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ABSTRACT 
 
Engineering of kinase-based protein interacting devices: active 

expression of tyrosine kinase domains 
 

Miriam Escarlet Díaz Galicia 
 
 

Protein-protein interactions modulate cellular processes in health and disease. 

However, tracing weak or rare associations or dissociations of proteins is not a 

trivial task. Kinases are often regulated through interaction partners and, at the 

same time, themselves regulate cellular interaction networks. The use of kinase 

domains for creating a synthetic sensor device that reads low concentration 

protein-protein interactions and amplifies them to a higher concentration 

interaction which is then translated into a FRET (Fluorescence Resonance Energy 

Transfer) signal is here proposed. To this end, DNA constructs for interaction 

amplification (split kinases), positive controls (intact kinase domains), scaffolding 

proteins and phosphopeptide - SH2-domain modules for the reading of kinase 

activity were assembled and expression protocols for fusion proteins containing 

Lyn, Src, and Fak kinase domains in bacterial and in cell-free systems were 

optimized. Also, two non-overlapping methods for measuring the kinase activity of 

these proteins were stablished and, finally, a protein-fragment complementation 

assay with the split-kinase constructs was tested. In conclusion, it has been 

demonstrated that features such as codon optimization, vector design and 

expression conditions have an impact on the expression yield and activity of 
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kinase-based proteins. Furthermore, it has been found that the defined PURE cell-

free system is insufficient for the active expression of catalytic kinase domains. In 

contrast, the bacterial co-expression with phosphatases produced active kinase 

fusion proteins for two out of the three tested Tyrosine kinase domains. 
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Chapter 1. Introduction 

1.1 Relevance of the study of protein-protein interactions (PPIs) 

Proteins do not act alone, or do so very rarely[1]. Their structure and function are 

often affected by their participation in dynamic interactive networks[2]. For 

example, cellular signaling processes are regulated through protein-protein or 

protein-ligand interactions, conformational changes, enzymatic activities and post-

translational modifications (PTM)[3]. The resulting communication controls 

fundamental activities of the cell, such as the ability to adapt and respond to its 

environment, generate energy or the capacity to reproduce [4].  

While a large range of other molecules are implicated (ions, sugars, nucleic acids), 

proteins are the most important building blocks for processing information[5]. In 

the cell, this communication takes place across various distinct environments, such 

as the cytosol, the nucleus and the extracellular environments that are composed 

of a dense mix of proteins with a diverse range of concentrations, structural states 

and functions. In order to specifically recognize their cognate partner molecules, 

proteins have evolved into complex structures with various domains that create 

inter- or intra- molecular contacts [6]. In addition, post-translational modifications, 

for example protein phosphorylation, modulate protein conformation, stability, 

localization and the association or dissociation of proteins in a fast and reversible 

way[7]. 

Because protein-protein interactions (PPIs) regulate a broad range of cellular 

processes[8], dysregulation of these interfaces can lead to pathogenesis [2]. The 
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elucidation of protein-protein interaction networks is therefore important also for 

medical and pharmaceutical applications. In particular, the development of small-

molecules that can work as inhibitors of disease-related PPIs is an important area 

of research. A remarkable result of such efforts is the recently launched 

chemotherapy Imatinib, which acts by inhibiting the product of the Abelson proto-

oncogen (abl), a highly interacting protein that is characteristically dysregulated in 

leukemia [9]. 

Many of the PPIs that take place in a living cell are still largely unknown[10,11]. 

Low concentration or weak protein-protein interactions, for example, are often 

below the sensitivity of most current technologies. Thus, the development of 

inhibitors for those interactions is a particular challenge [12]. New, more sensitive 

and real-time protein-protein interaction sensing devices are necessary for the 

better understanding of cellular processes and for the development of new 

treatments for disease. 

1.2 Kinases as targets and key regulators of PPIs 

According to the last sequence-based analysis of the human kinome, there are 

518 putative protein kinase genes[13–15]. These proteins regulate crucial cellular 

events such as cellular metabolism, cell cycle progression, cytoskeletal 

rearrangements, cell movement, differentiation, transcription and apoptosis[16]. 

Their catalytic activity consists of the modification of other proteins by 

phosphorylation [15]; these reactions are fast (they occur in the cell within a few 

seconds to minutes) and are reversible through the action of phosphatases.  Most 
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importantly, these changes can introduce function-altering structural modifications 

or act as a recognition signal for other proteins, which in turn leads to the formation 

or dissociation of protein-protein interactions. [17–23]  

The core 3-dimensional structure (Figure 1) of a eukaryotic kinase is highly 

conserved and can be described as a bean-like shape formed by two lobes, the N-

lobe and the C-lobe. The catalytic center and ATP-binding site of the kinase is 

situated in the cleft between the N- and C-lobes. This site on the C-lobe is lined by 

the kinase activation loop, which, in its active state, accommodates the substrate 

[4,24,25].  Besides the catalytic domain, many kinases also contain other domains. 

These domains often give the kinases the capacity to perform a broad range of 

non-catalytic functions such as scaffolding of protein complexes, competition for 

protein interactions and DNA binding [26–28].  

 
Figure 1. Schematic representation of the activation of a Src-tyrosine kinase by phosphorylation of 
the activation loop 
a) Inactive form where SH2 and SH3 domains maintain intramolecular interactions with the phosphorylated 
Y527 and the Proline rich (PR) regions respectively. b) Kinase domain activation due to SH2 and SH3 domains 
interactions with ligands. Kinase Domain (KD), Proline Rich (PR), Tyrosine (Y). 
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associated with diseases [29]. A large variety of mechanisms has evolved to 

maintain kinases in an inactive state, allowing activation only under certain 

circumstances. Generally, but not always, kinase activity is boosted from a basal 

to a fully active state by phosphorylation of the kinase itself, on the so-called 

activation loop [30]. The mechanisms leading to phosphorylation of the activation 

loop vary greatly, and can rely on other proteins (e.g.: MAP kinases) or result from 

dimeric interactions with several molecules of the same protein (e.g. receptor 

tyrosine kinases)[31]. 

Since the discovery of the first kinase, knowledge of their structure and function 

has steadily grown. However, using the parts or domains of these proteins for the 

development of synthetic tools is a very recent idea. The broad diversity of kinases 

that exist in the human body provides a diverse inventory of domains that can 

potentially be used as building blocks in the construction of synthetic molecular 

devices. From a protein engineering perspective, kinases and their roles as targets 

and regulators of protein-protein interactions, open a fascinating range of 

possibilities for the control and study of interaction networks. 

1.3 Conceptual design 

In this thesis, I present the first steps in the development of a synthetic biology 

device that, based on kinase domains, is capable of detecting and amplifying 

protein-protein interactions. The device has been designed to perform two different 

tasks: interaction amplification and (FRET) kinase activity readout 
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As described in Figure 2, the device will function in five steps: a) two proteins of 

interest, A and B, that are respectively fused to the N- and C- terminal lobes of a 

split kinase domain (KD), interact weakly or at low concentration; b) the interaction 

event brings the split parts of the KD together, their re-association will recover 

kinase activity; c) the now active KD will, in turn, phosphorylate a higher 

concentration readout construct that is fused to a yellow fluorophore (mCitrine), d) 

once this peptide is phosphorylated, a reader construct composed of an SH2 

domain fused to the red fluorophore mCherry, will bind to the phosphorylated 

tyrosine; and e)this creates a peptide-SH2 domain interaction that brings together 

both fluorescent proteins generating a FRET signal output. 

 

  
Figure 2. Depiction of the mode of action of the proposed protein-protein interaction sensor device 
a) Low concentration protein-protein interaction (A-B) motivates kinase domain (KD) reconstitution; b) After 
reconstitution, KD recovers activity; c) Active kinase domain phosphorylates a tyrosine (n) in the peptide  
fused to a fluoreophore; d) SH2-reader domain fused with a fluorophore identify and iteract with 
phosphorylated peptide; e) SH2- Reader/peptide interaction generates FRET signal. 
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1.4 Project goal 

The goal of this project is to utilize tyrosine kinase domains as tools for the 

detection and amplification of protein interaction events. The primary application 

for such kinase-driven “interaction amplifiers” are biosensors that can detect even 

weak or rare molecular interactions.  

