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ABSTRACT: Fast, flexible and non-randomized modification, production and screening of proteins in fully automated system are of high interest
in biological research and applications. The conventional methods for protein engineering and screening, especially for mutations of multiple
residues. are time consuming and often unreliable. We demonstrate here a new, fast and flexible protein production and screening method which
combines linear expression template (LET) based cell free protein synthesis (CFPS) with specific screening methods. This approach is
demonstrated using green fluorescence protein, phosphoserine aminotransferase (serC) and aspartokinase 111 (AKII1) as model systems. The results
show that mutants with changes in different protein properties upon multiple point mutations can be produced and screened within 6 to 15 h. This
method can be used further to generate mutants of enzymes and multi-enzyme complexes and be implemented within the workflow of a feedback-
guided protein optimization and screening system.
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1. Introduction

Modification of parts of enzymes’ amino acid sequence by substituting single or few amino acids leads to modified structure
and function of the enzymes. In ideal conditions, these modifications will come with improved properties for bioconversion
purposes like increased activity or altered substrate specificity. Therefore, numerous methods are developed to screen large number
of mutants for beneficial enzyme properties. The combination of mutations positions leads to vast increase of variants that needs to
be produced and screened. A conventional protein production and optimization method takes weeks to screen limited number of
variants. To overcome this time limitation, libraries can be created using cell-free protein synthesis system (CFPS) based on linear
expression template and polymerase chain reaction (PCR) (Figure 1). In this method multiple variants can be produced and screened
within a couple of days. The other key advantages of this PCR-based library screening are associated with open nature of the CFPS
platform. Lack of cellular growth means no need for handling of cells and sterile conditions and therefore can be completely
automated, thereby reducing the manual labor involved in cloning, protein production and purification steps of protein library
screening. This also further reduces the time from production to analysis of proteins for specific mutation point or combinations of
them. Fast and flexible manipulation of enzymes and enzyme complexes in an automated enzyme optimization system increases
the chances of obtaining non-randomized and accurate results in shorter time.

Synthetic genes can be optimized for expression and constructed for easy mutational manipulation without any regard for the
parent gene, thus providing a fast and economically efficient approach [1]. Advances in the technology for gene synthesis make
possible large-scale synthesis of not only one new gene but also whole library of mutants at low cost [2]. Introduction of point
mutations or combinations of point mutations into existing sequences or de novo creation of engineered genes are unique possibility
in the in vitro synthesis of large DNA fragments and can be used for bioengineering applications, structural studies, drug
development and combinatorial biology [3]. Various methods have been proposed for in vitro gene synthesis like oligonucleotide
ligation [4], Fok | method [5], DNA shuffling [6] and PCR based methods [7]. Among the PCR based methods, assembly PCR
coupled with ordinary PCR is most suitable for large scale gene synthesis starting from short synthetic oligonucleotides [1]. Hoover
and Lubkowski developed an automated software for designing optimized oligonucleotides for PCR based gene synthesis methods
called DNAWorks [1]. This software uses either DNA or protein sequences as input and incase of protein sequences, it designs
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oligonucleotides based on the codon bias of the chosen host. Rouillard et al developed a web-based tool to design optimized
oligonucleotides for in vitro gene assembly [3]. The specificity and melting temperature uniformity of the oligonucleotides to avoid
unspecific assembly and uniform hybridization are ensured by dynamically choosing the length of the oligonucleotides. This tool
however only accepts DNA sequence to maximize the versatility.

Cell free protein synthesis (CFPS) system typically consists of a cell lysate (transcription/translation machinery) and a
buffer/energy mix along with template DNA to produce the protein of interest in in-vitro setting [8]. The cell-free systems were
first utilized in 1960°s for defined synthetic RNA translation [9]. Since then, Escherichia coli (E. coli) cell free systems have been
used for protein productions though highly limited due to short lived reactions and low yield [10]. This had led to a number of
optimizations in cell lysates [11] and energy sources [12]. Due to these optimizations cell-free protein synthesis has become
preferred method for protein production, as it offers numerous advantages over the conventional production method [13]. The open
nature of the in-vitro system facilitates modifications of proteins and enables production of difficult proteins like physiologically
toxic proteins [14] and large protein complexes [15].

Conventional LET+ CFPS
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Figure 1. Conventional protein production and purification method vs LET based cell free protein synthesis system. The absence of cloning and
purification steps significantly reduces the time from protein expression to analysis of variants with single and mutliple mutations.

