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2.10.2 Western plot analysis of peptides.

The membrane was blocked in 5% milk TBS-Tween for 1 hour at room temperature. After 1 hour
the membrane was washed with TBS-Tween and the primary antibody (His-probe) was diluted in
3% BSA and incubated at 4°C overnight. The his-probe was used to detect the histidine tag present
on the peptide. The membrane was washed in TBS-Tween for 5 minutes at room temperature with
shaking 3 times. The membrane was then incubated with 4ml (1:1) Super Signal West Pico
Working solution (Thermo Scientific) for 5 minutes in the dark. The positive control used was a
25kDa protein from InlC from Listeria monocytogenes kindly donated by Lilia Poole (University

of Western Cape).

I8 BIN RIN BIN NiN Wi
UNIVERSITY of the
A CL-Xposure film (Thermo ScienW.ESTERMN _CATRE blot for 1 and 5 minutes. After the

2.10.3. Development of the film.

exposure of the film, the film was developed in a Cunix 60 X-ray developer (AFGA). The UVP

Biospectrum imaging system (UVP, LCC) was also used to analyse membranes.
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2.11. Cell culture

2.11.1. Cell lines

A panel of cell lines were used. These included human epithelial colorectal adenocarcinoma cells
(CACO-2), cervical cancer cells (HELA), human hepatocellular liver carcinoma (HEPG2),

osteoadenocarcinoma (HT29) and human fibroblast cell line (KMST-6).

2.11.2. Cell propagation

CACO-2, HELA, HEPG2, HT-29 and KMST cells were cultured in Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% FCS and 1ug/ml penicillin-streptomycin. The cells
were propagated in 25cm? culture flasks and incubated at 37°C for 24-48 hours in an incubator

supplied with 5% carbon dioxide.

2.11.3 Trypsinization

The cells were detached from the base of the culture flasks enzymatically using trypsin. The media
was removed from the flasks and the cells were washed with PBS. Trypsin (0.125%) was added
to the cells and the cells were incubated for 5 minutes. The enzymatic action of trypsin was halted
by addition of DMEM. The cells were transferred to a 15ml centrifuge tube and collected by

centrifugation at 3000g for 3 minutes using a Sorvall TC centrifuge (Thermo Electron Coporation).
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2.12. Peptide design

Table 2.11 shows the peptides used for conjugation to Qdot 525 carboxyl nanorystals. The peptides
were designed with a terminal amine group for formation of an amide bond with the carboxyl

groups on the quantum dot.

Table 2.11 Sequences of chemically synthesized peptides

Peptide name Peptide sequence

p.C CVFSSSYSSSC-NH;
Fropl EDYELMDLLAYL-NH:
p.H " HEWSYLAPYPWF-NH,
p6.1 ~ KCCYSL-NH;

P.L LTVSPWY-NH:

The peptides were synthesised by GL Biochem (Shanghai, China)

2.13. Qdot 525 carboxyl nanocrystal conjugation

Qdot 525 carboxyl nanocrystal (0.25uM) was transferred to a glass vial and diluted in 1ml borate
buffer at pH 7.5. The carboxyl groups on nanocrystals were activated by the addition of 50uM

EDC. An appropriate amount of peptide was added to the reaction mixture as shown in Table
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2.12. The coupling ratio of the Qdot to EDC to peptide was 1: 1.5: 250. The reaction mixture was

incubated at room temperature for 3 hours with gentle mixing on a shaker (Hermanson, 2008).