This project therefore has four main objectives: 

Objective 1: Design and assembly of DNA constructs  

Aim 1.1: Kinase domain constructs from Lyn, Src and Fak 

Aim 1.2: Split-Kinase domains from Lyn, Src and Fak 

Aim 1.3: FRET sensor constructs (SH2-Readers-mCherry and Peptide-

mCitrine) 

Aim 1.4: Scaffolding proteins 

Objective 2: Evaluate expression and activity of kinase-based constructs 

Aim 2.1: In small-scale expression screenings of non-split kinases 

Aim 2.2: Through the alternative cell-free expression of non-split kinases 

Aim 2.3: By the large-scale expression of both split and non-split kinases 

Aim 2.4: Via a robust detection of kinase activity for all expressed proteins 

Aim 2.5: Measuring the re-constitution of split-kinases 

Objective 3: Expression of kinase FRET sensors 

Objective 4: Production of scaffolding proteins 

In this thesis only the first two aims have been pursued.  
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1.5 Technical implementation 

This thesis focused on the first three steps in the concept of the device (Figures 

2a, b, c). The purpose was to obtain two fused proteins that, by the formation of a 

protein-protein interaction, reconstitute the activity of a split-kinase. To properly 

characterize this event and to be able to compare our designed tool against others, 

it was first necessary to measure this catalytic activity with currently available 

kinase activity assays. Solid positive controls were also indispensable (Figure 2). 

Our own positive controls, called herein “intact” or “non-split” kinase domains, were 

designed, expressed and tested. The results described here are largely focused 

on the active expression of kinase-domains in bacterial systems. 

As in other engineering projects, each task achieved in this thesis relied on the 

application of many previously developed technologies which are briefly 

introduced in the following paragraphs. 

Construct Assembly approaches 

Both the Gibson Assembly (GA) and the Ligase Cycling Reaction (LCR) were 

applied for the DNA assembly of the constructs. The Ligase Cycling Reaction 

(LCR) is a recently developed assembly method that, similar to the Gibson 

Assembly, avoids the production of scars between the assembled DNA fragments. 

It uses oligonucleotide bridges that work as scaffolds for the assembly of two or 

more double-stranded DNA fragments. One of its advantages is that, without the 

need of specific overhangs in the dsDNA fragments, DNA modules can be 
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generically exchanged between different designs. However, the reaction setup is 

more complex than other assembly methods. This may result in a lower 

transformation efficiency, which would reduce the number of colonies available for 

screening [32]. In contrast, the Gibson Assembly is a cloning technique 

characterized by short isothermal reaction times for the assembly of several 

fragments into a single construct. It uses DNA polymerase, a DNA ligase and a 5’ 

exonuclease to combine overlapping double-stranded DNA fragments. One of its 

strengths against other strategies is the lack of “scar DNA” in between junctions. 

This scar-less process, however, comes at the cost of higher mutation rates in the 

overhang regions. The number of colonies that need to be screened before finding 

a positive one is therefore sometimes higher than with other methods[33,34]. 

Kinase fragment complementation 

In accordance with the scope of this thesis, only the expression of non-split and 

split kinase-domains (fused to fluorescent proteins) were tested. Kinases are 

sophisticated nanomachines that are targets and players of the regulation of 

protein-protein interactions. Inspired by the results of the kinase domain Protein-

fragment Complementation Assay (PCA) published by Camacho-Soto (2014), 

same three non-receptor tyrosine kinases, Lyn, Fak and Src were used. A PCA 

consists of the rational fragmentation of a catalytic protein or a protein domain that 

will recover its activity by a non-covalent union driven by a secondary protein-

protein interaction. Here, for example, the driving protein-protein interaction will be 

the union of protein A (FRB) with protein B (FKBP12) which can be triggered by a 
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small molecule (Rapamycin). The activity to be pursued will be a phosphorylating 

reaction from the re-constituted kinase domains.  

Challenges and alternatives of heterologous protein expression 

Due to its kinase activity, the expression of non-receptor tyrosine kinase domains 

in bacterial systems is often associated with lack of activity and low protein yields. 

To obtain the highest protein expression levels, three expression schemes were 

implemented: a phosphatase co-transformation in a small-scale expression 

screening, large-scale expression and, alternatively, cell-free expression. For the 

production of split-kinases proteins, however, toxicity was not expected and 

therefore only traditional large-scale expression was tested.  

Cell-free expression systems 

Cell-free systems allow for the expression of proteins in a minimal functional 

environment without the need for a living cell. There are currently two main types 

of cell-free systems: extract based or defined purified systems [35]. In this project, 

a commercial purified system was used. The Protein Synthesis Using 

Recombinant Elements (PURE system) is reconstituted from 36 enzymes, 70S 

ribosomes, amino acids, tRNAs and additional co-factors. It supports transcription 

from DNA to RNA, translation of mRNA into protein, but also features an energy 

(ATP) regeneration cycle [36]. Advantages such as easy reaction set up, fast 

protein production (4-12hrs) and relative toxicity resistance have made this system 

an interesting alternative for the expression of synthetic proteins. 
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Kinase activity assays 

The final level in the implementation of this project consisted of the measurement 

of kinase activity of the expressed proteins. Two main assays were used to fulfil 

this need: ADP-Glo (Promega) and Z’-LYTE (Thermo Fisher Scientific). In short, 

the ADP-Glo kinase assay detects the production of adenosine diphosphate 

(ADP), as a secondary product of the kinase reaction, so first, all remaining ATP 

is removed. The ADP is then re-converted into ATP and this molecule is then 

processed in a light-generating luciferase reaction [37] . In contrast, the Z’-LYTE 

kinase assay detects the phosphorylation of specific peptides. A non-

phosphorylated peptide is cleaved by a protease which leads to the disruption of 

a FRET signal. Consequently, a lower FRET signal indicates a higher 

phosphorylation level [38]. 

A summary of the logic of the technical implementation can be found in Figure 3.  

 

Figure 3. Technical implementation summary 
Above: The final goal of this phase was to test the activity reconstitution  of a kinase domain through a PCA. 
To do so a positive control of the kinase activity is needed. Below: summary of the technical implementation 
for each designed and assembled construct.  
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Chapter 2. Results 

2.1 Design and DNA assembly of constructs 

Amino acid sequences of various building blocks (parts), such as kinase domains, 

drug-induced interaction domains, fluorescent proteins, substrate peptides and 

matching SH2 domains were collected from literature or from constructs already 

existing in the lab. Amino acid sequences were back-translated into codon-

optimized DNA sequences using the online tool COOL[39] following the protocol 

described in the methods section. The online DNA viewer and editor Benchling 

was used for the virtual assembly of the various parts into DNA sequences of 

complete constructs. Primers for fragment amplification, Gibson assembly and 

LCR were designed using the same platform. 

In total, 26 constructs were designed: three intact kinase domains, six split kinase 

constructs, five scaffolding fusion proteins, six peptides and six SH2 sensor 

constructs (Table 1). Sixteen of these constructs were successfully assembled, 

four were ordered for complete gene synthesis and three are still in the process of 

assembly. 
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Table 1. Designed and assembled protein constructs. 
In total, 26 constructs were designed, 19 succesfully assembled and 4 commercially synthesized.  
 

