s specificity. Ultimately, using
yeast display a variant with a 51,000-fold change in specificity for the motif LAETG
instead of LPETG was found(17). Although both selection methods were successfully

7

applied in the evolution of SrtA enzyme, a major disadvantage of these methods
is their dependence on biological components: yeast cells and phages are not
compatible with harsh conditions like high temperatures or certain chemicals. In
this chapter we describe an alternative method to yeast and phage display for the
directed evolution of the SaSrtA enzyme, which was shown to be functional even
under membrane solubilization conditions(22).
The CHESS method is based on FACS screening as well; the method makes use of
E. coli DH5α cells as a starting point and as a scaffold for encapsulation. Though E.
coli DH5α is not a standard strain for protein production, this strain is encapsulated
more efficiently than the standard expression strain E. coli BL21(DE3) due to
differences in the composition of the bacterial membrane. Importantly, these cells
were designed for high-efficiency transformations(35), which allows production
and screening of thousands of mutants in a single experiment. The last steps of
the CHESS methodology, especially FACS screening, are taking place in a cell-free
environment. Another interesting aspect of this method is the broad range of
experimental designs that can be used with the CHESS. Due to the porosity and
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stability of the capsules, different substrates or other reagents can be added at
any time point during the selection. For instance, CHESS is a convenient method for
the evolution of thermostability because most of the capsules remain intact even
after being incubated for 5 min at 90oC. This method could also be used for the
directed evolution of an enzyme’s specificity by screening the library of substrates
terminating with variable motifs.
However, to set up the CHESS application for the evolution of the SaSrtA described
in this chapter, first we needed to validate the expression of SaSrtA and sfGFP_
LPETGG, as well as the formation of the intermediate in E. coli DH5α competent
cells. The expression level of a protein from a particular vector is dependent on the
promoter that regulates the gene transcription. Here, a commonly used promoter
such as T7 cannot be used to produce protein, as the DH5α strain lacks the T7 RNA
polymerase(36). Since the pQE30 vector is equipped with a T5 promoter which
makes use of the endogenous RNA polymerase of E. coli, the expression of both
SaSrtA and sfGFP_LPETGG as well as the formation of the intermediate in the DH5α
strain was successfully achieved (Figure 2).
One of the most important requirements of any selection strategy is the link
between the genotype and the phenotype; the CHESS technology enables the
recovery of plasmids from the capsules after the FACS analysis and obtainment
of sequences of selected mutants. This can be confirmed by amplification of the
coding sequence from a plasmid recovered from a capsule. In our study (Figure
3) we successfully amplified the srtA gene from plasmids extracted from capsules
using the PCR technique and primers overlapping the gene. Another important
requirement for CHESS is the demonstration of proper formation of capsules and
retention of the expressed proteins inside capsules. Yong and Scott(22) suggested
that the molecular weight cut-off of proteins that can be entrapped inside capsules
is approximately 70 kDa, thought this size can fluctuate based on the hydrodynamic
radius of the protein in question. Unfortunately, our microscope and FACS studies
on the formation and retention of the transpeptidation product were ambiguous
and require further investigation; although the presence of the intermediate
product of reaction and the recovery of the DNA from the capsules was confirmed,
the detection of the most active variants from capsules treated with 3-Gly_mCherry
was unsuccessful. Though the GFP signal varied between different samples, the
FACS data did not indicate any difference between the mCherry signals for different
samples besides the absence (population 1) and presence (population 2) of mCherry.
To gain insight into the delivery of the nucleophile into the capsules as well as the
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formation of the transpeptidation product inside capsules, confocal microscopy
imaging was performed. While the sfGFP could be clearly detected, the mCherry
signal was very weak (Figure 4). In addition, the mCherry signal was lost when the
blue laser was switched off. As reported by Khmelinskii et al.,(37) sfGFP and mCherry
form a tandem pair of fluorescent proteins that can be analyzed together using both
FACS and microscopy. Nevertheless, other groups have reported that this greenred FRET pair suffer from a low brightness of red(38,39). For this, a change from
fluorescent proteins to small fluorophores could simplify the readout and the course
of the transpeptidation reaction. Moreover, limiting the number of fluorophores
to just one, for example exchanging the sfGFP protein to maltose binding protein
(MBP) could make the analysis more comprehensible and would prevent the spectral
overlap of different signals.
In summary, here we have presented proof-of-concept experiments for the
implementation of the CHESS method for the engineering of SaSrtA’s properties.
Though further optimization of the method is necessary, the CHESS method could
allow for a rapid selection of improved SaSrtA variants, thus opening the door to
novel sortagging applications.
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SUPPLEMENTARY INFORMATION
TABLE S1. Primers used for the preparation of co-expression of SaSrtA and sfGFP constructs as
well as the mCherry nucleophile expression construct.
Primer