In this work, the time efficiency of LET based CFPS protein screening approach is demonstrated using model proteins green
fluorescence protein (GFP), aspartokinase 111 (AKII1) and phosphoserine aminotransferase (serC). A simple monomeric protein like
GFP was used to establish the method by achieving fluorescent signal variants like yellow fluorescence protein (YFP) and cyan
fluorescence protein (CFP). In case of multimeric proteins like AKIII the up- and down- regulated inhibition and altered substrate
specificity of studied variants were used while for serC, variants with altered substrate specificity were selected. AKIII is a
bottleneck enzyme in the lysine biosynthetic pathway and one of the three iso-functional aspartokinases. It is naturally inhibited by
an allosteric conformation transition caused by the product lysine [16]. Both of the enzymes have been studied and engineered in
our group for metabolic engineering and synthetic biology study of biosynthesis and hence multiple experimental data is available
for cross checking the validity of CFPS based results with the conventional based results.
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2. Materials and Method
2.1. Linear Expression Template

The LETs for the model enzymes were synthesized following a two-step PCR method [3]. The first PCR was to assemble all
the oligonucleotides while the second PCR was used to amplify the final product. The assembly PCR was carried out in a volume
of 25 pL containing 12.5 pL of Phusion flash PCR master mix and 25 nM oligonucleotides. The product from assembly PCR was
amplified using the outermost oligonucleotides as the forward and reverse primers in 50 L reaction containing 1 L of the assembly
PCR mix, 25 pL Phusion PCR master mix and 1 piM of each primer (Tables 1 and 2).

The accuracy of the synthesized genes was then verified using agarose gel electrophoresis (Supplementary Materials Table S1
and Figure S1) and sequence analysis.

Table 1. The conditions for PCR-I and PCR-I1 used to produce GFP LET.

PCR-I PCR-II
Temperature Time Temperature Time
Step (©) (s) Step (©) O]
Denaturation 98 40 Denaturation 98 40
Denaturation Annealing gg ég 27 Denaturation Annealing gg ég 35
Elongation 72 30 x Elongation 79 30 =
Elongation 72 240 Elongation 72 240
10 hold 10 hold
Table 2. The conditions for PCR-1 and PCR-11 used to produce AKIII and serC LET.
PCR-I PCR-II
Temperature Time Temperature  Time
Step () () Step () (s)
Denaturation 98 120 Denaturation 98 120
Denaturation gg 38 35 Denaturation gg gg 35
Annealing Elongation 7 o5 x Annealing Elongation 79 o5 <
Elongation 72 120 Elongation 72 120
10 hold 10 hold

2.2. Preparation of Cell Lysates and Energy Solution

A T7 DNA polymerase based lysate was prepared using modified version of the method proposed by Adachi et al [17]. To
prepare the T7 DNA polymerase based cell lysate, E. coli BL21-DE3 cells were grown at 37 <C overnight in 200 mL of 2YT (yeast
extract-tryptone- NaCl) medium shaken at 150 rpm. The overnight culture was added to two separate baffled flasks containing 1 L
of 2YT medium to an initial ODggo higher than 0.1 and incubated at 30 <C with continuous shaking at 150 rpm. When the cell density
reaches between ODggo 0.6 and 0.8, one of the two cultures was induced to produce T7 DNA polymerase using IPTG. The cells
were then harvested at the mid to late log phase (ODgoo > 3.0).

The harvested cells were then washed three times with S30A buffer (10 mM Tris-acetate buffer (pH 8.0), 14 mM magnesium
acetate, 60mM potassium acetate and 2 mM dithiothreitol). The washed cells were then suspended in S30B buffer (same as S30A
buffer but with 1 mM dithiothreitol). It was then crushed with silica spheres (Lysing matrix B, MP Biomedicals, USA) using a
homogenizer (FastPrep-24, MP Biomedicals, USA) four times at 6.0 m/s for 60 s. For every 1 g of cells 2 mL of S30A buffer and
4 g of the silica spheres were used. The spheres and debris were removed by centrifugation at 17,000 g for 45 min at 4 <C. The
supernatant was then mixed with 0.3 times volume of pre-incubation buffer (295 mM Tris acetate buffer (pH 8.0), 9 mM Mg(OACc),
13.2 mM ATP, 84 mM PEP, 4.5 mM DTT, 40 1M of all 20 amino acids and 6.7 U/mL pyruvate kinase) and incubated at 37 <C for
80 min. The extract was dialysed two times against 50 fold S30B buffer. The first round of dialysis was done for 60 min and the
second round was done overnight at 4 <C. The cell extract was centrifuged at 4000 g for 15 min at 4 <C. The supernatant obtained
is the cell lysate which is then aliquoted, frozen in liquid nitrogen and stored at —80 <C. The energy solution used during the cell
free protein synthesis reaction was prepared as described by Kigawa et al [18] with the addition of 123 M of gamS protein. This
extract was used to produce model enzymes AKIII and serC and the reaction was performed at 25 <C for 8 h.

