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ABSTRACT

The epidermal growth factor receptor tyrosine kinase domain (EGFR-TKD) is a key regulator of
intracellular signaling events that control cell proliferation. Aberrant EGFR activation is closely associated with
the development of non-small cell lung cancer (NSCLC). In this study, recombinant EGFR-TKD was expressed in
Escherichia coli Rosetta™ 2 (DE3) cells using a pET28a(+) expression plasmid carrying an N-terminal 6xHis-SUMO-
tag. During expression, a large proportion of the protein accumulated in inclusion bodies; therefore, we
employed a solubilization approach. Treatment with 1.5% sarcosyl reproducibly yielded a soluble protein fraction
compatible with subsequent purification steps. Optimizing induction parameters, including temperature, IPTG
concentration, and expression duration, improved both the yield and solubility of the protein. Following size-
exclusion chromatography, the monomeric protein fraction was isolated and used for crystallization trials, which
resulted in the formation of small but well-defined microcrystals under several conditions. Although these
crystals did not yet provide diffraction suitable for structure determination, their reproducible appearance
indicates that the obtained EGFR-TKD is structurally competent for crystallization trials. Overall, the workflow
establishes a practical and reproducible bacterial expression and purification strategy that forms a basis for
continued crystallization optimization and structure-based inhibitor development targeting EGFR-driven cancers.
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Epidermal Growth Factor Receptor Tirozin Kinaz Domaini’nin (EGFR-TKD) Rekombinant
Uretimi, Saflastiriimasi ve ilk Kristallestirilmesi: ilag Taramasi Calismalari igin Yapisal Bir
Temel

0z

Epidermal Blylime Faktori Reseptorii Tirozin Kinaz Domaini (EGFR-TKD), hiicresel sinyal iletimi ve
proliferasyonun merkezinde yer alan kritik bir diizenleyici proteindir. EGFR aktivitesinin dlzensizligi, 6zellikle
kiicik hucreli disi akciger kanseri (KHDAK) olmak tzere cesitli kanserlerin gelisimi ve ilerlemesiyle yakindan
iliskilendirilmistir. Bu ¢alismada, EGFR-TKD proteini, N-ucta 6xHis-SUMO etiketi tasiyan pET28a(+) ekspresyon
plazmidi kullanilarak Escherichia coli’de iiretildi. Uretilen proteinin biiyiik kismi inkliizyon cisimciklerinde birikmis
olup, %1,5 sarkosil kullanilarak etkin bir sekilde ¢oziinir hale getirilmis ve kristalizasyon denemeleri igin uygun
bir fraksiyon olarak toplanmistir. indiiksiyon sicakhgi, IPTG konsantrasyonu ve ekspresyon siiresinin optimize
edilmesiyle protein verimi ve ¢dzUnUrlGgi artinldi. Saflastirilan protein 6rnegi belirli kosullar altinda baslangig
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dizeyinde mikrokristaller olusturdu. Bu yontem, yapisal ¢alismalar i¢in duslik maliyetli ve tekrarlanabilir bir
bakteriyel ekspresyon sistemi saglamaktadir. Calisma, EGFR kaynakl kanserleri hedefleyen yapi temelli ilag
gelistirme calismalarina yonelik ileri kristalizasyon optimizasyonu igin bir temel olusturmaktadir.

Anahtar kelimeler: EGFR, sarkozil, E. coli, kristalizasyon, ilag kesfi

INTRODUCTION

Receptor tyrosine kinases (RTKs) are key mediators of intercellular signaling that coordinate cell
proliferation, differentiation, and survival by phosphorylating downstream effectors. Their activation regulates
essential biological processes, including tissue growth, repair, and homeostasis, and disruptions in these
pathways are strongly associated with oncogenesis (Lemmon & Schlessinger, 2010; Roskoski, 2014). Within this
group, the Epidermal Growth Factor Receptor (EGFR) belongs to the ErbB receptor family alongside HER2 (human
epidermal growth factor receptor 2), HER3 (human epidermal growth factor receptor 3), and HER4 (human
epidermal growth factor receptor 4), all of which have critical roles in epithelial cell signaling and tumor
progression (Yarden & Sliwkowski, 2001; Yarden & Pines, 2012; Hubbard, 1999).