Sequence (5’à 3’)

LPETG_For

CCGGAAACCGGTAGTGCTTCTCATCACCATCACCATCATTAAGAGAAACCCGGG
TAATGA

LPETG_Rev

TTAATGATGGTGATGGTGATGAGAAGCACTACCGGTTTCCGGGAGTTTCATATGT
TTAAGCTTATTTG

SaBam_For

AAAAAAGGATCCCAGGCAAAACCGCAGATTC

SaHind_Rev

TTTTTTAAGCTTTTTCACTTCGGTGGCCACAA

AqT5_For

AGCAAAGGAGAAGAACTTTTCAC

AqT5_Rev

TTATTTCACTTCGGTGGCCAC

T5_For

AAAATTTTTGTGGCCACCGAAGTGAAATAAGAGAAATCATAAAAAATTTATTTGC

T5_Rev

TCCAGTGAAAAGTTCTTCTCCTTTGCTCATATGTAATTTCTCCTCTTTAATGA

Cher_For

AAGAAGGAGATATACCATGGGTGGTGGTATGTCTGTGTCCAAAGGCGAAGAAGA
TAAT

Cher_Rev

GCCCTGGAAGTACAGGTTCTCCCCGGGGAGCAGGCCGGATTTATACAGTTCATCCA
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Bacterial sortases are a very interesting but also challenging subject of study. The
whole family consists of six dissimilar groups and each group consists of hundreds
of different members. Despite general knowledge about sortases, coming mostly
from studies performed on Staphylococcus aureus sortase A (SrtA), every member
of the sortase family needs to be examined separately with respect to specificity
and activity. Additionally, sortases are a group of enzymes with two sides to them,
as they can be used as a target for new antibiotic strategies and as a tool for
biotechnological applications. Such abilities leave the door wide open to a great
range of studies that can be performed on this enzyme; work performed in this
thesis focused on SrtA from two strains of Gram-positive bacteria, Staphylococcus
aureus and Streptococcus pyogenes. I examined the potential of SrtA as a target for
antimicrobial drugs and as a tool for site-specific conjugations. While exploring and
optimizing features of SrtA, I made use of different protein engineering techniques.
Additionally, I looked at the recent advances in high-throughput screening systems
and applied one of these methods to the evolution of SrtA from S. aureus.
Sortase as a target
Gram-positive microorganisms, in particular bacteria belonging to a group of
Gram-positive cocci, pose a serious threat to human health. The wide spectrum
of diseases they are responsible for includes pneumonia, toxic shock syndrome,
skin infections and meningitis. One of the main differences between Gram-positive
and Gram-negative bacteria is the composition of the polymeric layer outside the
plasma membrane, the peptidoglycan. Gram-positive bacteria possess a much
thicker peptidoglycan layer than the Gram-negative bacteria. Among the molecules
attached to the peptidoglycan are several virulence factors – proteins that play
a role in the host invasion, colonization and development of infection. Although
virulence factors vary greatly in their function and purpose, most of them need to
undergo the same transpeptidation reaction before they are successfully attached
to the peptidoglycan layer. The “machinery” responsible for this reaction consists
of members of the sortase superfamily that can be found in most strains of Grampositive bacteria.
Until now, gene knockout studies conducted on mouse models proved that S. aureus
mutant strains lacking the srtA gene are deprived of the initiation of infections.
That is due to the lack of surface protein display of virulence factors. Also, studies
performed on S. pyogenes showed that a srtA knockout strain is susceptible to
phagocytic killing. Mutants lacking the SrtA enzyme did not show growth defects
suggesting that this enzyme is not essential for the life processes of bacteria. Hence,