The Tx-TI E. coli cell extract was prepared by using the protocol published by Sun et al. This extract was used to produce
GFP at 29 T for 4 h.

2.3. Detection of Protein Production

Synthesis of aspartokinase 111 (AKIII) was performed at 25 <C for 8 h and shaken at 600 rpm. The applicability of T7 DNA
polymerase based cell extract for multimeric protein production was tested using AKIII LET containing 6-histidine tag sequence.
The quantity of His-tagged protein was then measured using bio-layer interferometry. His-tagged proteins bind to the anti-penta
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HIS biosensor thereby causing a spectral shift in the reflected white beam. By comparing the intensity of the white beam between
the unbound and bound molecules, interferometry is able to quantify the protein in the sample. The Anti-penta-HIS (HIS-1k)
biosensor (Pall ForteBio,USA) was used for quantitative measurement since it is pre-immobilized with Penta-HIS antibodies. Since
the standard and samples must contain the same background buffer, the storage buffer used to dilute the standard also contains the
cell free protein synthesis reaction mixture without the DNA template. The standard protein solutions were prepared using purified
aspartokinase 11 at different concentrations ranging from 0 to 20 pg/mL. The biosensors need to be hydrated in the same storage
buffer used to dilute the samples for at least 10 min. The assay was first set using the Data Acquisition 10.0 software from Pall
ForteBio in which the biosensors are immersed in the samples for 90 min at 30 <C and shaken at 1000 rpm.

2.4. Screening Assays

Aspartokinase III (AKIII) activity was measured using the ATP sensor ‘QUEEN’ (quantitative evaluator of cellular energy)
[19] and hydroxymate method [20]. The assay was performed in a 200 L reaction solution containing 200 mMTris-HCI (pH 8.2),
10 mM MgSO,4 6H,0, 10 mM aspartate, 2 mM ATP, 160 mM NH.OH (neutralized with KOH), 0.007 puM ATP sensor and
appropriate amounts of enzyme [21]. After incubation at 30 <C for 60 min, the enzyme activity was stopped by incubation at 4 <C
for 5 min. The fluorescent signals from the ATP sensor were measured using the flow cytometryCytoFLEX (Beckman Coulter,
Germany). Since the reaction mixture does not contain any cells, 0.909 pm polystyrene beads are used to trigger the events Wurm
et al [22]. The polystyrene beads were added to the mixture to the final concentration of 1:20000 dissolved in 0.01% polyethylene
glycol solution. Each sample was measured with 50,000 events at a flow rate of 30 pL/min and the gain was adjusted to 1000 FITC
and 27 KO525 while the threshold of FSH-H was manually set to 10,000.

Phosphoserine aminotransferase (serC) was screened using a serC-glutamate dehydrogenase coupled assay [23]. During the
oxidative deamination of L-glutamate, product of our enzymatic reaction the cofactor NAD* is reduced to NADH resulting in
absorbance at 340 nm (Figure 2). The reaction conditions were optimized to ensure the transamination reaction is the rate limiting
step. This can be guaranteed by adding excess GDH compared to serC and its mutants. It was performed in 200 L reaction solution
containing 200 mM potassium buffer (pH 8.2), 5 mM a-ketoglutarate, 15 mM homoserine, 6 mM NAD™* and 16 U of glutamate
dehydrogenase (bovine liver). The samples containing the reaction mixture were pre- incubated at 30 <C for 5 min and then the
reaction was initiated by adding 18 g of enzyme. The enzymatic reaction was monitored by measuring the absorbance of NAD*
at 340 nm (g = 6220 Mt cm™) every 20 s for 30 min.

Homoserine a-ketoglutarate ®NH4
0
C) (&)
o~ OH 020~ CO2 NADH 7 =340 nm
NH2 O
SerC GDH
i B.c_~_0O;
OH 10y 2 NAD*
HO ] i
! Y
| NH;
4-Hydroxy 2-ketobutyrate ! ,
' L-glutamate .

Figure 2. serC-GDH coupled enzyme assay. The transamination reaction catalyzed by serC produces L-glutamate which is in turn oxidatively
deaminated by GDH in the presence of NAD*. The reduction of NAD* can be observed at 340 nm.