EGFR activation begins with ligand binding to its extracellular region, which triggers conformational
changes that promote receptor dimerization and autophosphorylation in the tyrosine kinase domain (TKD)
(Harris et al., 2003; Ferguson et al., 2003). The resulting phosphorylation events initiate several downstream
cascades, including MAPK, PI3K/AKT, and JAK/STAT pathways, thereby influencing gene expression and cell fate
decisions. The capacity of EGFR to form both homo- and heterodimers with other ErbB family members adds
additional layers of signaling diversity and regulatory complexity (Lenferink, 1998; Niggenaber et al., 2020).

Mutations in the EGFR tyrosine kinase domain (TKD) represent some of the most clinically significant
oncogenic drivers in non-small cell lung cancer (NSCLC), which accounts for approximately 85% of lung cancer
cases worldwide (Johnson et al., 2022; Morgillo et al., 2016; Zhao et al., 2021). Activating mutations such as exon
19 deletions and L858R substitutions stabilize EGFR in its active conformation, resulting in constitutive signaling
and uncontrolled proliferation. First-generation tyrosine kinase inhibitors (TKIs), including gefitinib and erlotinib,
provided targeted therapeutic strategies for these mutations, but secondary alterations—particularly T790M and
C797S—frequently lead to drug resistance and disease relapse (Mansour et al., 2023; Das et al., 2024; Westover
et al., 2018). Moreover, exon 20 insertions comprise a rarer but clinically important subset of EGFR alterations
that respond poorly to conventional TKIs (Oxnard et al., 2013; Brazel et al., 2022).

To address these challenges, current research focuses on fourth-generation inhibitors and combination
strategies, including bispecific antibody—TKI regimens such as amivantamab—lazertinib, which has demonstrated
promising outcomes in treatment-naive EGFR-mutant NSCLC (Cho et al., 2024). Efforts to develop inhibitors
targeting rare or compound EGFR mutations continue to expand, reflecting the ongoing progression of
personalized oncology (Gou et al., 2024; Das et al., 2021; Wang et al., 2024). At the same time, advances in
structural biology and computational modeling have provided detailed insights into EGFR-TKD conformational
dynamics, informing rational inhibitor design and improved therapeutic strategies (Eck & Yun, 2010; Jura et al.,
20009).

Despite these advancements, obtaining soluble and functional EGFR-TKD from recombinant expression in
E. coliremains challenging, largely due to aggregation and the tendency of the protein to accumulate in inclusion
bodies (Elloumi-Mseddi et al., 2013). Therefore, effective solubilization and refolding strategies are essential for
preparing material suitable for structural studies and, in particular, for producing crystals with sufficient order
for diffraction. The microbatch crystallization method, which has previously been applied to other RTKs, provides
a potential route to help overcome these bottlenecks. In addition, structural studies on other members of the
ErbB family, including HER2, have informed our experimental strategy for the expression, purification, and
crystallization of EGFR-TKD (Topalan et al., 2025; Sever et al., 2019).

To date, numerous small-molecule inhibitors have been developed against EGFR, several of which show
promising efficacy in NSCLC. Within this context, our research group has focused on the rational design, synthesis,
and biological evaluation of pyrazoline—thiazole hybrid compounds as potential anti-NSCLC agents with notable
EGFR inhibitory activity (Sever et al., 2019; 2025; Ciftci et al., 2024; Reymova et al., 2025).

Compound | (Sever et al., 2019) (Figure 1) demonstrated notable anti-NSCLC activity, exhibiting an 1Cso
(half maximal inhibitory concentration) value of 10.76 uM, which was superior to that of erlotinib (ICso = 22.35
UM). In addition, compound | showed remarkable EGFR inhibition with an ICso value of 4.34 uM. Subsequently,
naphthyl-substituted pyrazoline—thiazole hybrids were evaluated for their anti-NSCLC potential, and compound
I (Ciftci et al., 2024) (Figure 1) displayed potent cytotoxic activity with an ICse value of 9.51 uM, outperforming
lapatinib (ICso = 16.44 uM). Compound Il also inhibited EGFR by 58.32% at 10 uM.
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In our further investigations (Reymova et al., 2025; Sever et al., 2025), the precursor compounds of the
pyrazoline—thiazole hybrids, namely B-4 and B-2, demonstrated stronger anti-NSCLC activity, with 1Cso values of
20.49 = 2.71 uM and 2.14 * 0.83 uM, respectively. These activities were higher than those of the most active
reference compounds, compound lll and compound IV, reported in the respective studies (Figure 1).