158

MagdaBinnenwerk.indd 158

19/02/2020 13:54:16

SUMMARY, GENERAL DISCUSSION AND FUTURE OUTLOOK

using sortases as a target for new antibiotic therapies could place less selective
pressure on bacterial survival, thus lowering the potential for antibiotic resistance.
Chapter 2 focuses on the exploration of SrtA from S. pyogenes as a therapeutic
target for antimicrobial drug development. For this, a library of nitrogen-containing
aromatic compounds with diff erent substitution patterns was designed and
screened for a potent inhibitor. The most promising inhibitor, C10 with an IC50 = 10
µM, was selected for further studies, which comprised the determination of the
mechanism of inhibition and structure-activity relationships. Interestingly, the
inhibitor C10 showed high specificity towards S. pyogenes SrtA while not inhibiting the
related SrtA from S. aureus. Although the effect of inhibition of SrtA was presented
only in an in vitro environment we believe that this indole-based compound can aid
in further exploration of sortase inhibitors.
Sortase as a tool
Enzyme engineering is the alteration of the genetic information of enzymes which
leads to modification or enhancement of their features and applications. There are
several methods which are used in this field, including site-directed mutagenesis
and chemical modification. However, to find the best variant(s) from a pool of
enzyme variants, it is important to have a reliable method for the selection of
residues destined for modification as well as a suitable screening platform. For over
thirty years enzyme engineering brought not only a lot of proteins with improved
characteristics but also advances in the process of engineering them.