Each of the two DNA assembly methods utilized had both shortcomings and 

advantages. Colonies were only observed in 57% of the LCR assemblies, while 

100% of the Gibson assembly cases produced colonies. Sequencing of the 

colonies indicated an average success rate of 69% of LCR colonies, while only an 

average 33% was reached with the Gibson Assembly (Table 2). In conclusion, 

Construct type Construct ID Construct Name Status

me0039 Lyn-10-mCit-TwinStrep Assembled

me0040 FAK-10-mCit-TwinStrep Assembled

me0041 SrcK-10-mCit-TwinStrep Synthesized

me0031 N-Lyn-20-FRB-TwinStrep Assembled

me0032 C-Lyn-TwinStrep-FKBP-20 Assembled

me0033 N-FAK-20-FRB-TwinStrep Assembled

me0034 C-FAK-TwinStrep-FKBP20 Assembled

me0035 N-SrcK-20-FRB-TwinStrep Synthesized

me0036 C-SrcK-TwinStrep-FKBP20 Synthesized

me0043 mCit-10aa-ALS-TwinStrep-SpyTag6 Assembled

me0044 ALS-10-mScarletI-6-SpyTag Synthesized

me0045 FRB-10-ALS-TwinStrep Assembled

me0046 ALS-10-FKBP-TwinStrep Assembled

me0047 mCit-10-MLS-TwinStrep-SpyTag6 Assembled

me0201 LynSens1A_(Syk)SH2SH2_FRB-mChe-Wp3-
TS

Designed and 
waiting for assembly

me0203 LynSens2A_(Syk)c-SH2_FRB-mChe-Wp3-TS Assembled

me0205 FakSens1A_(Src)SH2_FRB-mChe-Wp3-TS Assembled

me0207 SrcSens1A_(Src)SH2_FRB-mChe-Wp3-TS Assembled

me0209 SrcSens2A_(Csk)SH2_FRB-mChe-Wp3-TS Designed and 
waiting for assembly

me0211 SrcSens3A_(Crk)SH2_FRB-mChe-Wp3-TS Assembled

me0202 LynSens1B_(CD79apY188)_FK-mCit-WW-TS Assembled

me0204 LynSens2B_(CD79apY188)_FK-mCit-WW-TS Assembled

me0206 FakSens1B_(FAKpY397)_FK-mCit-WW-TS Assembled

me0208 SrcSens1B_(P130CaspY762)_FK-mCit-WW-
TS

Designed and 
waiting for assembly

me0210 SrcSens2B_(CbppY314)_FK-mCit-WW-TS Assembled

me0212 SrcSens3B_(p130CaspY238)_FK-mCit-WW-
TS Assembled

Non-split kinases

Split-kinases

Scaffolds

FRET sensors (SH2-Readers)

FRET sensors (Peptides)
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both assembly methods were implemented with a similar level of success. The 

Gibson assembly remained the preferred method due to the simpler reaction setup 

and the fact that there is no requirement for phosphorylated primers.  

  
Table 2. DNA assembly efficiency analysis. 
 

2.2 Small scale screenings to define optimal co-expression parameters 

Single expression versus PTP co-transformation 

Through a small-scale expression screening, non-split kinases Lyn and Src 

showed the lowest expression values compared with the Fak non-split kinase. Co-

expression with PTP showed enhanced expression than the single transformation 

in all cases. In line with literature reports, expression without any phosphatase 

failed for Lyn and Src and gave only moderate protein levels for Fak. 

Construct ID Tranformation date # CFU # CFU analyzed by 
PCR

# CFU positive  on 
colony PCR

# CFU sent for 
sequencing

#CFU positive after 
sequencing DNA assembly method % Positives over 

sequenced
me0031 20170710 12 4 2 2 2 LCR 100%
me0031 20170720 9 4 4 4 1 LCR 25%
me0032 20170710 84 4 4 4 3 LCR 75%
me0033 20170720 41 4 4 4 3 LCR 75%
me0039 20171007 0 0 0 0 0 LCR 0%
me0040 20171007 0 0 0 0 0 LCR 0%
me0040 20171007 0 0 0 0 0 LCR 0%
me0037 20170912 45 8 3 1 0 GA 0%
me0038 20170912 11 8 6 3 1 GA 33%
me0039 20170912 36 12 10 4 1 GA 25%
me0040 20170912 73 12 3 3 1 GA 33%
me0042 20170912 73 4 4 3 0 GA 0%
me0043 20170912 111 8 5 3 1 GA 33%
me0045 20170912 110 8 4 3 1 GA 33%
me0046 20170912 70 8 5 3 2 GA 67%
me0047 20170912 65 8 1 1 1 GA 100%
me0048 20170912 11 8 6 2 0 GA 0%

57% LCR LCR Average # Positive 
colonies 69%

100% Gibson Assembly GA Average # Positive 
colonies 33%

% Cases with colonies/ transformation events

% Cases with colonies/ transformation events
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Figure 4. Comparision single transformation vs PTP co-transformation.  
Co-transformation with PTP seem to have better performance in the expression of all three kinases.  *Relative 
units of fluorescence where collected after cell lysis. Standard deviation is presented in error bars.  

 

The next step was to evaluate the best conditions for the expression of the non-

split kinases through a small-scale screening expression that considered three 

main variables: optimal induction time and temperature (overnight at 20°C vs 3hrs 

at 37°C) (temperature (37°C vs 20°C), best Isopropyl b-D-1-thiogalactopyranoside 

(IPTG) concentration (Low = 0.05mM versus High = 0.5mM) and best phosphatase 

for co-transformation (YopH vs PTP-1B). To obtain statistically significant data, 

three different colonies were tested for each construct and condition. The 

experiment is schematically summarized in Figure 5.  
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Figure 5. Schematic view of the small scale expression screening protocol. 
 

Induction time and temperature (3hr@37°C vs Overnight@20°C) 

A 3hr incubation cycle at 37°C was compared against an overnight incubation at 

20°C. The overnight incubation cycle mostly resulted in the highest yields.  

 
Figure 6. Protein co-expression PTP vs YopH, evaluation of incubation time and temperature.  
*Relative units of fluorescence where collected after cell lysis and normalized to the OD before induction. 
Standard deviation is presented in error bars. 
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IPTG concentration (Low vs High) 

Expression under induction with two different IPTG concentrations was evaluated. 

However, only the data for the optimal time and temperature (overnight@20°C) is 

presented. Low IPTG (0.05mM) and High IPTG (0.5 mM) concentrations do not 

appear to have a significant effect on the expression of Lyn and Src under PTP co-

transformation while Fak expression was significantly superior under low IPTG 

induction. By contrast, high IPTG concentration appeared to be preferred for all 

three kinase proteins when co-transformed with YopH (however, overall yields 

were much lower). 

 
Figure 7. Differential IPTG concentration.  
*Relative units of fluorescence where collected after cell lysis and normalized to the OD before induction. 
Standard deviation is presented in error bars. 
 
Phosphatase co-expression (PTB versus YopH) 

PTP phosphatase co-expression consistently showed more than 10-fold higher 

fluorescence signals than YopH co-expression. Considering all conditions, a 

comparison between the co-transformation with PTP phosphatase or YopH 

phosphatase was performed. After the analysis on three different colonies for each 

construct, and considering incubation and measurement points at same conditions 

for all. PTP phosphatase appear to perform better in all conditions measured.  
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Figure 8. Best co-transformation performance (PTP vs YopH).  
*Relative units of fluorescence where collected after cell lysis and normalized to the OD before induction. 
Standard deviation is presented in error bars. Evaluation considers overnight incubation at 20C and both IPTG 
concentrations. 

 
2.3 Expression and purification of non-split proteins 

Once the optimal conditions for the expression of the kinase-based proteins were 

defined, the next step was to apply this information for the expression of the 

proteins at 1 L scale. The detailed protocol can be found in the materials and 

methods section. Samples from the culture (before induction, after induction, 

supernatant, pellet, and before concentration) were analyzed by SDS-PAGE  

 
Figure 9. PTP co-transformed Lyn, large scale  expression and purification. 
From left to right in Äkta elution profile: X-axis= elution (ml), Y-axis= mili-absorbance units (mAU) SDS-PAGE: 
Ladder(L), Before Induction (BI), After Induction (AI), Supernatant (SN), Pellet (P), Before concentration (BC), 
Flow through (FT), Wash (W).  

 

Lyn Fak Src
PTP 20,031 19,722 14,100 
YopH 1,292 2,103 1,480 

0

10,000

20,000

30,000

Fl
uo

re
sc

en
ce

 (R
FU

)*

Best general performance
PTP vs YopH

L BI AI SN P BC L L FT W

Lyn - Affinity column - StrepTag

Lyn-10-mCit-TS 65.87 kDa

63 uM



 
 

 

32 

 
Figure 10. PTP co-transformed Fak, large scale expression and purification. 
From left to right in Äkta elution profile: X-axis= elution (ml), Y-axis= mili-absorbance units (mAU) SDS-PAGE: 
Ladder(L), Before Induction (BI), After Induction (AI), Supernatant (SN), Pellet (P), Before concentration (BC), 
Flow through (FT), Wash (W).  
 
 

 
Figure 11. PTP co-transformed Src, large scale  expression and purification. 
From left to right in Äkta elution profile: X-axis= elution (ml), Y-axis= mili-absorbance units (mAU) SDS-PAGE: 
Ladder(L), Before Induction (BI), After Induction (AI), Supernatant (SN), Pellet (P), Before concentration (BC), 
Flow through (FT), Wash (W).  
 
Following the 5ml StrepTag affinity column purification, the proteins were 

physically concentrated by centrifugation. Final yields can be found in Table 3.  