Moreover, both B-4 and B-2 exhibited substantial EGFR inhibitory activity at 10 uM, with inhibition rates
of 46% and 66%, respectively.

Br &

Compound I Compound IV

Compound | Compound I

Figure 1. The chemical structures of compounds I-IV.

Therefore, this study aims to establish a reproducible and efficient workflow for the recombinant expression,
purification, and crystallization of human EGFR-TKD. The resulting system provides a reliable structural basis for
rational inhibitor screening and structure-guided drug discovery targeting NSCLC (Ciftci et al., 2024; Reymova et
al., 2025).

2. MATERIALS AND METHODS

Reagents and instruments

All chemicals, media components, and crystallization screens used in this study were obtained from
commercial suppliers (Atalay et al., 2023). Antibiotics (ampicillin, chloramphenicol, and kanamycin), IPTG, and
Ni-NTA resin were purchased from GoldBio and Qiagen. Other laboratory-grade reagents, including glycerol,
NaCl, HCl, urea, and yeast extract, were supplied by ISOLAB and BD Biosciences. Imidazole was obtained from
BioFroxx, while sarcosyl, SDS, Tris base, and Triton X-100 were purchased from Sigma-Aldrich. Paraffin oil was
supplied by Tekkim Kimya, and Luria—Bertani (LB) agar and tryptone were procured from Caisson and BD
Biosciences, respectively.

Protein purification and analysis were performed using AKTA GoFPLC chromatography systems (Cytiva),
Beckman Coulter centrifuges (Allegra 15R, Avanti J-26S, and Optima™ L-80 XP ultracentrifuge), and a Branson
W250 sonifier. Laboratory consumables included cryotubes, Eppendorf tubes, and Falcon tubes. Protein quality
and purity were evaluated using the TGX-Mini Protean sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) system (Bio-Rad). Crystallization trials were carried out with a variety of commercial
screening kits. X-ray diffraction (XRD) data collection was performed using a Rigaku XtaLAB Synergy Flow XRD
system (Turkish DeLight Home Source) (Figure 8), and purified proteins were analyzed using a Superdex™ 200
size exclusion column (Cytiva).

Gene construction and transformation

The plasmid construct containing the coding sequence of the human EGFR-TKD (UniProt ID: P00533,
residues 696—1022) was obtained from GenScript (USA) (Elloumi-Mseddi et al., 2013). The gene sequence was
cloned into the pET28a(+) vector with an N-terminal 6xHis-SUMO-tag and ULP1 protease cleavage site. The
plasmid was supplied ready-to-use and transformed into E. coli Rosetta™ 2 (DE3) competent cells.

Transformation procedure

Two microliters of plasmid DNA were mixed with 50 pL of competent cells on ice for 20 min, heat-shocked
at 42 °Cfor 45 seconds, and placed on ice for 2 min. After addition of 500 pL LB medium, cells were incubated at
37 °Cfor 90 min. Fifty microliters of the culture were spread onto LB agar plates containing kanamycin (50 pg/mL)
and chloramphenicol (35 pg/mL), and incubated overnight. Single colonies were selected and inoculated into LB
broth for glycerol stock preparation.
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Protein expression

Transformed E. coli cells were cultured in 4 L LB medium supplied with kanamycin and chloramphenicol.
When the culture reached an ODgoo of approximately 0.8, expression was induced with 0.4 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) for 4 h at 37 °C following induction. Cells were harvested by centrifugation and
stored at -45 °C.

Protein purification and tag removal

Cell pellets were lysed in buffer (10 mM Tris-HCI, 150 mM NaCl, 1 mM PMSF, 5 mM B-mercaptoethanol,
1.5% sarcosyl, pH 8.0) and disrupted by sonication. The lysate was clarified by ultracentrifugation and subjected
to SEC on a Superdex 200 column. Fractions were monitored at 280 nm (Figure 2) and analyzed by SDS-PAGE
(Figure 3).

SDS-PAGE analysis
Samples collected from different stages of the purification process were analyzed by SDS—PAGE (Figures
4-6). SDS—PAGE was performed on 12% gels, followed by visualization using Coomassie Brilliant Blue staining.

Crystallization

Crystallization was carried out by the sitting-drop microbatch method (Atalay et al., 2023). Equal volumes
(0.83 pL +0.83 L) of protein and precipitant were mixed and covered with paraffin oil. More than 3000 screening
conditions were tested (Table 1).