8

The biggest part of this thesis revolves around engineering aspects of SrtA. The
sortase-mediated transpeptidation reaction, also called sortagging, has great
potential to be used in a variety of biotechnology-based applications: e.g., labelling
or modification of recombinantly expressed proteins and proteins on the surface of
living cells, and covalent anchoring of proteins to solid supports. After production of
soluble, truncated SrtA from S. aureus and S. pyogenes the transpeptidation reaction
has been successfully used in vitro. Nevertheless, the catalytic efficiency of sortases
is very poor and therefore lowers the potential of sortagging.
As demonstrated in Chapters 3, 4 and 5, protein engineering approaches, both
rational and random, were successfully applied to improve SrtA characteristics. The
aim of Chapter 3 was the improvement of S. pyogenes sortase A activity and the
broadening of its substrate specificity. Using a semi-rational approach consisting of
Rosetta modeling and iterative saturation mutagenesis (ISM), a triple SrtA mutant
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with a twofold increased affinity in the recognition of the LPETA substrate compared
to the wild-type enzyme was found. Additionally, in Chapter 4 loop grafting studies
were performed on S. pyogenes SrtA. The study provided insight into the design
and function of the β7/β8 loop of this enzyme. Indirectly, this study confirmed the
importance of a few amino acids located in the β7/β8 loop of the S. aureus SrtA,
from which the loop in the grafting experiments was derived. Unfortunately, the
crystal structure of the SpSrtA WT has only been solved for the free enzyme without
the substrate analogue (PDB 3FN5). Information about the behavior of the SpSrtA
WT in the presence of the substrate came from modeling studies as well as from
engineering studies utilizing loop swapping.
The evolution of protein thermostability is a complex process composed of
different evolutionary pathways that lead to an increased stability. In other
words, homologous proteins found in two organisms that reside in different
environments can adjust to the conditions encountered using different mechanisms
of stabilization, thus generating variable modifications in its structure. The focus of
Chapter 5 was on the exploration and modification of the S. aureus SrtA in terms of
thermostability. The enzyme was subjected to a consensus design approach; from
this approach, specific mutations were introduced into the enzyme and their effect
on thermostability of SrtA was evaluated using circular dichroism spectroscopy (CD).
Two mutations, M155V and V193R, were found to increase the thermostability of
SrtA and improve the enzyme’s activity. When combined with a known pentamutant,
M155V also conferred Ca2+-independence to the enzyme. This study showed how
the consensus design could be applied for the improvement of SrtA stability. We
envision, variants obtained in this study could be used to perform the conjugation
reaction in a low Ca2+, intracellular environment.
Since library screening for mutants with desired properties requires a significant
amount of time and resources, Chapter 6 provides an overview of two highthroughput techniques that emerged in the field of protein engineering together
with the development of compartmentalization: fluorescence-activated cell sorting
(FACS) and microfluidics. The review focuses on advances in the application of these
methods in the context of protein engineering, with an emphasis on applications in
enzyme engineering. An example of a FACS-based technique, the so-called cellular
encapsulation solubilization and screening (CHESS), and its application in sortase
engineering is described in Chapter 7. This chapter explores the implementation
of the CHESS technique to shorten the time of screening of the libraries of SrtA
mutants. Although the encapsulation process was successful, the standardization
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of this method for the evolution of SrtA turned out to be more challenging than
expected: the transpeptidation product could not be detected by FACS, nor by
confocal microscopy.
Future outlook
Now that the molecular functions of sortases have been elucidated, new studies
towards the use of this knowledge in developing novel antimicrobials and novel
diagnostic tools have got off the ground. The sortase superfamily represents a
unique novel target for antibiotics and the search for potent inhibitors of this
enzyme is at its start. This thesis showed that smart screening of SrtA from S.
pyogenes in inhibition studies has resulted in the discovery of a potent inhibitor.
Nevertheless, the inhibition of SrtA was only shown in an in vitro environment. For
establishment of the inhibitor’s antimicrobial action in vivo studies on S. pyogenes
cells are needed. Furthermore, introduction of an infection model such as Galleria
mellonella to the study of SrtA inhibition could help with better understanding the
interaction between small molecule inhibitors and the SrtA enzyme in a much
more natural environment. Although the selected small molecule showed the
best solubility properties in comparison to other compound hits, the ability of the
compound to get across the peptidoglycan layer and to reach sortase remains to
be investigated. Finally, co-crystallization of the enzyme with the inhibitor(s) would
give a better picture of the interaction between the enzyme and the molecule(s)
and would form a lead in exploring existing and new sortase inhibitors. Finally, the
species specificity of inhibitors should give an insight in the potential spectrum of

