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Introduction

Asawidely expressed housekeeping gene, the epidermal
growth factor receptor (EGFR) plays an extremely important
rolein tumorigenesis¥l. During the last two decades, many
studies have shown that the overexpression and mutation of
EGFR have been frequently found in a variety of epithelia
tumors, including non-small cell lung cancer, head and neck,
breast, bladder, colorectal and ovarian cancers*. Several
significant observations have established EGFR as a poten-
tial therapeutic target for the receptor-mediated gene deliv-
ery system in cancer treatment. In order to guide the recep-
tor-mediated targeted gene therapy in clinical trials, wefirst
need to explore the internalization mechanism of EGFR’'s
ligand. Epidermal growth factor (EGF) asan important ligand
of EGFR isnecessary to be labeled so that it is convenient to
monitor protein localization of EGFinvitroandinvivo. The
study of theinternalization mechanism of EGF contributesto
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Abstract

Aim: Todevdop asimple method for monitoring protein localization of epidermal
growth factor (EGF) inliving cells. M ethods: Enhanced green fluorescent protein
(EGFP) was used as an autofl uorescent tag to label EGF ligands. SDS-PAGE and
Western blot analysis were used to detect the expression of the EGFP-tagged EGF
(EGFP-EGF) protein. Thecdl-binding and internalization activity of EGFP-EGF
were analyzed by fluorescence-activated cell sorting (FACS) and confocal micro-
scopy. Results: EGFP-EGF protein was expressed in Escherichia coli and purified.
A cell-binding assay demonstrated that the EGFP-EGF protein could bind effi-
cently tothecdlsexpressng EGFR. Thehbindingand interndization of EGFP-EGF
can be visualized even at a very low concentration under confocal microscopy.
The FACS-based assay for internalization activity indicated the accumulation of
internalized EGFP-EGF over time. Furthermore, the results of the competition
assay indicated its EGFR binding specificity. Using such a method, it does not
need to label EGF with chemicals and avoid light in the experimental process.
Conclusion: Thefusion protein EGFP-EGF has severa charactersincuding high
sensitivity, stability and convenience for manipulation, and is a powerful tool for
the study of EGF endocytosis.

further understanding of the EGF-mediated gene delivery
vectors endocytosis mechanism.

However, at present, EGF isusually label ed with radio-
active reagents and fluorescein. These labeled EGF conju-
gates have some defects: the former has high radioactivity
and a short half-life, and the latter is easy to quench and is
unstable. To solve this issue, we made use of enhanced
green fluorescent protein (EGFP) as an auto-fluorescent tag
tolabel protein ligand EGF. EGFP isa unique GFP variant,
which contains a chromophore mutation making the protein
35 times brighter than wild type GFP®®, so it greatly in-
creases the sensitivity of the reporter protein than GFP®?,
Because of its inherent fluorescence, EGFP isideal for ex-
perimental assayson living cell§™*3. Thedetection of EGFP
in living cells can be performed, and is amenableto areal-
time analysis of molecular events***¥. The use of EGFP
also eliminatesthe need for fixation or cell permeabilization
and recombinant EGFP appears to retain its fluorescence
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and stability when produced asafusion protein with foreign
genes™™. To explore whether EGF can be tagged with EGFP
and remain its biological activity, we highly expressed the
EGFP-EGFfusion protein in Escherichia coli (E coli). Cell-
binding and internalization assay demonstrated that EGFP-
EGF protein could bind tothe cells expressing EGFR and be
internalized. Sothisfusion protein was avery useful tool for
investigating EGF internalization invitro and in vivo.

Materials and methods

Reagents Restriction endonucl eases were purchased
from TaKaRa Biotechnology (TaKaRa, Dalian, China).
Dulbecco’ smodified Eagle’s medium (DMEM), Dulbecco’s
phosphate-buffered saline (DPBS), fetal bovine serum (FBS)
and trypsin/ethylenediaminetetraaceti c acid were purchased
fromInvitrogen Corporation (Gibco, GrandIdand, NY, USA).