Table 1. A list of the crystallization screening conditions used in this study.

Natrix | Wiz Synergy IV
Natrix Il Pact Premier |
Wizard | Pact Premier Il
Wizard || PEG lon |
Wizard IlI PEG lon Il
Wizard IV Salt RX |
Crystal Cryo | Salt RX Il
Crystal Cryo Il Proplex |
Crystal Screen | Proplex Il
Crystal Screen Il MembFAC
Crystal Screen I Crystal Lite
Wizard Cryo | PEG RX |
Wizard Cryo Il PEG RX I

Helix | Multi XTAC
Helix II Macro SOL
Midas | 3D Structure Screen
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Midas Il Stura Footprint

NR-LBD | Clear Strategy Screen | & Il (pH 4.5)
NR-LBD II Clear Strategy Screen | & Il (pH 5.5)
PGA-LM | Clear Strategy Screen | & Il (pH 6.5)
PGA-LM II Clear Strategy Screen | & Il (pH 7.5)
Morpheus | Clear Strategy Screen | & Il (pH 8.5)
Morpheus Il Quick Screen / lonic Liquid Screen
Structure | GRID/NaCl — Na Malonate (*)
Structure Il GRID/PEG 6000—Ammonium Sulfate(*)
Index | GRID/MPD — PEG LiCl (*)

Index Il JENA BC Nuc Pro 1/2

Wiz Synergy | JENA BC Nuc Pro 3/4

Wiz Synergy Il JCSG-I

Wiz Synergy llI JCSG-II

The table shows a variety of commercial and specialized crystallization screens, each designed to test a wide
range of conditions for optimal protein crystallization. These screens include a variety of chemical components
such as salts, PEG, and pH variations, as well as cryocrystallography and ionic liquid screening conditions. The
screens are intended to help identify the most favorable conditions for obtaining high-quality protein crystals,
allowing for subsequent structural analysis using X-ray diffraction.

Initial crystals formed in 1.4 M lithium sulfate, 0.1 M Bis-Tris (pH 6.5), and additional crystals in 0.25 M potassium
thiocyanate, 27% PEG 3350, pH 6.9 (Figures 9-10).

RESULTS AND DISCUSSION

Expression and solubilization

The recombinant EGFR-TKD was successfully expressed in E. coli Rosetta™ 2 (DE3) cells and localized
predominantly in the insoluble fraction, consistent with inclusion body formation. The aggregated protein
fraction was efficiently solubilized with 1.5% sarcosyl, recovering the active protein for subsequent purification
steps.

The overall architecture and catalytic organization of EGFR-TKD is consistent with the general framework
described for RTKs, including the conserved activation loop and regulatory motifs responsible for autoinhibition
(Hubbard, 1999). The recovery of soluble EGFR-TKD from inclusion bodies using 1.5% sarcosyl suggests that mild
detergents can effectively aid in solubilization without disrupting the structural features required for catalytic
function. This observation is consistent with earlier reports describing detergent-assisted refolding strategies for
other RTKs (Elloumi-Mseddi et al., 2013).

Purification and tag removal

SEC profiling showed that the protein eluted primarily as a monomeric species, and this fraction was
selected for subsequent crystallization experiments (Figure 2). The purity of the isolated protein was assessed by
SDS-PAGE, where the target band appeared as a distinct and well-defined signal at the expected molecular
weight (Figure 3). SUMO-tag cleavage optimization results are shown in Figures 4-5, and the final purification
outcomes are presented in Figure 6. Although sarcosyl enabled efficient solubilization of EGFR-TKD, it also
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disrupted Ni-NTA affinity binding, consistent with previous findings on detergent interference. Therefore, SEC
was preferred over Ni-NTA purification. This approach provided highly pure monomeric protein suitable for
crystallization, validating the adaptability of the workflow for other ErbB receptor kinases.

Figure 2. Size-Exclusion Chromatography (SEC) Analysis. SEC analysis of the EGFR-TKD protein reveals two distinct
peaks. The first, larger peak corresponds to the monomeric form of the protein, while the second, smaller peak
represents aggregated or multimeric species. The majority of the protein elutes as a monomer. The isolated
monomeric fraction was used for further structural studies and crystallization trials.

Figure 3. 12% SDS-PAGE analysis of SEC fractions.