8

pathogens that can be targeted with sortase inhibitors.
With respect to the engineering of sortases for transpeptidation reactions, already
some work has been done, but there is still room for improvement. Future directions
concern broadening of substrate specificity and the number of acceptor sequences
recognized by sortase. This could lead to the development of novel protein fusions,
e.g., branched polypeptides, polyproteins, cyclic peptides and new or improved
applications in the in vivo protein ligation or chemoenzymatic site-specific labeling
of histological samples. Also, a better control over the reaction conditions could
minimize the effect of side reactions where other nucleophiles than the desired
one compete during the transpeptidation reaction performed by sortase. Going
forward, this could lower the amount of reaction components needed for the
optimal performance of transpeptidation reaction. Last but not least, apart from
SrtA, there are a number of other members of the sortase family, which could have
potential for site-specific conjugation reactions. For instance, sortases belonging
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to class C, which are responsible for the assembly of pili, have the ability to form
isopeptide bonds. One of the applications of this reaction could be the broadening
of site-specific antibody-drug conjugation and dual site-specific labeling of proteins.
Naturally, a simple and high-throughput technique for screening of all generated
mutants could improve the process of engineering SrtA even further. For this, work
on the development of new methods based on flow cytometry or microfluidics
is needed. One of the pivotal parts of this progress is the advancement of
compartmentalization techniques. Inspired by nature’s own compartments such
as prokaryotic or eukaryotic cells several strategies evolved. One of the approaches
was generation of man-made polymer-based compartments called cellular highthroughput encapsulation, solubilization and screening (CHESS). So far, this method
was successfully employed for the evolution of transmembrane receptors and
soluble proteins but not enzymes. Since SrtA is a relatively small enzyme, in future
experiments it might require additional preparation in order to be big enough
to remain inside the capsules. Moreover, the choice and delivery of the suitable
components of reaction to the capsule is another challenging aspect for the set-up
of CHESS methodology.
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NEDERLANDSE SAMENVATTING
Bacteriële sortasen zijn een zeer interessant, maar ook uitdagend onderwerp van
studie. De hele familie bestaat uit zes verschillende groepen en elke groep bestaat
uit honderden verschillende leden. Ondanks de algemene kennis over sortasen,
voornamelijk verkregen uit studies uitgevoerd op Staphylococcus aureus sortase
A (SrtA), zal elk lid van de sortase-familie afzonderlijk moeten worden onderzocht
op specificiteit en activiteit. Sortasen zijn bovendien een groep enzymen met
twee kanten, ze kunnen worden gebruikt als een doel voor nieuwe antibioticastrategieën en als een hulpmiddel voor biotechnologische toepassingen. Dergelijke
mogelijkheden laten de deur wijd open voor een groot aantal onderzoeken die
op dit enzym kunnen worden uitgevoerd; het onderzoek beschreven in dit
proefschrift richtte zich op SrtA van twee stammen van Gram-positieve bacteriën,
Staphylococcus aureus en Streptococcus pyogenes. Ik onderzocht het potentieel van
SrtA als een doelwit voor antimicrobiële geneesmiddelen en als hulpmiddel voor
site-specifieke conjugaties. Tijdens het verkennen en verbeteren van de functies van
SrtA, maakte ik gebruik van verschillende eiwittechnieken. Daarnaast heb ik gekeken
naar de recente ontwikkelingen in high-throughput screening systemen en een van
deze methoden op de evolutie van SrtA uit S. aureus toegepast.
Sortase als een doelwit
Gram-positieve micro-organismen, in het bijzonder bacteriën die behoren tot een
groep van Gram-positieve cocci, vormen een ernstige bedreiging voor de menselijke
gezondheid. Het brede spectrum van ziekten waarvoor zij verantwoordelijk zijn
omvat onder meer longontsteking, toxisch shock syndroom, huidinfecties en
hersenvliesontsteking. Een van de belangrijkste verschillen tussen Gram-positieve
en Gram-negatieve bacteriën is de samenstelling van de polymeerlaag aan de
buitenkant van het plasmamembraan, het peptidoglycaan. Grampositieve bacteriën
hebben een veel dikkere peptidoglycaanlaag dan de Gram-negatieve bacteriën.
Moleculen die aan het peptidoglycaan binden zijn onder meer verschillende
virulentiefactoren - eiwitten die een rol spelen in het binnendringen van de gastheer,
kolonisatie en ontwikkeling van infecties. Hoewel virulentiefactoren sterk kunnen
variëren in hun functie en doel, moeten de meeste van hen dezelfde transpeptidatie