 
 

 
Table 3. Purified protein yields. 
Obtained from the PTP co-transformation and  large scale  expression and purification following the optimal 
conditions. 
 

Fak - Affinity column - StrepTag

Fak-10-mCit-TS 69.77 kDa

40 uM

L BI AI SN P BC L FT W

Src - Affinity column - StrepTag

Src-10-mCit-TS 65.7 kDa

65 uM

L BI AI SN P BC L FT W L
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2.4 Activity assays of large scale purified non-split kinases  

Two kinase assays were used to characterize the activity of the large-scale, 

phosphatase – co-transformed kinases. For the measurement of ATP converted 

into ADP, the kinase assay ADP-Glo (Promega) was performed. Based on ADP 

standard curves, luminescence readings were translated into relative ADP 

concentrations (in nM) resulting from the kinase reaction. The average noise signal 

from the empty plates was considered noise, and was subtracted from the data 

(cleaned). Furthermore, the readings were normalized to the negative control 

(consisting of buffer, each substrate and the highest concentration of the 

respective kinase, but lacking ATP). All three constructs showed activity. 

Interestingly, all three kinases also transformed some ATP into ADP even in the 

absence of the peptide substrate. In fact, Src showed similar activity with and 

without the peptide substrate. Comparing absolute activities (Figure 12c), the 

activity of Fak was five times lower than Lyn and Src. Although not unexpected, 

this could also be due to the lower purity of this sample. Decreasing the 

concentration of the kinase, decreased proportionally the transformation of ATP 

into ADP.  
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Figure 12. ADP-Glo kinase activity assay for large scale kinases. 
a)Lyn activity characterization (K1= 200 nM, K2= 40 nM, K3= 20 nM; 100µM peptide, 25µM ATP ); b) Fak 
activity characterization (K1=200nM, K2=40nM, K3=20nM; 200µM peptide, 25µM ATP); c) Src activity 
characterization, K1=200nM,K2=40nM,K3=20nM; 100µM peptide, 50µM ATP). 
 

Following this, kinase activity was confirmed by the Z’LYTE assay. Two different 

peptides were used as substrates according to the manufacturer’s 

recommendation, one for Lyn and Src and another one specifically for Fak. In both 

cases the peptide and kinase concentrations were defined as 2µM according to 

what is established by the protocol, and ATP was adjusted to 100µM. For Lyn, 

kinase concentrations were 40nM (K1), 20nM (K2) and 10nM (K3), and in the case 

of Src these were 40nM (K1), 20nM (K2) and 10nM (K3). Finally, for Fak, higher 

kinase concentrations were used: 360nM (K1), 180nM (K2) and 90nM (K1). As a 
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negative control, 25nM of purified PTP phosphatase were added to the same 

quantity of phosphorylated substrates. For more details regarding the set of the 

reaction please review the materials and methods section.  

Lyn and Src proteins showed an inverse fluorescence ratio significantly higher than 

the negative control, demonstrating kinase activity. By contrast, Fak reactions 

remained at the same or lower levels as the negative control, indicating a very low 

or lack of activity (at least with this particular substrate peptide).  Lyn at its highest 

concentration reached around 30% of the maximum activity (100% peptide 

phosphorylation), while Src showed around 10% substrate phosphorylation. 

Experimental conditions could probably be improved to increase enzymatic 

efficiency. Confirming these results, the addition of phosphatase reduced the 

phosphorylation signal in the case of Lyn and Src but not in the case of Fak. All 

results have been summarized in the four charts in Figure 13.  
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Figure 13. Z’LYTE kinase activity assay for large scale kinases. 
 a)Lyn activity characterization (K1= 40 nM, K2= 20 nM, K3= 10 nM; 2µM peptide, 100µM ATP ); b) Fak activity 
characterization (K1=360nM, K2=180nM, K3=90nM; 2µM peptide, 100µM ATP); c) Src activity 
characterization, K1=40nM,K2=20nM,K3=10nM; 2µM peptide, 100µM ATP) 
 

2.5 Protein expression and purification of split proteins 

The sequence design of split Lyn, Src, and Fak kinase constructs was taken from 

Camacho-Soto et al [40]. Camacho-Soto tested their split kinases in a mammalian 

cell-free extract. By contrast, sequences for E. coli were optimized, and a first 

attempt to express split kinase constructs on this bacterium was attempted. 

Expression levels were poor and only partial purification was achieved as many of 
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the fragments tended to adhere to column materials and host proteins. 

Nevertheless, Lyn fragments expressed three times more efficiently than the other 

kinase fragments. Src-splits had the lowest expression efficiency.  

 
Table 4. Split kinases concentration. 
Liquid chromatography purification  by affinity for StrepTag, removed undesired proteins with a low efficiency. 
So final concentration values were corrected considering the qualitative level of purity identified in the SDS-
PAGE analysis. 

 

2.6 Activity assays of purified split kinases 

After expressing and purifying split kinase proteins, the next step was to measure 

the reconstituted kinase activity. Aliquots of both N and C terminal parts of each 

enzyme were adjusted to equivalent concentrations by spectrophotometric 

methods and buffer addition. Rapamycin was used in order to induce the 

reconstitution through the interaction of FRB with FKBP. Once rapamycin was 

added kinase activity was measured with the ADP-Glo activity assay. There was 

no correlation between the addition of rapamycin and kinase activity. Individual 

fragments showed low conversion of ATP into ADP even in the absence of the 

ligand and/or even in the absence of the other half of the kinase. Only Lyn showed 

some activity after the addition of Rapamycin, however, this activity was of similar 

magnitude to the activity observed from only the N-terminal Lyn fragment. 
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Figure 14. Split kinases ADP-Glo activity assay.  
No significant increase of activity was observed after rapamycin reconstitution. 

 

2.7 Protein expression in PURE cell-free system 

Fusion proteins containing intact Src, Lyn and Fak kinase domains were expressed 

in a cell-free system as this would offer the most rapid prototyping and engineering 

test bed. Two concentrations of plasmid DNA were tested, 250ng and 500ng. The 

mCitrine yellow fluorescent domains were also expressed to allow estimation of 

expressed protein concentrations. Fluorescence was measured at three different 

incubation times: 6hrs, 12hrs and 24hrs, and a concentration calibration curve with 

purified mCitrine was evaluated in the same plate at time zero (Data not shown). 

In all constructs, the maximum protein level was achieved after 12hrs of incubation. 

After that time point, protein started to precipitate or lose fluorescence. There was 

no significant improvement of the protein yield when comparing adding 250ng or 
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500ng of DNA. Lyn and Fak constructs (optimized and assembled in-house) 

resulted in the highest protein yields with 260nM and 437nM concentrations, 

respectively in the 25µL reaction volume. Src-mCitrine, the only construct 

commercially optimized and gene synthesized, was, interestingly, the least 

efficient in terms of protein expression and yielded only 140 nM. This indicated that 

the modified expression vector and codon optimization strategy performs 

equivalently or superior to the protocol of a highly reputed commercial gene 

synthesis provider.  

 
Figure 15. Cell-free protein expression of non-split proteins. 
 
 
 
 

2.8 Activity assay of cell-free expressed proteins 

Cell-free expressed, non-split kinase activity was measured through the ADP-Glo 

assay. At the moment of the experiment, the synthesis of the Src construct was 
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substrate, with low substrate concentration (0.024mM and 0.53mM for Lyn and 

Fak respectively), and with high substrate concentration (0.24mM and 2.7mM for 

Lyn and Fak). Those substrate concentrations were selected according to 

published activity experiments[40]. Although the protein yield between both DNA 

inputs for the cell-free expression were not significantly different, both samples 

were tested for activity. 100µM of ATP, in a well with cell free system and buffer, 

was used as a positive control. Three negative controls were considered: the cell 

free system that was incubated without DNA, the reaction expressing mCitrine and 

a sample from a well that expressed Lyn (500ng) but without the addition of ATP. 

Positive and negative controls performed as expected, however, no activity was 

observed in either of the experiments. 

 
Figure 16. ADP-Glo kinase activity of cell-free expressed kinases. 
Any of the proteins showed a significant difference in the conversion of ATP to ADP. *100µM ATP was added 
to all reactions (except the noted control without ATP) 
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2.9 Z’LYTE Activity assay of cell-free expressed proteins 

Suspecting an interference of the still active ATP energy recycling system of the 

PURE reaction, a second type of activity assay was performed. The Z’LYTE kit 

measures FRET signals of specific (phospho) peptides instead of ADP conversion. 