Table 2.12 Reagents utilized for biomolecule conjugation to Qdot 525

Reagent Qdot EDC p.C Frop-1 p.H P6.1 p.L

Concentration 0.25uM  50pM  7.6mM 57/mM 6.3mM 10.3mM 11.5mM

Amount(pl) 625 13 23— 44 4 2.4 2.2

2.13.1. Conjugated nanocrystal purification

The conjugated nanocrystals were purified to remove EDC by gravity column chromatography
using PD-10 desalting columns. The columns were filled with equilibration buffer (borate buffer
pH 8.5). The equilibration buffer was allowed to enter the packed bed completely. This process
was repeated four times and the flow through was discarded. The conjugated nanocrystals were
added to the desalting column. The nanocrystals were allowed to fill the packed bed completely
and the remainder of the equilibration buffer was collected and discarded. The conjugated

nanocrystals were eluted in 4ml borate buffer.
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2.14. Cell staining

2.14.1. Preparation of cells for analysis by fluorescence microscopy

Cells were cultured on cover slips in a six well plates and incubated for 24-48 hours at 37°C and
5% carbon dioxide. Media was removed from the plates and the cells were washed with PBS. Cells
were fixed for 20 minutes using 4% paraformaldehyde. The cells were washed with PBS and
incubated with conjugated (Qdot 525 nanocrystal with peptide) and unconjugated (Qdot 595
nanocrystal only) for 1 hour at room temperature. Following incubation the cells were washed

twice in PBS. The cells were mounted on microscope slides using fluoroshield (Sigma).

2.14.2. Microscopy analysis

The Axioplan Il fluorescence microscope (Zeiss) was used for the detection of fluorescence. The
cells were stained with diamidino-2-phenylindole (DAPI) and Qdot 525 (conjugated and
unconjugated). DAPI stain excites at 358nm and emits at 463nm. Therefore a long pass filter set
02 (Zeiss) designated DAPI filter was used to detect emission. The filter set 02 can detect emission
of fluorescence between 365nm and 420nm. The filter set 10 (Zeiss) designated Qdot-525, was
used to detect fluorescence emission spectrum of Qdot 525. The quantum dot’s excitation spectra

is at 415-455nm and fluorescence can be detected at 518-533nm. Cells were viewed and images

were captured using 40X objective.
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2.14.3 Preparation of cells for Flow cytometry analysis

Cells for Flow cytometry analysis were cultured in 24 well plates at 37°C. The cells were then
removed from the plates enzymatically using trypsin. Cells were then washed with PBS and
collected by centrifugation at 3000g for 5 minutes using a Sorvall TC centrifuge. The cells were
fixed for 20 minutes in 4% Paraformaldehyde and then washed with PBS. The cells were stained
with the Qdot 525, conjugated and unconjugated. Following 1 hour incubation at room
temperature, the cells were washed with PBS. The cells were resuspended in PBS and analyzed by

flow cytometry.

2.14.4. Flow cytometry analysis

Flow cytometry was performed at the Central Analytical Facility, Imaging Unit, Stellenbosch
University. The BD FACSAria flow cytometer (BD Biosciences, USA) was employed for the

analysis of samples.

2.14.4.1. Flow Cytometry Acquisition

Before acquisition, the sample tubes were resuspended by vortexing for 3 seconds. The FSC and
SSC gain was set up in dot plot using the unstained control sample for each cell type. To set the
gain of the fluorescent channel, unstained control sample was used to set the negative cells between
the 1%t and 2" decade of the histogram dot plot. This setting was employed for each cell type. This
enabled differentiation of the negative and high positive cells. The primary gating strategy (FSC
vs SSC) was drawn to set a parent gate (P1) in order to include all cells and exclude debris. Using

the P1 population, a histogram plot was used to display the intensity of the Qdot 525 fluorescence.
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A secondary gate (P2) was positioned to include all the cells in that plot. After setup, the
experimental samples and cell controls were acquired on the BD FACSAria. For sample
acquisition, a maximum of 10 000 gated events (using P1 gate) were collected for each sample.

For each sample, the Geometric median fluorescence intensity (GMFI) was used to determine the

intensity of the marker fluorescence.
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CHAPTER 3: RESULTS

3.1. Cloning oligonucleotides into an expression vector

3.1.1. Introduction

Cancer targeting peptides have been identified by technologies such as phage display and
combinatorial chemistry. These peptides have diagnostic and therapeutic potential. However for
these peptides to have clinical application they need to be produced in sufficient quantity.
Recombinant DNA technology can be used to synthesize peptides in sufficient quantity at less cost
in comparison to chemical synthesis. Using this technology, oligonucleotides encoding cancer
targeting peptide sequence can be designed and cloned into an appropriate expression vector and
subsequently expressed in a suitable host. The aim of this section was to design and cloning of

oligonucleotides encoding cancer targeting peptides into pET21b plasmid vector.