Condructionof pET28a-EGFP-EGF TheEGFPgenewas
amplified from pEGFP-N1using primersgfpNde 5-GGGAA-
TTCCATATGGTGAGCAAGGGCGAG-3' and gfpEcor: 5'-
CCGGAATTCCTTGTACAGCTCGTCCATG-3. ThePCR
cycle conditionswere30 sat 95 °C, 30 sat 60 °C, and 50 sat
72 °Cfor 20 cycles, followed by a5 min final extenson step at
72°C. Theresulted DNA fragmentswerethen digested with
Nde | and EcoR | and ligated into pET28a Nde |/EcoR |-
digested backbone. The resulted construct was called
PET28aEGFP. For thefutureinsertion of other proteinsinto
the carboxyl terminal of the EGFP, we then introduced the
olignucl eotides sequence (containing BamH | and Hind 111
restriction enzymerecognition site) MCSU: 5-AATTCAGCC-
AGCCGAAGCTTCGCGGATCCTAAC-3 and MCSD 5'-
CGAGTTAGGATCCGCGAAGCTTCGGCTGGCTG-3 into
the pET 28a-EGFP EcoR I/Xho | backbone. Theresulted vec-
tor wascalled pET28a-GFPmcs. TheEGF genewasamplified
from theM13K O7-EGF vector™® by using primersEGF-2: 5'-
CGCGGATCCGCGCAGTTCCCACCACTTC-3 andEGF-11:
5-CCCAAGCTTAATAGTGACTCTGAATGTCCC-3. The
PCR cycle conditionswere30sat 95 °C, 30sat 60 °C, and 30
sat 72 °C for 20 cycles, followed by a5 min final extension
step at 72 °C. Theresulted DNA fragments were then di-
gestedwith BamH I/Hind 111 and then ligated intothe pET28a
GFPmcsBamH I/Hind Il backbone. Theresulted vector was
called pET28a-GFPmcsEGF. Thereafter, weintroduced linker
sequences (encoding GGGSGGGS) Link1: 5-AGCTTAGA-
GCCGCCGCCAGAGCCGCCGCCG-3and Link2:5-AATTC-
GGCGGCGGCTCTGGCGGCGGCTCTA-3 intothepET28a
GFPmcsEGF EcoR I/Hind |11 backbone, thus making vector
PET28a-EGHP-EGF.

Protein expresson and purification For theexpression
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and purification of EGFP-EGF, thepET28a-EGFP-EGF plas-
mid was transformed into the E coli HMS174 (DE3) strain
(Novagen, San Diego, CA, USA). A single colony was picked
from aselective plate, inoculated into LB medium containing
100 pg/mL kanamycin and then incubated overnight at 37 °C
with shaking. Thecultureswerediluted 1:20 into aselective
LB medium, and then allowed to grow at 37 °C with vigorous
shaking (~300 r/min), until the ODgy, Was 0.6. The cultures
werethen induced by adding | PTG (isopropyl -beta-D-thiogal -
actopyranoside) to afinal concentration of 1 mmol/L for 3 h
at 30 °C, and the bacterial cellswere harvested by centrifu-
gation at 4000xg for 20 min at 4 °C. Thebacterial pellet was
then resuspended with 1xPBS and lysed by sonication on
ice. To prevent protein degradation, the proteaseinhibitors
(PMSF) were added at a final concentration of 1 mmol/L.
The supernatant was collected after centrifugation at 12000xg
for 10 min at 4 °C. Then the cleared lysate was added 50%
Ni-NTA (QIAGEN, Germany) durry and mixed gently by shak-
ing at 4 °C for 7-8 h. Thelysate Ni-NTA mixturewas|oaded
into a column and the column flow-through was saved for
SDS-PAGE analysis. Then the protein was washed twice
withwash buffer (20mmol/L Tris-HCI, pH 7.9,0.5moal/L NaCl,
10%glyceral, 40 mmoal/L imidazol€) and theprotein wasel uted
4 timeswith eution buffer (20 mmal/L Tris-HCI pH 7.9, 0.5
mol/L NaCl, 10% glycerol) containing increasing concentra-
tionsof imidazole (80 mmol/L, 100 mmol/L, 200 mmoal/L and
250 mmol/L). Thewash fractions and the € uate were col-
lected respectively for SDS-PAGE analysis.

Protein analysisand storage 12% SDS-PAGE was per-
formed to identify the distribution of EGFP-EGF protein in
every dluate. To further desalt and concentrate the EGFP-
EGF fusion protein, the protein eluate were centrifuged at
4000xg for 10 min at 4 °C with Amicon Ultra-4 centrifugal
filter devices (Millipore Corporation, Billerica, MA, USA),
and the concentrated solute were collected for SDS-PAGE
analysis. The protein content was determined by bicincho-
ninicacid protein assay (Fierce, Rockford, IL, USA). Finaly,
the purified protein was stored at -20 °C long term with HBS
(20mmoal/L HEPES, 150 mmol/L NaCl, pH 7.4) buffer and 50%
glycerol.