Positive and negative controls were tested in wells containing the same buffer, cell-

free extract, ATP, additives and water similar to the wells with active kinases, but 

with the addition of a commercially phosphorylated peptide (PhS) as a positive 

control and the non-phosphorylated peptide (S) as a negative control. Additionally, 

mCitrine expressed under the same conditions in the cell-free system was used as 

a negative control. None of the three constructs showed activity. The proper 

functioning of the kit was further confirmed by the addition of purified phosphatase 

(PTP) in the cell free system (control + PTP), which gave a significant reduction of 

the signal of the phosphorylated peptide (PhS)in all cases. 

 
Figure 17. Z’LYTE kinase activity assay of cell-free expressed proteins.  
Any of the cell-free expressed proteins did not showed peptide phosphorylating activity. 
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2.10 Mass spectrometry analysis 

Samples of each of the purified proteins were analyzed by mass spectrometry. All 

the proteins showed molecular weights close to the expected size, confirming the 

presence of the desired proteins in the analyzed samples. 

  
Figure 18. EPI-MS spectrum of purified kinases.  
Expected molecular mass (considering metionine mass) is marked with a red line. 
 
 

 

Component Molecular Mass 
(Da)

% Relative 
Abundance

A 65809 100
B 65834 64
C 65123 32
D 65180 26
E 65257 32
F 65791 70
G 65816 35
H 65976 25
I 65247 27
J 65936 34

Component Molecular Mass 
(Da)

% Relative 
Abundance

A 69537 68
B 69643 95
C 69773 100
D 69784 57
E 69550 78
F 69759 58
G 69924 73
H 69631 89
I 69026 35
J 69252 62
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% Relative 
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To investigate why cell-free expressed kinases were not active while kinases 

expressed in E. coli were, we analyzed phosphorylation differences between the 

purified, active, Lyn and the cell-free expressed Lyn. A sample of each was 

analyzed by MS/MS after in-gel trypsin digestion.  Lyn was selected to be analyzed 

due to its consistent high activity with both activity assays. No phosphorylation 

marks were found on the cell-free expressed sample. Interestingly, on the sample 

expressed from E. coli, phosphorylation marks were found in unexpected sites. 

This indicates that the kinase domain is, in fact, phosphorylating the fused mCitrine 

domain intramolecularily. No such signals were found for the cell-free expressed 

version, which further confirms that the protein is not active. 
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Figure 19. MSMS phosphorylation analysis of purified and cell-free expressed Lyn.  
  

Purified Lyn: MSMS phosphorylation analysis

Founded (5), Tyrosine 
phosphorylation
Founded (2), Serine/Threonine 
phosphorylation
Expected (7), Serine/Threonine or Tyrosine 
phosphorylation

Active Site

Y397, phospho activating site

a)

Cell-free expressed Lyn: MSMS phosphorylation analysis

Founded (5), Tyrosine 
phosphorylation
Founded (2), Serine/Threonine 
phosphorylation
Expected (7), Serine/Threonine or Tyrosine 
phosphorylation

Active Site

Y397, phospho activating site

b)
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Chapter 3. Discussion and future work 

The study of low concentration or weak protein-protein interactions in living 

systems is still a challenging task. Here the first steps in the development of a 

protein-protein sensor device that can detect protein-protein interactions occurring 

at low concentration through the generation of a higher concentration FRET signal 

are presented. Specifically, the design and assembly of all parts of the sensing 

and amplifying proteins, the optimization of the expression of non-receptor tyrosine 

kinase-based constructs in bacteria, their alternative expression in cell-free 

systems and the confirmation of kinase activity by two complementary methods 

were pursued and achieved. Moreover, a protein-fragment complementation 

assay, meant to reconstitute kinase activity in a controlled way was tested. 

From the 26 constructs that were designed in silico, 19 constructs were built 

through two different DNA assembly strategies: Gibson Assembly (GA) or Ligase 

cycling reaction (LCR). Both methods performed roughly similarly. LCR exhibited 

lower overall efficiency but a higher rate of correctly assembled clones. However, 

considering the simplicity of the reaction set up, GA is preferred over LCR. 

Further details regarding the expression of the assembled constructs will be 

discussed later, however, in general, it seems that the constructs, from which 

sequence was optimized by the codon optimization protocol presented here, 

express better in both BL21 cells and the PURE cell-free system, than in the 

commercially synthesized sequences in which codon definition was processed 

differently. Interestingly, the three commercially codon-optimized and gene-
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synthesized Src constructs were consistently expressed at lower rates than the 

proteins codon-optimized with the method here proposed. Lyn kinase domain 

fusions, for example, were expressed at higher rates than Src in almost all cases. 

Src and Lyn have very similar structures and activation mechanisms. It is 

hypothesized that the codon optimization is the main reason for the difference in 

expression. ATUM, the company responsible for the synthesis of the Src-based 

constructs claims industry-leading optimization algorithms but does not share their 

protocol so further analysis is difficult. However, alternative explanations exist: The 

expression vector backbone (pJEx411, DNA 2.0/ATUM) was identical, though a 

modification which had been optimized to reduce mRNA secondary structure 

effects [41](R. Grünberg unpublished) was used. Moreover, Src and Lyn kinase 

domains are similar but not identical.  

To test the sensors, many prerequisite tasks had to be accomplished. To properly 

demonstrate the reconstitution of kinase activity from kinase fragments, a positive 

control for the phosphorylation reaction was required. Therefore, one of the main 

goals was to express active human non-receptor tyrosine kinase-based constructs 

in E. coli BL21 (DE3). This is not a trivial task; the expression of these proteins in 

bacterial systems often results in low yields, insoluble and sometimes inactive 

proteins[42]. A decision was made to run a small-scale expression screen that 

gave the best expression conditions to follow for a large-scale expression. PTP 

(protein phosphatase P) co-transformation, and high IPTG (0.5mM) induction in an 

overnight cycle at 20°C and 250rpm was found to be the ideal condition of the 
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expression of kinase-domain fusion proteins. The same conditions were applied to 

the large-scale expression and expression yields of 18.45 mg, 16.52 mg and 12.18 

mg per L of culture were achieved for Lyn, Fak and Src-based proteins, 

respectively. After purification, kinase activity was confirmed through two non-

overlapping assays. Lyn and Src showed activity in both assays while Fak did not; 

this lack of activity may either be connected to the lower purification efficiency, 

folding issues or a need for phospho-activation of the domain. Further experiments 

would be required to achieve active Fak purification. 

The expression of the same kinase-domain-mCitrine fusion proteins was tested in 

a defined E. coli cell-free system named PURE (NEB). This system has been 

shown to be an interesting alternative for the expression of proteins toxic for 

bacterial cells, but also represents an appealing tool for the very rapid and simple 

expression of small amounts of synthetic protein constructs. Compared to the 3-5 

days that the traditional protein expression protocol requires, including the time-

consuming preparations of buffers, media, and sample management, the in vitro 

expression with the PURE system only requires the pipetting of the plasmid DNA 

followed by an incubation of 4-12h. According to the manufacturer, yields of more 

than 5,000 ng/25µL reaction are feasible[43]. In our hands, and with our kinase-

based constructs, only concentrations of at most 872ng/25µL reaction were 

attained. However, the cell-free expressed kinase constructs did not show any 

activity. The ADP-Glo kinase activity assay could not be used in this context, due 

to the presence of an ATP regeneration system. Small-scale purification must be 
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applied in the future if this activity assay is to be used on cell-free reactions. 

However, it could be shown that the ZLYTE assay functions in the cell-free reaction 

but, however, the kinase-domain constructs had negative results.  

Only the proteins expressed and folded under the bacterial intracellular 

environment showed kinase activity. The cell-free expression, lacks proteins 

responsible for post-translational modifications or chaperon functions. At least one 

of these two functions appear to be required for kinase activity. In order to 

investigate if the difference was due to a lack of phosphorylation, mass 

spectroscopy analysis was performed on the Lyn-kinase construct from the cell-

based and cell-free expression. A difference in the phosphorylation of the kinase 

domain was suspected. Unfortunately, the MS result excluded many of the kinase 

domain peptides. Interestingly, the phosphorylation marks found in the bacterial-

expressed protein (but not in the cell-free expressed proteins) were placed on the 

mCitrine domain of the protein. Considering the universal lack of tyrosine kinases 

in bacterial systems, and assuming only the presence of the expressed Lyn kinase 

domain, it can be hypothesized that those phosphorylation marks were the result 

of cis phosphorylation reactions within the fusion protein. Indirectly, this serves as 

a further indication of the complete lack of kinase activity from the cell-free 

expressed proteins. The next logical cause for the inactivity of the expressed 

proteins in the cell-free systems could be the lack of chaperon proteins that assist 

in the folding of our kinase-based constructs[44,45]. Bacterial or human chaperons 

(i.e.: HSP90 and CDC37) could be added to the PURE reaction in future 
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experiments. An alternative could also be the characterization of the expression 

and activity in other types of bacterial cell-free systems that do not have a defined 

composition but that could still contain endogenous chaperones.  