Tag removal was performed using ULP1 protease (5:1000 v/v, 4 °C, 30 min). Cleavage efficiency was tested
under various conditions (Figure 4), and the optimized ratio yielded complete removal (Figure 5). Reverse Ni-NTA
affinity chromatography purification separated cleaved and uncleaved species (Figure 6). The final protein
concentration was 2.4 mg/mL.
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Figure 4. Cleavage analysis of SUMO-tagged EGFR-TKD using ULP1 protease at different enzyme-to-substrate
(v/v) ratios (1:1000 and 5:100), temperatures (4°C, room temperature, and 37°C), and incubation times (30 min,
1h, 2 h, 4h, and overnight).
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Figure 5. 12% SDS-PAGE analysis of SUMO-tag cleavage 5:1000 ULP1 at 4°C for 30 min.
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Figure 6. EGFR-TKD tag removal via Ni-NTA affinity chromatography results and flow-throughs of the
concentrated sample (2.4 mg/mL) analyzed on a 12% SDS gel.

Crystallization results

Crystallization screening resulted in the formation of small, well-defined crystals under multiple
conditions (Table 1; Figures 7, 9-10). Diffraction experiments were carried out using the Turkish DeLight XRD
system (Figure 8), confirming the presence of ordered crystalline material. The repeated appearance of
microcrystals across different conditions indicates that the purified EGFR-TKD preparation is suitable for
crystallization, although further optimization is required to improve crystal size and quality.
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Figure 7. Crystallization workflow.

The generation of microcrystals is consistent with previous structural studies on EGFR and other ErbB
family kinases, in which conformational flexibility of the kinase domain has been shown to influence
crystallization behavior and lattice formation (Jura et al., 2011; Roskoski, 2019). In such systems, additional
stabilization strategies are often required to obtain larger and more ordered crystals. Recent reviews continue
to emphasize the conformational complexity of EGFR kinase regulation and the importance of stabilization
strategies in structural studies (Topalan et al., 2025).

Ligand binding is known to stabilize specific kinase conformations and has frequently been employed to
improve crystallization outcomes for EGFR and related kinases (Roskoski, 2019). Accordingly, the microcrystals
obtained in the present study represent a suitable starting point for further optimization through co-
crystallization with reference inhibitors.

Taken together, these results demonstrate that the established expression, purification, and
crystallization workflow yields reproducible EGFR-TKD microcrystals. Future efforts will focus on optimizing
crystallization parameters and incorporating ligand-based stabilization strategies to obtain crystals suitable for
high-resolution structural analysis.

Figure 8. Rigaku XtaLAB Synergy Flow XRD system (Turkish DeLight Home Source XRD)
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Figure 9. Crystal photos (a) EGFR-TKD Crystal Cryo-Il #29, (b) EGFR-TKD Index-Il #16, (c) EGFR-TKD NR-LBD-II #42,
(d) EGFR-TKD Grid/NaCl/Na Malonate #18
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Figure 10. Crystal photos (a) EGFR-TKD+Reference Drug Helix-I #22, (b) EGFR-TKD NR-LBD-II #41, (c) EGFR-
TKD+Erlotinib Helix-1 #32, (d) EGFR-TKD+Erlotinib Wizard Cryo-I #3

CONCLUSION

In this study, we established a practical and reproducible workflow for the recombinant expression and
crystallization of EGFR-TKD in E. coli. Although the protein exhibited a tendency to accumulate in inclusion bodies,
solubilization with 1.5% sarcosyl consistently yielded a soluble fraction that could be purified and applied to
crystallization screening. These results demonstrate that a bacterial expression system can provide structurally
competent EGFR-TKD samples without reliance on eukaryotic expression platforms, offering an accessible basis
for continued optimization and structural studies.

The reproducible formation of initial microcrystals confirms the feasibility of the developed approach and
provides a solid foundation for further refinement of crystallization conditions. The established workflow
therefore represents an important step toward generating crystallizable EGFR-TKD suitable for structure-based
drug discovery efforts.

Overall, this work contributes to the structural investigation of EGFR and establishes a robust
experimental framework for future co-crystallization studies with kinase inhibitors. Ongoing and future studies
will focus on improving crystal quality through ligand-assisted stabilization and extending this strategy to other
members of the ErbB receptor family (Topalan et al., 2025; Das et al., 2024).
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