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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).

141

MagdaBinnenwerk.indd 141

19/02/2020 13:54:14

CHAPTER 7

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

147

MagdaBinnenwerk.indd 147

19/02/2020 13:54:15

CHAPTER 7

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
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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

151

MagdaBinnenwerk.indd 151

19/02/2020 13:54:15

CHAPTER 7

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.

7
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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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