The kinase-fragment complementation assay gave inconclusive results. Low 

partial activity could be observed but was not dependent on actual fragment 

complementation. It may be possible to optimize the re-constitution assay and 

expression conditions, however, the kinase domain fragments clearly do not 

function as robustly as suggested by the original authors[40]. Alternative systems 

are needed for the coupling of low concentration interactions to kinase activity or 

other biochemical readouts. 

The expression of kinase-based constructs in both bacterial and cell-free systems 

has been explored, and the optimal conditions for the expression of synthetic 

proteins determined, resulting in a protocol for the design, assembly and bacterial 

expression of active non-receptor tyrosine kinase constructs. Moving forward, this 

achievement will facilitate the design and characterization of the complete protein-

protein sensor and amplification system with applications such as a research tool 

and biosensor. 
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Chapter 4. Materials and Methods 

4.1 Sequences 

Amino acid sequences published by Camacho-Soto[40] and summarized in Table 

5, were used as base for the gBlocks of the kinase domains while the FRB, FKBP, 

fluorescence parts, purification tags and flexible linker sequences were amplified 

from the plasmid stock in the laboratory.  

  
Table 5. Kinase domains, amino acid sequence source  
 

4.2 Plasmids 

The cloning vector pJEx411c (a modified version of the original DNA 2.0/ATUM) 

had previously been used with success in our laboratory. This is a high copy vector, 

with an IPTG-inducible T7 promoter, a consensus E.coli RBS, an ORF, a 

Kanamycin (Kan) resistance cassette and a T7 terminator plus a modification to 

reduce mRNA secondary structure effects [41](R. Grünberg unpublished).  

4.3 gBlocks and primers’ synthesis 

Designed gBlocks, fragment amplification primers, Gibson assembly primers and 

LCR primers were commercially synthesized by Integrated DNA Technologies 

(IDT). Once received, gBlocks were diluted in TE buffer as indicated by the IDT 

Lyn P07948 211-512

I6L996  374-392 
+

Q05397 393-708
Src P12931 234-536

Kinase domain Uniprot entry number Residues

Fak
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protocol. In short, centrifugation was performed at 3000g for 10 seconds to 

precipitate the powder, followed by dilution in TE buffer (10mM Tris, 1mM EDTA, 

pH8) to a final concentration of 100µM and 50nM for primers and gBlocks 

respectively.  DNA was then stored at -20ºC. 

4.4 Cells and media 

Chemically competent Mach1TM T1R cells (Thermo Fisher Scientific) were 

preferred for transformations of assembly products while “Lab-made” Escherichia 

coli BL21 (DE3) was used for protein expression. For the small-scale screening 

and the large-scale expression of non-split kinases a 2x Yeast Extract Tryotone 

(2xYT) growth medium with glucose (final 1% w/v) and with the respective 

antibiotic: Kanamycin (50ug/ml), Carbenicillin (50ug/ml), Spectinomycin (25 ug/ml) 

or combinations in the case of co-transformed cultures was used. 

4.5 Peptides 

The following peptides were used for each ADP-Glo kinase reaction: 

  
Table 6. List of peptides used in kinase activity assays. 
 

Synthesized peptides were diluted in 100% DMSO and water, as indicated by the 

commercial (GenScript) protocol. 

 

Lyn EDPIYEFLPAKKK (Synthesized) Tyrosine 2 (Z'LYTE)
Fak EEEEYEEEEYEEEE (Synthesized)Tyrosine 7 (Z'LYTE)
Src EDPIYEFLPAKKK (Synthesized) Tyrosine 2  (Z'LYTE)

Kinase ADPGlo ZLYTE
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4.6 In silico codon optimization and construct design 

DNA sequences were obtained as a result of the retro-translation of the amino acid 

sequences prioritizing E. coli codon usage. The webserver “Codon Optimization 

On-Line” (COOL), developed by the National University of Singapore (NUS)[39], 

was used to calculate an optimal DNA sequence by maximizing the individual 

codon usage, the codon context (codon pair bias), and the number of hidden stoop 

codons while ignoring the codon adaptation index, the CpG site count, codon 

autocorrelation and 5’RNA folding instability. A 50% total GC content was selected 

as a target. A set of 378 highly-expressed genes from E. coli was used as a 

reference for the target codon and codon pair distribution. Hard constraints were 

specified to remove the Shine Delgarmo sequence (GGRGG) and the restriction 

sites BsaI (GGTCTC, GAGACC), BtgZI (GCGATG, CATCGC), SapI (GCTCTTC, 

GAAGAGC), BsmBI (CGTCTC, GAGACG) and BpiI (GAAGAC, GTCTTC) in 

addition to removing any repeat of motifs of length eight or more. Consecutive 

repeats of the length of one base with more than four occurrences were biased 

under soft constraint (parameter). 

Results were filtered by prioritizing a higher number of hidden stop codons, 

maximum values of individual codon fitness and codon context fitness. A final 

manual-selection criteria consisted of the avoidance, if possible, of the following 

undesired codons: ATA, AGG, AGA, CGG, CTA, CGA or ATA-ATA [46].  
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4.7 Fragment Amplification by PCR 

Polymerase Chain Reaction (PCR) was used to amplify gBlocks and previously 

existing inserts to concentrations higher than 50nM (insert fragments) and 25 nM 

(vector fragments). All reactions were established in 200ul PCR tubes, adding 48ul 

of double distillated water (ddH2O), 0.5 µL of each Forward (FW) and Reverse 

(RV) primers to, achieve a final concentration of 0.5µM, 1ul of a DNA template 

either plasmid or linear (previously diluted 1:50 into EB buffer). A final volume of 

100ul was reached by the addition of 50ul of 2x HF Fusion master mix (NEB). PCR 

cycling conditions for amplification with regular primers and amplification with 

Gibson assembly primers are summarized in Tables 7 and 8, respectively. 

  
Table 7. PCR amplification conditions with regular primers. 
 

Initial 
denaturation 98ºC 30 sec 1

Denaturation 98ºC 10 sec
Annealing Primer (Tm) 10 sec
Extension 72ºC 35 sec/ Kb 

Final extension 72ºC 5 min 1
Cooling 4ºC Undefined  -

Step Temperature Time Number of 
cycles

29-36
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Table 8. PCR amplification conditions with Gibson Assembly primers. 
 

Methylated template DNA was digested by adding 1ul of DpnI to each PCR 

product, incubation in a thermocycler at 37ºC for 45 min was followed by a heat 

inactivation cycle of 20 min at 80ºC. A QIAquick purification kit was used to clean 

up the PCR reactions, elution was then performed in 35ul of EB buffer (10 mM 

Tris-HCl, pH 8.5) for the vector-fragments and in 40ul of the same buffer for the 

insert fragments. DNA purity and concentration was measured by absorbance on 

a NanoDrop 2000. Fragment amplification was confirmed by Agarose gel 

electrophoresis, and amplified fragments were stored at -20ºC 

4.8 Agarose gel electrophoresis 

Depending on the length of the DNA fragments to be run, different agarose 

concentrations were used to prepare the gels (0.8%, 1%, 1.5% and 2% Fak w/v). 

1xTAE buffer was used as a solvent and 10x GelRed was used for staining. 