reactie ondergaan voordat ze succesvol kunnen binden aan de peptidoglycaanlaag.
De “machine” verantwoordelijk voor deze reactie bestaat uit leden van de sortase
superfamilie die gevonden kunnen worden in de meeste stammen van Grampositieve bacteriën.
Tot nu toe hebben gen knock-out studies in muismodellen aangetoond dat S. aureus
mutanten die het SrtA gen missen niet meer in staat zijn om te kunnen infecteren.
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Dat komt door het ontbreken van virulentiefactoren aan de oppervlakte van de
cel. Ook hebben studies op S. pyogenes aangetoond dat een SrtA-knockout stam
gevoelig is voor fagocytaire doding. Mutanten zonder SrtA enzym vertoonden
geen groeistoornissen wat suggereert dat het enzym niet essentieel is voor de
levensprocessen van bacteriën. Dus door te kiezen voor Sortase als doelwit voor
nieuwe antibiotica-therapieën kan de selectieve druk op de overleving van bacteriën
worden verminderd, waardoor het potentieel voor antibiotica resistentie wordt
verlaagd.
Hoofdstuk 2 richt zich op het onderzoek op SrtA uit S. pyogenes als therapeutisch
doelwit voor de ontwikkeling van antimicrobiële geneesmiddelen. Hiervoor werd
een bank ontworpen van stikstof bevattende aromatische verbindingen met
verschillende substitutiegroepen en gescreend op een krachtige remmer. De meest
veelbelovende remmer, C10 met een IC50 = 10 µM, werd geselecteerd voor verder
onderzoek, dat bestond uit de bepaling van het remmingsmechanisme en de relatie
tussen de structuur en de activiteit. Interessant is dat de remmer C10 een hoge
specificiteit vertoonde voor S. pyogenes SrtA terwijl het de verwante SrtA van S.
aureus niet remde. Hoewel het effect van remming van SrtA alleen in vitro getest
was, zijn we ervan overtuigd dat deze op indole gebaseerde verbinding kan helpen
bij de verdere ontwikkelen van sortaseremmers.
Sortase als een gereedschap
Enzym manipulatie is het aanbrengen van veranderingen van de genetische
informatie van enzymen die kunnen leiden tot aanpassing of verbetering van
hun eigenschappen en toepassingen. Er zijn verschillende methoden die op dit
gebied kunnen worden gebruikt, waaronder gerichte mutagenese en chemische
modificatie. Om uit de enzymenpool de beste variant(en) te kunnen vinden, is een
betrouwbare selectie methode op residuen bestemd voor modificatie belangrijk,
evenals een geschikt screeningplatform. Al meer dan dertig jaar van enzym
manipulatie heeft niet alleen veel eiwitten met verbeterde eigenschappen gebracht,
maar ook vooruitgang in het proces van engineering.
Het grootste deel van dit proefschrift draait om technische aspecten van SrtA.
De sortase-gemedieerde transpeptidatiereactie, ook wel “sortagging” genoemd,
heeft een groot potentieel om te worden gebruikt in verscheidenheid van op
biotechnologie gebaseerde toepassingen: bv. voor het labelen of modificeren van
recombinant tot expressie gebrachte eiwitten en eiwitten op de oppervlakte van
levende cellen, en covalente verankering van eiwitten aan een stevig platform.
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Na productie van oplosbare, verkorte SrtA van S. aureus en S. pyogenes is de
transpeptideringsreactie met succes in vitro gebruikt. Desalniettemin is de
katalytische efficiëntie van sortase erg slecht en verlaagt daarom het potentieel
van sortagging.
Zoals beschreven in hoofdstukken 3, 4 en 5 werden eiwit manipulatie methoden,
zowel rationeel als willekeurig, met succes toegepast om SrtA eigenschappen te
verbeteren. Het doel van hoofdstuk 3 was de verbetering van S. pyogenes SrtA
activiteit en de verbreding van zijn substraatspecificiteit. Met behulp van een semirationele methode als Rosetta-modellering en herhalende verzadigingsmutagenese
(ISM), werd een drievoudige SrtA mutant gevonden met een tweevoudige verhoogde
affiniteit in de herkenning van het LPETA-substraat in vergelijking met het wildtype
enzym. Bovendien werden in hoofdstuk 4 loop grafting studies uitgevoerd op S.
pyogenes SrtA. De studie gaf inzicht in het ontwerp en de functie van de β7/β8-lus
van dit enzym. Indirect bevestigde deze studie het belang van enkele aminozuren
die zich in de β7/β8-lus van de S. aureus SrtA bevinden, waarvan de lus in de grafting
experimenten was afgeleid. Helaas is de kristalstructuur van de SpSrtA WT alleen
opgelost voor het vrije enzym zonder het substraat analoog (PDB 3FN5). Informatie
over het gedrag van SpSrtA WT in aanwezigheid van het substraat was afkomstig
van modelleringsstudies en manipulatiestudies met behulp van lusruil.
De evolutie van eiwit thermostabiliteit is een complex proces dat bestaat uit
verschillende evolutionaire routes die leiden tot een verhoogde stabiliteit. Met
andere woorden, homologe eiwitten gevonden in twee organismen die zich in
verschillende omgevingen bevinden, kunnen zich aanpassen aan de omstandigheden
die zich voordoen met behulp van