3. Results and Discussion
3.1. Wavelength Shift of GFP Variants

The wavelength shifts of GFP to yellow (YFP) and blue (CFP) were measured using different fluorescent channels of
CytoFLEX. While GFP and YFP can be measured using the FITC channel (488 nm excitation and 525 nm emission), Krome
Orange 525 (KO525) (405 nm excitation and 525 nm emission) can be used to measure GFP and CFP. A 2-point mutation to obtain
YFP and a 3-point mutation to obtain CFP led to the successful production of GFP variants. The ratio of FITC to KO channel signals
for YFP is the highest while CFP is the lowest (Figure 3). This corresponds well with the emission wavelength of GFP and its
variants produced. Since CFP can be measured only by Krome Orange the ratio was the lowest while YFP can be measured only
by FITC and therefore the highest. GFP can be measured by both the channels and so was in between these two values. This trend
was stable and well pronounced and the variants were significantly distinguishable. This whole process from obtaining LETSs to
measuring the fluorescence using the flow cytometer took less than six hours and was fully automated in a liquid handling system.
This proof of concept for a fast and automated protein screening workflow with the model monomeric protein GFP is applied for
the other multimeric proteins studied in this work.
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Figure 3. Ratio of fluorescence signals in FITC to KO channels for GFP and its variants CFP and YFP. YFP contains two mutations — S65T and
T203Y while CFP contains three mutations—N1461, S175G and H231L.

3.2. Multimeric Protein Production

While applying the previously proven workflow for other model enzymes AKIII and serC, a roadblock was encountered when
the Tx-TI extract used for GFP production was not able to produce these proteins at high enough concentrations. To overcome this
problem, another extract dependent on T7 DNA polymerase was used. The viability of this particular extract to produce large
multimeric proteins was tested. Two main variables for the CFPS system were temperature and time of the production process.
Lowering the temperature of the reaction can improve the productivity by lowering the rate at which the linear DNA template is
degraded by exonucleases [24]. The cell-free protein synthesis reactions were reduced from 29 <C to 27 <C and 25 <C. When
reduced to 27 <C the protein production only increased by 2 pg/mL, however when reduced to 25 <C the production increased by 8
g/mL compared to 29 <C and 6 jg/mL compared to 27 <C (Figure 4a). Then, the effect of time of the reaction was tested to see if
the yield can be further increased by extending the reaction. However, there was no substantial increase in the amount of protein
produced after 8 h and 10 h (Figure 4b). Therefore 25 <C for 8 h was chosen as the conditions for cell-free protein synthesis. The
LET based CFPS system was also compared to the plasmid based CFPS system to check if there is any difference between a linear
and circular DNA template. There was no any significant difference when the DNA template was changed. This might be due to
the addition of gamsS protein and lowering of the temperature. Therefore by using linear expression template from the PCR method,
no compromise is being made in terms of the yield of the protein.
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Figure 4. The concentration of protein produced in cell-free system measured using biolayer-interferometry. (a) The protein production at different
temperatures was carried out to find the optimal temperature. These reactions were also carried out for 8 h. (b) The protein production was tested
for different times at 25 <C. (The error bars indicate 1% confidence interval n = 3). pAKIII refers to plasmid based CFPS samples; AKIII refers
to LET based CFPS samples.

3.3. Screening Variants with Single and Multiple Point Mutations

Using the conditions obtained in the previous section, the model enzymes aspartokinase 111 and phosphoserine aminotransferase
(serC) and their variants were produced in cell free environment from LET in a fully automated liquid handling system. Since this is
only to establish a new and fully automated protein screening method, the variants of both the enzymes were already tested through
conventional methods. First for AKIII, V339A [21] showed high activity even at the highest lysine concentration tested and
therefore was used as positive control. Mutants T344M [25] and M-I were then tested against V339A and the wild type to check if
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the method can differentiate mutants of varying levels of activity. The fluorescence signal of V339A was considerably higher than
those of the other samples (Figure 5a). The fluorescent signal was then subjected to significance analysis using ANOVA and Tukey
test. Since small changes in the signals were not readily noticeable, these significance tests were necessary. The mutants with
moderate level of activity were identified using the significance analysis (Figure 5b). Mutant T344M was not only different from
the wild type but also other mutants. Even though mutant M-1 was not shown to be significantly different at a p value of 0.01, it
was different at a p value of 0.05.