Electrophoresis was run for 60 min at 100 volts. Before loading in the gel, DNA 

Initial 
denaturation 98ºC 30 sec 1

Denaturation 98ºC 10 sec
Annealing Primer (Tm) 10 sec
Extension 72ºC 35 sec/ Kb 

Denaturation 98ºC 10 sec
Extension 72ºC 35 sec/ Kb 

Final extension 72ºC 5 min 1
Cooling 4ºC Undefined  -

23

Step Temperature Time Number of 
cycles

6
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samples that were not amplified with 2XGo Taq green were mixed with 6x loading 

dye. TriDye 100bp DNA and TriDye 1kb DNA ladders (NEB) were utilized as 

molecular weight guides. A representation of one of the multiple agarose gels 

performed to confirm fragment amplification is presented in Figure 20 

  
Figure 20. Example of the agarose gel resulted after loading samples of amplified fragments 
 

4.9 Fragment and primer phosphorylation 

Amplified fragments scheduled for use in the LCR assembly were phosphorylated 

in a reaction composed of 32ul of the PCR product, 4.5 µL of a 10X Ampliligase® 

Buffer (Epicentre), 1.5 µL of T4 polynucleotide kinase (PNK) (NEB), and 2ul of ATP 

at 50µM and ddH2O to reach a final volume of 50ul. Alternatively, amplification 

primers were phosphorylated in a 50ul reaction with 38ul of ddH2O, 2.5ul of each 

oligo (to a final concentration of 5µM each), 5ul of 10X Ampliligase® Buffer 

(Epicentre), 1ul of 50mM ATP and 1ul of T4 Polynucleotide kinase (NEB). Both 

reactions were incubated in a thermocycler for 30min at 37ºC followed by a heat 

inactivation cycle of 20 min at 65ºC 

 

 

1kb 45 47 31 32 33 100bp 35,55,34 40,42,41 54,53,43 57,56,38 36,39,37 49,48,48 44,46,47
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4.10 DNA assembly by Gibson Assembly 

Fragments and vectors to be used for the Gibson Assembly were amplified using 

the respective Gibson primers. Primers must be of approximately 40bp length 

which should include an 18-23bp region that overlaps with the sequence of the 

adjacent fragment. Assembly reactions were set in 20ul final volume. For each 

construct, 4ul of 25nM vector fragment was mixed with either 4ul of ddH2O and 

2ul of insert fragment at 50nM or, for constructs with more than one insert, only 2ul 

of ddH2O and 2ul of each of the insert fragments at 50nM we added. Finally, 10ul 

of 2x Gibson Assembly Master Mix (NEB) was added. The reagents were mixed 

and immediately placed in the thermocycler for 30 min at 50ºC. Importantly, 

assembly reactions were diluted by adding 60ul of ddH2O before transformation. 

Assembly reactions were stored at -20ºC in case transformations needed to be 

repeated. 

4.11 DNA Assembly by Ligase Cycling Reaction (LCR) 

For each assembled construct composed of two inserts in a vector, three bridge 

primers were designed and commercially synthesized. Each primer contained 

between 20-25bp overlap with the fragments to be assembled (total average length 

of 40-50bp). A melting temperature (Tm) of around 70-80ºC is required for each of 

the individual overhangs and, if possible, an overall GC content close to 50%. 

Fragments and vectors were 5’ phosphorylated either by the use of phosphorylated 

amplification primers or by phosphorylating the amplified fragments. Assembly 

reactions of 25ul final volume contained: 10.25ul of ddH20, 2ul of DMSO (final 8% 
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v/v), 2.5ul of 4.5M Betaine, 1.5 µL of each fragment (50nM), 3ul of the vector 

(25nM) and 0.75ul of each bridge primer (1µM). Finally, 0.5ul of 10X Ampliligase® 

Buffer (Epicentre) and 1.5ul of 5U/µL Ampliligase were added and properly mixed. 

A short centrifugation process concentrated the volume on the bottom of the 200ul 

PCR tubes. The reaction was run in a thermocycler for 2min at 94ºC followed by 

50 cycles of: i) 10 seconds at 94ºC, ii) 30 seconds at 55ºC and iii) 60 seconds at 

66ºC. Reactions were immediately placed on ice (4ºC) after the last cycle. 

4.12 Transformation & co-transformation 

Bacterial cells were thawed on ice for 10 min, after which 23µl were carefully 

placed in previously autoclaved 2ml Eppendorf tubes, under sterile conditions. 1µl 

of diluted assembly or plasmid DNA (1ng/µL-5 ng/µL) was added to the center of 

each culture, avoiding cell disruption. Transformation consisted of 30 minutes on 

ice, 30 seconds in a water bath at 42ºC followed by a further 5 min on ice. For 

recovery, 600µl of Super Optimal Broth (S.O.C) media was added and tubes were 

incubated horizontally for 1 hour at 37ºC with 250 rpm shaking. 150µl of each 

sample was plated on LB broth with agar (Lennox) and the respective antibiotic, 

and incubated overnight for 8-10hrs (for Mach1) and 12-18hrs (for BL21) at 37ºC 

4.13 Colony PCR and inoculation of backup culture for miniprep 

To determine the presence of expected constructs, 3-4 colonies of each sample 

were analyzed by PCR. Colonies were picked into 150µl of ddH2O from which a 

400µl LB (with the respective antibiotic) “backup” culture was inoculated.  With a 
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different tip, 1µl from the water dilution of the colony was mixed with 5.5µl of 2x 

GoTaqGreen Master mix (Promega), and 2.25 µL of each FW (rg0073) and RV 

(rg0074) primers at 1µM. The PCR was performed in a cycle of 5min at 95ºC, with 

25 repetitions of i) 30 seconds at 95ºC, ii) 20 seconds at 54ºC, and iii) 54 seconds 

at 72ºC, subsequently cooling down to 4ºC. Agarose gel electrophoresis was used 

to confirm appropriate length of the specific DNA region that contained the 

sequence of the protein of interest. 

4.14 Glycerol stock ad plasmid Purification 

After colony PCR confirmation, Mach1 culture cells containing the plasmids were 

inoculated into 5ml of liquid Luria Broth (LB) media (with selected antibiotic) into 

15ml Nalgene tubes. Caps were relaxed to allow oxygenation during overnight 

incubation at 37ºC with 250 rpm shaking. The following day, a glycerol stock of 

each sample was prepared under sterile conditions by adding 200µl of 30% 

glycerol solution to 200µl of each sample, followed by slight vortexing and 

immediate storage at -80ºC. Plasmid DNA was minipreped from the remainder of 

the culture (QIAprep Miniprep kit, Qiagen). Concentration of all plasmid samples 

was obtained through absorbance measurements with NanoDrop2000. 

Subsequently, Sanger sequencing was performed by the KAUST Core Labs 

facilities. Sequencing results, with two primers for each sample, were aligned with 

Benchling (www.benchling.com) to confirm correct assembly and rule out 

mutations. 
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4.15 Cell-free expression 

All cell free reactions were set in Black Corning™ Low-volume 384-well 

polystyrene plates. Plasmid DNA was diluted in EB to reach an approximated 

concentration of 125ng/µL. Following the PURExpress® system (NEB) 

commercial protocol, 25µl reactions were prepared by first adding 10µl of Solution 

A, 7.5µl of Solution B, 0.5µl of RNA Murine Inhibitor and DNA templates (250ng or 

500ng). Plates were briefly centrifuged to remove bubbles, covered with a plastic 

seal and incubated at 37ºC without shaking. Afterward, protein concentration was 

measured by mCitrine fluorescence reading (excitation 516 nm, emission 529 nm) 

using a microplate reader M1000 (TECAN).  