Western blat analysis Purified protein EGFP-EGF and
EGFPweredenatured and loaded on a12% SDS-PAGE. Fol-
lowing separation, the protein was transferred to nitrocellu-
losefilters (0.2 mm pore; Bio-Rad Laboratories, Hercules,
CA, USA) in 192 mmol/L glycine, 25 mmol/L Trisbase and
20% methanol. Thefilter was blocked in 5% non-fat milk in
PBST for 2 h and incubated with rabhbit anti-EGF palyclonal
antibody (Santa Cruz Biotechnology, CA, USA) for 2 h and
then with peroxidase-conjugated secondary antibodies
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(KangChen Bio-tech, Shanghai, China) for 1 h at room
temperature. After washing with PBST, the filters were de-
veloped using a SuperSignal® West Pico kit (Pierce Biote-
chnalogies, Rockford, IL, USA) for 5 min, and exposed to X-
rayfilm.

Cell culture Helacdls (ATCC, Manassas, VA, USA)
were cultured at 37 °C in DMEM supplemented with 10%
FBSin ahumidified atmosphere of 95% air and 5% CO..

Bindingassay of EGFP-EGF pratein Toexaminethecdl-
binding activity of the EGFP-EGF protein, 3x10* Hel acells
were plated on 24-well dishes so that they were about 50%
confluent the day of the experiment. The cells were then
serum-starved for 3 h prior to the addition of the EGFP-EGF
protein. EGFP-EGF wasadded tothe cellsat afinal concen-
tration of 200 ng/mL in DMEM. Thecelswereincubated at
4°Cfor 1 h and then washed with PBS at room temperature.
EGFP was used as a negative control. Competition assay
was performed by co-incubating the cellswith DMEM con-
taining 200 ng/mL EGFP-EGF and 40 pg/mL EGF protein.
Images were taken on fluorescence microscope (Axioskop
2; Carl Zess, Gottingen, Germany).

Internalization assay Hel a cells were maintained on
dishes, detached, incubated with protein mixes and washed
as outlined abovein the cdl-binding assay. After thefinal
wash, thecellswere placed at 37 °C to alow internalization
activity. They were collected by centrifugation (1000xg) at
the indicated time points after warming, resuspendedin 0.1
mL of 2 mg/mL trypsin, 2 mmol/L EDTA and incubated at
37 °Cfor 1 min with agitation to remove cell surface-bound
proteins. Trypsinized cells were centrifuged and washed 3
timeswith PBS, then fixed with 4% paraformal dehyde, resus-
pended in 0.5 mL PBS and analyzed by fluorescence-acti-
vated cell sorting (FACS).

Colocalization assay Hel acdlswere seeded on cover-
dips. Thenext day, the cellswere serum-starved for 3h and
incubated with DMEM contai ning EGFP-EGF (thefinal con-
centration of EGFwas 1.5ng/mL) at 4 °C for 30 min, andthen
shifted to 37 °C for 2 h to allow internalization. The cells
were then washed for 3x10 min with PBS, fixed and
permeabilized with 4% paraformal dehyde, 0.1% Triton X-100
in PBS for 10 min, followed by washing with PBS again at
room temperature. The cellswerethen blocked with 5% nor-
mal goat serum in PBSfor 30 min, washed for 3x5 min with
PBS, and then respectively incubated with mouse anti-
clathrin mAb, mouse anti-early endosome antigen 1 (EEAL)
mADb, mouse anti-lysosome-associated membrane protein 1
(LAMP1) mAb(Abcam, Cambridge, UK) andrabhit anti-EGFR
polyclonal antibody (SantaCruz, USA) diluted at 1:50in PBS
for 3 h at room temperature. After another wash of 3x10min

with PBS, tetramethylrhodamine isothiocyanate-label ed
affinity purified goat anti-mouse IgG and goat anti-rabbit
1gG (H+L; KPL, Guildford, UK) diluted at 1:50in PBSwas
added and incubated for 30 min. Following afinal rinse of
3x10 min with PBS, the cellswere visualized under a Zeiss
LSM confocal microscope.