verschillende stabilisatiemechanismen,

waardoor variabele modificaties in hun structuur worden gegenereerd. De
focus van hoofstuk 5 lag op de verkenning en aanpassing van S. aureus SrtA in
termen van thermostabiliteit. Het enzym werd onderworpen aan een consensus
ontwerp benadering; uit deze benadering werden specifieke mutaties in het enzym
geïntroduceerd en hun effect op de thermostabiliteit van SrtA werd geëvalueerd
met behulp van circulaire dichroïsme spectroscopie (CD). Twee mutaties, M155V
en V193R, bleken de thermostabiliteit van SrtA te verhogen en de activiteit van
het enzym te verbeteren. In combinatie met een bekende pentamutant, verleende
de M155V mutatie ook een Ca2+-onafhankelijkheid aan het enzym. Deze studie
liet zien hoe een consensus ontwerp kon worden toegepast voor de verbetering
van SrtA-stabiliteit. We kunnen ons voorstellen dat de in dit onderzoek verkregen

166

MagdaBinnenwerk.indd 166

19/02/2020 13:54:17

DUTCH SUMMARY

varianten kunnen worden gebruikt voor het uitvoeren van de conjugatie reactie in
een intracellulaire omgeving met een lage Ca2+ concentratie.
Aangezien collectie screening op mutanten met gewenste eigenschappen
een aanzienlijk hoeveelheid tijd en middelen vereist, biedt hoofdstuk 6 een
overzicht van twee high-throughput-technieken die zijn ontstaan op het gebied
van eiwittechnologie samen met de ontwikkeling van compartimentering:
Fluorescentie-geactiveerde cel sortering (FACS) en microfluidics. Het review richt
zich vooral op de voordelen in de toepassingen van deze methoden in de context
van eitwittechnologie, met een nadruk op toepassingen in enzymtechnologie. Een
voorbeeld van een FACS gebaseerde techniek, de zogenoemde oplosbaarheid in
cellulaire inkapseling en screening (CHESS), en de toepassing ervan in sortase
engineering wordt beschreven in hoofdstuk 7. Dit hoofdstuk onderzoekt de
implementatie van de CHESS-techniek om de screeningstijd van een collectie van
SrtA mutanten te verkorten. Hoewel het inkapselingsproces succesvol was, bleek de
standaardisatie van deze methode voor de ontwikkeling van SrtA uitdagender dan
verwacht; het transpeptidatie product kon niet worden gedetecteerd door FACS,
noch door confocale microscopie.
Toekomst perspectief
Nu de moleculaire functies van sortasen zijn opgehelderd, komen door deze
verworven kennis nieuwe onderzoeken van de grond voor het ontwikkelen van
nieuwe antimicrobiële middelen en diagnostische hulpmiddelen. De sortasesuperfamilie vertegenwoordigt voor antibiotica een uniek nieuw doelwit en een
begin van de zoektocht naar krachtige remmers van dit enzym. Dit proefschrift
toonde aan dat de slimme screening van SrtA van S. pyogenes in remmingsstudies
resulteerde in de ontdekking van een krachtige remmer. De remming van SrtA is
echter alleen in vitro aangetoond. Voor het vaststellen van de antimicrobiële werking
van de remmers zijn in vivo studies op S. pyogenes cellen nodig. Bovendien, het
introduceren van een infectiemodel als Galleria mellonella bij de SrtA remming
studie zou een beter inzicht kunnen geven tussen de interactie van klein molecuul
remmers en het SrtA enzym in een veel natuurlijkere omgeving. Hoewel het
geselecteerde kleine molecuul de beste oplosbaarheidseigenschappen toonde