Eight cancer targeting peptides were identified from the literature (Shadidi and Sioud, 2003).
Oligonucleotides were designed from the amino acid sequences for the peptides. Only four
oligonucleotides encoding p6.1, p.L, NL1.1 and MV were successfully cloned. The
oligonucleotide design and cloning strategy adopted for the expression of the peptides is
exemplified by p6.1 (KCCYSL) and shown in Figure 3.1. The same cloning strategy was used for
all the peptides. An Ndel restriction site was incorporated downstream of the T7 promoter followed
by the peptide coding sequence. An Xhol restriction site was added at the C terminal upstream of
the histidine tag to enable incorporation of this tag to the peptide coding sequence. The pET21b
vector was linearized using Ndel and Xhol restriction enzymes, thus creating overhangs that

allowed for ligation with the oligonucleotide.
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Peptide sequence ——» K € C Y S L

Saaa tgt tgt tat tct ctt3d
DNAsequence{ 3'ttt aca aca ata aga gaa¥

S'tatg aaa tgt tgt tat tct ctt c3
3ac ttt aca aca ata aga gaa gagcty

KCC coding sequence
\L Ligation
1 T7 Lac ca fcgag|  Hig-Tag | 3
Vector 3" promoter gtat ¢ § 5
_
DNA ligated into vector | |7 Lacpromoter KCC coding sequence His-Tag

Figure 3.1: Cloning strategy for p6.1 peptide. Oligonucleotides encoding p6.1 peptide were cloned into the Ndel and
Xhol restriction sites (indicated in blue and red, respectively) of the pET21b plasmid. The oligonucleotides were

designed to include the Ndel restriction site and Xhol restriction site shown in blue and red on the DNA sequence. The

oligonucleotide and vector were then ligated using T4 DNA ligase.
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3.1.2. Preparation of pET21b plasmid DNA

pET21b plasmid DNA was isolated using cesium chloride fractionation as described in section
2.4.1. The successful preparation of pET21b plasmid is indicated in Figure 3.2. The figure shows

three bands representing nicked, linear and supercoiled plasmid.

[

250 bp —>

Figure 3.2: Gel electrophoresis of pET21b plasmid. The plasmid was prepared using Cesium
chloride/ ethidium bromide fractionation.
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3.1.3. Restriction digestion of pET21b plasmid DNA

pET21b plasmid DNA was digested using Ndel and Xhol restriction enzymes to enable ligation
of the peptide coding oligonucleotides into the plasmid as illustrated in Figure 3.1. pET21b was
digested using Xhol and Ndel restriction enzyme as described in section 2.4.2-2.4.4. Figure 3.3
shows digestion of pET21b plasmid DNA. A single band can be observed for the digested plasmid

DNA while the uncut plasmid shows two bands.

10000 bp

5000 bp

250 bp —>

Figure 3.3: Agarose gel electrophoresis restriction digestion of pET21b. pET21b was digested

using the restriction digestion enzymes Xhol, and Ndel.
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3.1.4. Ligation of oligonucleotides encoding peptides into pET21b plasmid

Annealed oligonucleotides were ligated into the pET21b vector as described in section 2.7.1 and
2.7.2. Two vector insert ratios (10:1 and 20:1) were used for each peptide. The ligation reaction
used to transform MC1061 E. coli cells is described in section 2.7.3. Table 3.1 shows the number

of colonies obtained for the different oligonucleotides using the 10:1 vector insert ratio.

Table 3.1: Number of colonies obtained following transformation of Escherichia coli cells

with pET21b containing oligonucleotides.

Plate Number of colonies
p6.1 250
pL 160
p.MV 88
NL1.1 10
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3.1.5. Screening for positive clones

Screening for positive clones was done as described in section 2.7.4.