Results

Expressonand purification of theEGFP-EGFfusion pro-
tein The plasmid pET28a-EGFP-EGF containing 6xHis
(higtidine) tag was constructed and the 36 kDa fusion pro-
tein EGFP-EGF was highly expressed in the E coli HMS174
(DE3) strain. Since EGFP is highly fluorescent even under
normal light, we were able to visually follow the expression
aswell aspurification of the protein. An SDS-PAGE analys's
of the induced culture showed that the EGFP-EGF protein
was expressed at very high levels, accounting for approxi-
mately 70%—-80% of the soluble cytosolic proteins (data not
shown). Thiscould simplify the process of EGFP-EGF pro-
tein purification and maintain the biological activity of pro-
ten efficiently. Then this36 kDa protein was purified by Ni-
NTA resin and concentrated with Amicon Ultra-4 fentrifugal
filter devices and finally analyzed by SDS-PAGE and West-
ern blotting (Figure 1A-1C).

EGFP-EGF fuson protein retained receptor-binding
activity The human cervix cancer cell line HeLa, which
overexpresses EGF-containing receptors®”, was used to test
receptor binding of EGFP-EGF. Serum-starved cellswere
incubated with EGFP-EGF at 4 °C for 1 h, then washed thor-
oughly to remove nonspecifically bound proteins and ana-
lyzed by fluorescence microscope. The result showed that
EGFP-EGF protein could bind efficiently to the cdl surface
(Figure 2A). In order to determine whether the observed
fluorescence is aresult of specific ligand binding to cellular
receptors and not caused by nonspecific binding to cell
surfaces, we performed binding assay by co-incubating
EGFP-EGF and excessive unlabd ed EGF protein. Wefound
that the binding activity of EGFP-EGF was significantly in-
hibited (Figure 2B). To further confirm receptor-binding
specificity, we repeated the cell-binding assays using the
EGFP protein and did not find cdll binding (Figure 2C).

Establishing a FACS-based assay for internalization
activity Inorder to determinewhether the EGFP-EGF protein
were internalized after binding, we measured intracel lular
accumul ation of the EGFP-EGF protein. First, we allowed
Hel a cdlsto bind EGFP-EGF proteins at 4 °C and washed
the cdls extensively to remove unbound proteins. Thecells
werethen incubated at 37 °C and collected at sequential time
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Figure 1. Expression of EGFP-EGF protein and Western blot analysis. (A) EGFP-EGF protein was expressed in the E coli HMS174 (DE3)
strain (Novagen) and purified using Ni-NTA resin with the indicated imidazole concentrations in the wash and elution steps. Proteins were
visualized by Coomassie blue staining. M, marker; FT, flow-through; W, 40 mmol/L wash; E1, 80 mmol/L elution; E2 and E3, 100 mmol/L
elution; E4 and E5 & EG6, 200 mmol/L elution; E7, 250 mmol/L elution. (B) Concentrated EGFP-EGF protein was loaded on 12% SDS-PAGE
gel. Lane 1, marker; lane 2, EGFP-EGF protein. (C) Western blot analysis using rabbit anti-EGF polyclonal antibody. EGFP protein was treated

as a negative control. Lane 1, EGFP-EGF protein; lane 2, EGFP protein.

A
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Figure 2. Cell-binding assay of EGFP-EGF protein. Hel a cells were plated on coverslips and serum-starved for 3 h. EGFP-EGF was added to
the cells at 200 ng/mL in DMEM, incubated for 1 h at 4 °C, and mounted onto slides. EGFP was treated as a negative control. Images were taken
on fluorescence microscope. (A) Cell-binding of the EGFP-EGF protein. (B) Competition assay of EGF protein. HelL a cells were plated on
coverdlips and serum-starved for 3 h. Excessive unlabeled EGF protein was added to the cells and incubated for 30 min at 4 °C. Then EGFP-EGF

was added to the cells and co-incubated for 1 h. (C) Cell-binding of the EGFP protein.
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points after warming. Each cell harvest was immediately
followed by treatment with trypsin/EDTA to removeresidual
cdl surface-bound proteinsand then analyzed by FACS. The
internalized EGFP-EGF protein wasprotected fromtrypsini za
tion and so produced a fluorescence shift that was detect-
able by FACS. As shown in Figure 3A—3E, the HeLacells
treated with EGFP-EGF exhibited an increasein fluorescence
shift over time, suggesting the accumulation of internalized
EGHP-EGF.