in vergelijking met andere hits, moet het vermogen van de verbinding om door
de peptidoglycaanlaag binnen te dringen en het sortase enzym te bereiken nog
worden onderzocht. Tenslotte, co-kristallisatie van het enzym met de remmer(s) zou
een beter beeld van de interactie tussen het enzym en het molecuul of moleculen
geven en een leidraad vormen bij het verkennen van bestaande en nieuwe
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sortaseremmers. Tenslotte moet de soortspecificiteit van remmers inzicht geven
in het potentiële spectrum van pathogenen dat met sortase remmers kan worden
bestreden.
Wat betreft de engineering van sortasen voor transpeptidatiereacties is al wat werk
verzet, maar er is nog ruimte voor verbetering. Toekomstige doelen betreffen het
verbreden van substraatspecificiteit en het aantal acceptor herkenningssequenties
van sortase. Dit kan leiden tot de ontwikkeling van nieuwe eiwitfusies, bv.
vertakte polypeptiden, polyeiwitten, cyclische peptiden en nieuw of verbeterde
toepassingen in de in vivo eiwitligatie of chemo-enzymatische plaats-specifieke
labeling van histologische monsters. Tevens zou een betere controle over de
reactieomstandigheden het effect van nevenreacties kunnen minimaliseren
waar andere nucleofielen concurreren met het gewenste nucleofiel tijdens
de transpeptidatiereactie uitgevoerd door sortase. In de toekomst kan dit de
hoeveelheid reactiecomponenten die nodig zijn voor de optimale uitvoering van
transpeptidatiereactie verlagen. Tenslotte, maar even belangrijk, afgezien van
SrtA zijn er een aantal andere leden van de sortase-familie, die potentieel plaatsspecifiek zou kunnen zijn voor conjugatiereacties. Sortasen die behoren tot klasse
C, die verantwoordelijk zijn voor de assemblage van pili, kunnen bijvoorbeeld
isopeptidebindingen vormen. Een van de mogelijke toepassingen van deze reactie
is de verbreding van plaats specifieke antilichaam-geneesmiddel koppelingen en
dubbele plaats-specifieke labeling van eiwitten.
Natuurlijk kan een eenvoudige en high-throughput techniek voor het screenen van
alle gegenereerde mutanten het engineeringsproces van SrtA nog verder verbeteren.
Hiervoor moet er worden gewerkt aan de ontwikkeling van nieuwe methoden op
basis van flow cytometrie of microfluidica. Een van de belangrijkste onderdelen van
deze vooruitgang is de voortgang van compartimenteringstechnieken. Geïnspireerd
door de compartimenten van de natuur, zoals prokaryotische of eukaryotische
cellen, zijn verschillende strategieën ontwikkeld. Een van de technieken was het
genereren van door de mens gemaakte, op polymeer gebaseerde compartimenten
genaamd cellulaire high-throughput inkapseling, solubilisatie en screening
(CHESS). Tot dusverre werd deze methode met succes toegepast op de evolutie
van transmembraanreceptoren en oplosbare eiwitten, maar niet op de evolutie
van enzymen. Omdat SrtA een relatief klein enzym is, heeft het in toekomstige
experimenten mogelijk een extra voorbereidingsstap nodig om groot genoeg te
zijn om in de capsules te blijven. Bovendien is de keuze en afgifte van de geschikte
reactiecomponenten aan de capsule een ander uitdagend aspect voor de opzet van
CHESS-methodologie.
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