In case of serC, the screening method in this automated system is the same as the one of the conventionally available method
of detection for aminotransferase enzymes. This is due to the fact that the GDH coupled assay is capable of detecting
aminotransferase in crude environment instead of needing pure enzyme. This made it easier to compare the activity from both the
ways since the only difference was the method used to produce the protein. Four different mutants (two 2-point mutations mutants
and two 3-point mutations mutants) along with the wildtype were produced using cell free protein synthesis by LETs and tested.
The wildtype shows very low activity towards homoserine and therefore used as negative control since the goal was to increase the
affinity towards homoserine. The activity of mutant WW towards homoserine was more than 4 times higher than the wildtype. The
increase in the activity of other mutants ranged from 2 to 3 times higher than the wildtype. These results were well corroborated by
the work done by Zhang et al. [26]. The results showed that the LET based CFPS system was able to produce the mutants with the
desired change in enzyme properties as the conventional protein production but in a faster and more flexible manner. Using LETs
as DNA template for CFPS via PCR approach allowed for easier gene manipulation wherein three point mutations were
introduced by just exchanging the oligonucleotides without changing the established set up. This method offers the flexibility to
create mutants with multiple point mutations without any need for cellular cloning procedures.
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Figure 5. (a) The fluorescent emission of the ATP sensor of wildtype and different mutants of AKIII at lysine concentration of 200 mM (error
bars indicate 1% confidence interval, n = 50,000). (b) The significant difference between various mutants of AKIII from the QUEEN fluorescent
signal. There is significant difference between the wildtype and the mutants V339A [21] and T344M [25] (p < 0.01) (p cut off is the red line).
There was also mild difference between the wildtype and mutant M-1. (c) The activity of serC mutants measured using the serC-GDH coupled
assay. The mutants were produced by using the LET based CFPS method performed at 25 <C for 8 h. (d) Activity of serC mutants produced using
LET based CFPS method (black) compared to the same mutants produced conventionally (grey). Activities are measured using the same serC-
GDH coupled assay in both cases.

3.4. Time Efficient Protein Screening Method

As shown in the previous sections, this fully automated protein production and screening method is able to produce the DNA
template and corresponding protein and to screen the produced proteins within one day. This is mainly due to lack of the cloning
and protein purification steps. This was further demonstrated when two different aspartokinase 111 modifications were tested; the
lysine feedback resistant AKIII mutants (same variants as in the previous experiments) and AKIII mutants with varied substrate
specificity (malate instead of aspartate) [27]. For the change in substrate specificity, three mutants from Walther et al. [27] were
selected and tested. All eight samples were produced and tested in a single run. Even though changes in two different enzyme
properties are tested, these samples can be processed simultaneously. Since the mutants with malate as substrate does not produce
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aspartyl hydroxymate, the hydroxymate method by Black and Wright cannot be used to screen them. However, the ATP sensor
does not have this drawback. In both cases, the FITC channel results were able to differentiate not only the mutants from wildtype
but also various mutants (Figure 6). The mutants V339A and VEE had the highest fluorescence signal in their respective cases and
the trend of the FITC signal for these mutants corroborates well with previous results and results of Walther et al. [27].
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Figure 6. (a) Fluorescent emission of ATP sensor of wildtype AKIII in comparison with feedback resistant mutant AKIII produced in fully
automated system at lysine concentration of 200 mM (error bars indicate 1% confidence interval n = 50000). (b) Fluorescent signal of wildtype
AKIII in comparison with AKIII mutants with different substrate specificity (malate instead of aspartate) (same error bars).

This overall workflow from LET to screening using the ATP sensor took 15 h to complete. Time consuming step in this
process is the cell free protein synthesis. This took 8 h to produce the amount of protein required for the screening method. If the
amount of protein required for the screening method can be lowered or if the concentration of protein produced can be increased
the time taken for workflow can be further reduced. For instance, the time for the workflow in case of GFP was only six hours since
the protein was produced in four hours. This was also possible because GFP did not require any screening assay.

4, Conclusions

We introduced an efficient production and screening method using fully automated liquid handling system. Currently, the
overall workflow includes linear expression template production, cell free protein synthesis system and protein screening.
Wavelength shift of GFP was predicted, tested and detected while different mutants of AKIII and serC were produced and tested
using this workflow. It was shown that the conventional screening methods can be adapted and modified to be used in an automated
system. This whole process took from 6 to 15 h to complete depending on the protein while the conventional method would take
about a week to finish. The flexibility and reliability of this process was shown by introducing multiple point mutations with ease
in all the model enzymes. This workflow can be further integrated with computational prediction to create new mutants, thus
achieving feedback guided enzyme optimization.

Supplementary Materials

The supporting information can be found at: https://www.sciepublish.com/article/pii/97.
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