3.1.6. Sequence analysis of positive clones

T7 promoter primer and T7 terminator primer were used as sequencing primers for the forward
and reverse sequencing respectively. Chromas lite version 201 was used to analyze the sequencing
results received from Ingaba biotec. The FASTA format of the nucleotide sequence was obtained

and ExPASYy translate tool (http://web.expasy.org/translate/), was used to translate the DNA

sequence into the protein sequence. The translation revealed the correct sequence of the p6.1, p.L,

MV and NL1.1 peptides which exhibited the histidine tag as shown in Figure 3.4.

69


http://web.expasy.org/translate/

3’5’ Frame

ttaatacgactcactataggogaattgtgagocgyataacaattocccotctagaaataatttt

H T T H ¥ R G I

V 5 G g F P 5 RE H N F

gtttaactttaagaaggagatatacat
W L E G D I H

atgaaatgttgttattoctcttoctcgagcacocac

M K C ¢ ¥ 5 L L E H H

caccaccaccackgagatcocggotgotaacaaageooccgaaatgacgbtfmreaaggtmor
H H H H 0D P A A N K A R N D X X X & X
fdearopxeegneagesmreaaggt

X X X X X X X E

ttaatacgactcactatagggoaattgtgagocggataacaattoccooctoctagaaataatttt
N T T H ¥ R G I WV 5 & o F P 5 E H N F
gtttaactttaagaaggagatatacathtgottactgtttttocttggtttotocgagoac

vy - L - E G b I H/M L. T ¥v F P W F L E H
CacCcaccacCcaccactjfagatocoggctgotaacaaagocoyaaacgaatgtbthmreaaw
H H H H H - b P A A N K A BER N E C X X X

acmorfdearopiesgneage SMreaavac
X X X X X X X X X X

gtaatatgactccctataggggaattgtgagoggataacaattoccococtotagaaataatttt

N M T P ¥ R|IG|ITI|IWVW |&® & - 9§ F P 5 R H H F
gtttaactttaagaaggagataaacatptgtctotgtgggatcagggcaactttoogoty
¥V - L - E G DI RKUHIUMUISIILI W D Q G N F P L
gotggtggttgcoctCcgagcaccaccacCaccaccadtgagatcoggotgotaacaaagoo
G G & C L ILEwHY H<HI HY H - 0o P & & N E &

H
cgaaaagaacgbthmreaavimorfdearopxesgneagesmnreaavin
E K E X X X X X X ¥ X ¥ ¥ ¥X X X

ttaatacgactcactataggggaattgtgagocggataacaattocccctotagaaataatttt
H T T H ¥ R G I ¥V 5 G Q F P 5 R H H F
gtttaactttaagaaggagatatacatatgtattggggbgattctcattggettocaatat

¥y - L - E G D I HIM ¥ W G b §8 H W L § ¥
tggtatgaactcgagcaccaccaccaccaccacfgagatcoggotgotaacaaagoocoga
W ¥ E L E H H H HHH|- D P A A N E A R

aabtfmreasarohsbwynmorfdearopreegneagesmreaaarohsbwym
X X X X X X X X X X X X X X E X X X

Figure 3.4: Translation of DNA sequences into protein sequences. The longest open reading frame

generated by EXPASYy is shown for all the peptides. A shows p6.1 sequence B shows p.L, C shows MV
and D shows NL1.1. The histidine tag is shown in the sequences.
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3.2.2. Expression screen of positive clones

Following confirmation of successful cloning of the oligonucleotides as indicated by the
sequencing results, the next phase was to investigate if the clones express the cancer targeting
peptides. This was achieved by transforming the established recombinant plasmids in an
expression host namely E.coli BI21 (DE3). The transformation reaction is described in section

2.7.3.