EGFR-EGF proteinisefficiently inter nalized Tofurther
confirm that the EGFP-EGF protein can be efficiently
internalized, we also examined the endocytosi s pathway of
EGFP-EGF by confocal microscope image. Previous studies
have shown that low doses of EGF (1.5 ng/mL)*** were
predominantly internalized through clathrin-dependent
pathways. In agreement with thisfinding, our resultsin
Figure4A clearly showed that EGFP-EGF (1.5 ng/mL EGF)
was colocalized with clathrin. Furthermore, the overlap was
observed between the internalized EGFP-EGF and early en-
dosome marker EEA1 and late endosome marker LAMP1
(Figure 4B, 4C). Again, we gained the cellswith an EGFR
antibody for examining specific colocalization (Figure 4D).
All these results demonstrated that the EGFP-EGF protein
can be efficiently internalized into cells and has high sensi-
tivity and biological activity.

Discussion

Because of EGFR'sgreat contribution in cell growth and
development and relation with some severe diseases such
as awide range of epithelial derived cancers, it isoften es-
tablished as a potential gene therapeutic target, and the en-
docytos s mechanism of EGFR-mediated gene delivery vec-
torshas been extensively studied. However, alot of puzzles
remain until now. Oneof themisthefind fate of theinternal-
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ization of EGF and EGF-mediated gene ddivery vectors, soit
is necessary to develop an available vehicleto facilitate the
detection of EGF internalization in cells.

In this study, we successfully expressed and purified a
36 kDaEGFP-EGF protein which wasidentified by SDS-PAGE
and Western blot analysis. Toidentify itshiological activity
and specificity, we performed acell-binding and internaliza-
tion assay in Hel aliving cdls. Asshownin Figure2, EGFP-
EGF can efficiently bind to the cell surface and can beinhib-
ited by the excessive unlabeled EGF protein. Sothe EGFP-
EGF protein retains specific binding to receptor target and
the EGFP-moiety does not interfere with the receptor-bind-
ing function. To confirm whether the EGFP-EGF protein can
be efficiently internalized into cells, we al so tracked the en-
docytosis pathway of the internalized EGFP-EGF through
the early and late endosomes. Asshown in Figure4A-C, the
overlap can be observed between theinternalized EGFP-EGF
and clathrin, early endosome protein EEA1 and lysosome-
associated membrane protein LAMPL, which demonstrates
that the EGFP-EGF protein can be actively endocytosed in
living cells. Furthermore, the colocalization of EGFP-EGF
and EGFR (Figure 4D) suggeststhat the EGFP-EGF receptor
complex could beinternalized smultaneously. Theseresults
suggest that this protein retained high EGFR binding bioac-
tivity, efficacious targetability and specificity.

Our approach makes use of EGFP as an autofluorescent
tag to label the EGF protein ligand. So wethink that EGFP
can be used to monitor cellular internalization of the EGF
ligand under real-time conditions, and these activities can
be measured using FACS. As shown in Figure 3A—E, we
detected the internalization of EGFP-EGF by FACS. This
assay approach predicts that a progressively increased ac-
cumulation of intracel lular EGFP should produce aprogres-
sively enhanced fluorescence shift in the treated cell popu-
lation over time. From these results, we found that most
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Figure 3. FACS results of internalization assay. Untreated HelLa cells are shown in black. Treated HelLa cells are shown in red. (A-E)
fluorescence shift of the EGFP-EGF treated cells collected at the indicated time points after warming.

115



Jiang H et al Acta Pharmacologica Sinica ISSN 1671-4083
EGFP-EGF Merge

A

Clathrin
B

EEA1
C

LAMPI
D

EGFR

Figure 4. The colocalization of EGFP-EGF with endosome proteins. Hel a cells were plated on coverslips and serum-starved for 3 h. EGFP-
EGF was added to the cells at 1.5 ng/mL in DMEM, incubated for 60 min at 4 °C, and then shifted to 37 °C for 2 h, fixed, and mounted onto
slides. Images were taken on Zeiss LSM confocal microscope. (A) EGFP-EGF and clathrin internalization; (B) EGFP-EGF and EEA1
internalization; (C) EGFP-EGF and LAMP1 internalization; (D) Colocalization of EGFP-EGF with EGFR.

EGFP-EGF proteinswereinternalized by 30 min at 37 °C, sug-
gegting rapid internalization after binding.

Taken together, we provide a more direct, convenient,
reliable and feasible method in exploring the mechanism of
EGF internalization. Thisfusion protein allows easyimaging
and quantification using FACS or microscopy. Thisfusion
protein has some advantages including high sensitivity, is
hard to quench, easy preparation and high stability. It may
enable researchers to visualize proteins within living cells
without the need for chemical staining and avoiding light.
All these traitsmake it a powerful todl to explore themecha-
nism of EGF endocytosis.
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