4.16 Small scale expression screening 

Three colonies of each construct were inoculated into one well each from a 24 

deep-well plate with 1 ml of 2xYT media (1% glucose + antibiotic). Random wells 

remained without inoculation as controls of contamination. After overnight 

incubation at 37ºC and 250rpm, each starter culture was divided into two different 

24 deep-well plates (for incubation overnight at 20ºC or for 3hrs at 37ºC after 

induction, respectively) to a 1:10 dilution (40µl of starter culture into 4ml of 

production culture). Cultures were grown at 37C and 250 rpm until OD=0.5 was 

attained in about 60% of the wells. Protein expression was induced by the addition 

of low (0.05mM) or high (0.5mM) IPTG followed by incubation either overnight at 

20ºC or for 3hrs at 37ºC. Afterwards, plates were centrifuged for 10 min at 1500g 

and 4ºC. The medium was discarded and the pellets re-dissolved in 600ul of lysis 
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buffer (for 30ml: add 30ml of BugBuster (Novagen), 3 tablets of MiniComplete 

EDTA (Roche)). After 30 minutes shaking at 250rpm at 20ºC, cell debris was 

removed by centrifugation for 10 mins at 1500 rpm. 100µl of each supernatant was 

placed in a 96 well plate for fluorescence reading with the microplate reader M1000 

(TECAN) 

4.17 Large scale protein expression and purification 

4.17.1 Split kinases 

BL21 (DE3) cells were cultured in LB media (1L per construct) with Kanamycin 

(50ug/ml) and Glucose (final 1% w/v). Protein expression was induced at OD= 0.5 

(expecting it to reach 0.6 while the incubator cooled down) by adding 500µl of 1M 

IPTG and incubating for 18-20hrs at 18ºC and 250 rpm shaking. Cultures were 

centrifuged at high speed (7000 g) for 15 min at 4ºC and washed in PBS. Chemical 

lysis was performed under rotation for 30 min at 4ºC after the addition of 5ml/grams 

pellets of lysis buffer (1x Bug buster, Protease inhibitor (1tablet/50ml), Lysozyme 

(1 spatula tip/60ml), Triton (0.05% v/v), Benzonase 8U/ml, DTT 2mM in a binding 

buffer [100mM Tris-HCl, 150 mM NaCl, 1mM EDTA, 1mM DTT, pH 8], pH 8), 

followed by high speed centrifugation for 45 min at 27,000 g and 4ºC. After 

centrifugation of the lysis product the supernatant was purified through a 5ml 

StrepTag affinity column in the Liquid chromatography device Äkta using a binding 

buffer (100mM Tris-HCl, 150 mM NaCl, 1mM EDTA, 1mM DTT, pH 8) and an 

Elution buffer (2.5 mM desthiobiotin and 2mM DTT diluted in Elution buffer, pH 8). 
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Samples were concentrated using 10K Amicon ultra-4 centrifugal filter units. 

Concentration was measured by absorbance at 280nm with NanoDrop 2000. 

4.17.2 Non-Split kinases 

BL21 (DE3) co-transformed cells were cultured in LB media (1L per construct) with 

Kanamycin (50ug/ml), Carbenicillin (50ug/ml) and Glucose (final 1% w/v). Protein 

expression was induced at OD 0.5 adding 500ul of 1M IPTG and incubating 

overnight at 20ºC and 250 rpm shaking. Afterwards, cultures were centrifuged at 

high speed (7000 g) for 15 min at 4ºC, following the addition of 5ml/gram pellets of 

lysis (for 200ml: 4 tablets of protease inhibitor EDTA-free (Roche), 64 µL of 

Bensonaze 8U/ml, 0.05% Triton (%v/v), 400µl of DTT 1M, and binding buffer, pH 

8). One spatula-tip of lysozyme was added immediately before sonication (10min, 

35% amplification 1sec on/ 1 sec off) followed by high speed centrifugation for 45 

min at 27,000 g and 4ºC. The same conditions for Äkta purification as for split 

kinases were followed, however, the binding buffer was composed of 100mM Tris-

HCl, 150 mM NaCl, 1mM EDTA, 2mM DTT and 10% Glycerol, pH 8 and the Elution 

buffer 2.5 mM desthiobiotin and 2mM DTT diluted in Elution buffer, pH 8. Samples 

were concentrated using 10K Amicon ultra-4 centrifugal filter units. Concentration 

was measured by absorbance at 280nm with NanoDrop 2000. 

4.18 SDS-PAGE 

At every critical step of the large-scale and small-scale protein expression and 

purification, samples were taken (after induction, before induction, supernatant, 

pellet, etc) and denatured by dilution in 4x NuPAGE, SDS sample buffer 
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(Invitrogen) with 5% Beta-mercaptoethanol (BME) and boiled at 98ºC for 5 

minutes. Samples were run in 12% polyacrylamide for 45 min at 180 volts and later 

stained with PageBlue ™protein staining solution (Thermo Scientific) 

4.19 Mass spectrometry analyses 

Before in gel trypsin digestion, samples from purified Lyn, Fak and Src and cell-

free expressed Lyn were denatured and run in a 12% Polyacrylamide gel for 10 

min at 180 volts. Protein bands were submitted to KAUST core lab facilities for 

mass spectrometry analysis. Two different analyses were requested: the 

identification of purified non- split kinases through electrospray ionization mass 

spectrometry (ESI-MS); and later, the analysis of phosphorylation patterns in both 

Lyn samples expressed by different expression strategies (large scale against cell-

free)  

4.20 ADP-Glo Kinase activity assay 

This assay was always performed in two steps: kinase reaction and ADP detection. 

For purified intact kinases: (fresh) 5x Kinase buffer was prepared (200 mM Tris-

HCL, 100 Mm MgCl2, 10 mM MnCl2, 250µM DTT and 0.5 mg/ml BSA, pH 8). The 

kinase Reaction composed of: 5µl of 5x kinase buffer, 2.5ul ATP (final 25µM for 

Lyn and Fak, and 50µM for Src), 2.5µl substrate to a final peptide concentration of 

100µM for both Lyn and Src, and 200µM for Fak; and 15µl volume to add kinase 

protein at different concentrations (where (K1) 200nM, (K2) 40nM, (K3) 20nM) and 

ddH2O to reach the final volume of 25µl. The reaction was performed at room 
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temperature for 2hrs with gentle shaking. Afterwards, 5µl of this kinase reaction 

was placed in a new well on the same plate for ADP detection: 5µl of ADP-Glo 

reagent was added to 5µl kinase reaction product to stop the reaction and deplete 

the consumed ATP.  The plate was incubated for 40 minutes at room temperature 

before adding 10µl of the Kinase detector reagent. Immediately, the plate was 

covered with aluminum and luminescence was measured on a M1000 plate reader 

(TECAN). Luminescence readings were analyzed against an ADP/ATP standard 

curve to calculate the relative ADP concentration of the kinase reactions. 

Purified split kinases: Kinase reaction time, temperature, and buffer composition 

and concentration was identical to that described for non-split kinases. ATP was 

increased to 1mM and peptide substrate concentrations were adjusted to 240µM 

(Lyn peptide), 3.7mM (Src peptide) and 530µM (Fak peptide). All split or combined 

kinase concentrations were adjusted to 0.5µM and two different reactions were 

used: with, and without rapamycin (1µM final concentration). ADP detection was 

performed as described previously. 

Cell-free expressed proteins: Protein expression was performed as described in 

section 4.16 with 500ng of plasmid DNA of Lyn and Fak to reach protein 

concentrations of approximately 43 nM of Lyn and 90 nM Fak. Kinase buffer (with 

the same composition as described above) was prepared. From each cell-free 

reaction, 5µl were used to perform the phosphorylation reaction by the addition of 

the respective substrates in three different conditions (Lyn= 0mM,  0.024mM and 

0.24mM; Fak= 0mM,  0.53mM and 2.7mM). Controls with and without ATP 
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(100µM) were analyzed in parallel. ADP to ATP conversion was performed and 

read as described previously. 

4.21 Z’LYTE Kinase activity assay 

Two kits, with different substrates (Tyrosine 2 and Tyrosine 7) were used. The 

same kinase buffer composition was used for all the experiments (50mM HEPES, 

1mM EGTA, 0.01% BRIJ-35, 0.05mM DTT, 2mM MnCl2 and 20mM MgCl2). For 

the kinase reaction, 2.5µl of the 2x kinase buffer previously mixed with 2µM of the 

respective peptide (either phosphorylated or non-phosphorylated) and 100µM ATP 

was mixed with 2.5ul of the cell-free expressed kinases or, in similar volumes, with 

the purified kinases to reach three different concentrations (Lyn and Src: 

(K1)40nM, (K2) 20nM, (K3) 10nM; Fak: (K1) 360nM, (K2)180nM, (K3) 90nM). 

Kinase reactions in the 5µl were incubated for 1h at room temperature with light 

shaking. Development reagents (Lyn and Src: Development reagent A, Fak: 

Development Reagent B) were diluted in a development buffer as indicated for the 

commercial protocol with the help of an automated liquid handler (Mantis), 2.5µl of 

each solution was added to the kinase reaction followed by another hour of 

incubation. After the addition of 2.5µl of Stop reagent, the plate was immediately 

covered from light and read. The microplate reader M1000 (TECAN) was used to 

measure fluorescein (Emmision= 520nm, Excitation= 400nm) and Coumarin 

(Emmision= 445nm, Excitation= 400nm). Data were collected at 60, 80 and 100 

instrument gains. The inverse ratio was calculated by dividing coumarin 

fluorescence over fluorescein fluorescence.  
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