Expression screen was conducted as described in section 2.8. Figures 3.5 A, B, C and D show the
protein expression profiles for the induced and uninduced bacterial lysate. The expected sizes of
the expressed peptides were 1.78kDa for p6.1, 1.97kDa for p.L, 2.52kDa for MV and 3.3kDa for
NL1.1. The protein expression profiles showed a smearing below the 10kDa marker in both the

un-induced and induced. No distinct bands were visible in the region of 1.7-3.3kDa.
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50kDa

Figure 3.5: SDS PAGE of bacterial lysates. BL21 (DE3) E. coli cells were transformed with pET21b peptide containing
sequences encoding the peptides. A shows expression screen of p6.1 peptide, B shows screening of p.L peptide, C shows
screening of MV peptide and D shows screening of NL1.1 peptide. Three colonies were selected for each peptide (C1-

C3).The bacteria was induced using 1mM IPTG. The expression profile was resolved on an 18% SDS polyacrylamide

gel.
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3.2.2.1 Screening for the presence of peptides by Western blot analysis

Screening for the presence of peptides in the lysates of bacterial cultures induced with IPTG failed
to confirm the presence of the peptides. It is likely that the expression of the peptides were very
low. For this reason the lysates were also probed by western blot analysis for the presence of the
histidine tagged peptides. The total protein lysates of uninduced and induced bacterial cells were
probed with anti-histidine antibody. The samples used in western blot analysis were the same as
those used in the expression screen. The positive control used was a 25kDa histidine tagged InIC
protein from Listeria monocytogenes and it was visible on the blot. However, no distinct bands

were visible in the region of 1.7 -3.3kDa as shown in Figures 3.6 A, B, C and D.
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25kDa —>
20kDa —> ==

25kDa —>

20kDa—>

25kDa—> o~

20kDa—>

25kDa _> .

20kDa —

Figure 3.6: Western blot analysis of bacterial lysates. A shows p6.1, B shows p.L, C shows MV and D shows

NL1.1. Peptide expression was induced using 1mM IPTG. Peptides were expressed in BL21 E.coli cells.
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3.2.3. Screening for the presence of peptides in culture medium

Screening of the peptides in bacterial lysates using expression screen by coomassie and western
blot analysis did not confirm the presence of the peptides. Literature has shown that expressed
peptides are sometimes secreted into the culture medium (Uhlen and Abrahmsen, 1989). Therefore
to investigate whether the bacterial cells secreted the peptides into the culture medium, protein
expression was induced by IPTG and the culture medium was screened for the presence of the
peptides. The cells were separated from the culture medium and all the proteins present in the
medium were precipitated as described in section 2.8.1. The samples were analyzed by SDS
PAGE. Major bands with a molecular weight of less than 10kDa were present in both uninduced

and induced precipitates as shown in Figures 3.7.

To investigate whether these low molecular weight proteins were likely to be the peptides of
interest, a western blot analysis was performed on the precipitated protein samples using the anti-
histidine antibody as described in section 2.10.2 (Figure 3.8). InlC, a 25kDa protein was detected
for the positive control. However histidine tagged peptides could not be detected in the precipitated

protein samples generated from the medium in which the bacteria was cultured.
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10kDa

50kDa—>

10kDa—>

Figure 3.7: SDS PAGE analysis of precipitated protein secreted in culture medium. E. coli cells were transformed
with pET21b peptide containing sequences encoding the peptides. A shows expression screen of p6.1 in BL21
(DE3), B shows screening of p.L BL21 (DE3), C shows screening of MV in arctic express and D shows screening
of NL1.1 in BL21 codon plus. Three colonies were selected for each peptide (C1-C3). The bacteria was induced
using 1ImM IPTG. The expression profile was resolved on an 18% SDS polyacrylamide gel.
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25kDa >
25kDa —>

25kDa —> 25kDa—>

¢ D

Figure 3.8: Western blot analysis of precipitated protein secreted in culture medium. A shows p6.1 in BL21(DE3), B
shows p.L expressed in BL21(DE3), C shows MV peptide expressed in arctic express and D shows NL1.1 peptide
expressed in BL21 codon plus. Protein expression was induced using 1mM IPTG. The expression profile was resolved

on an 18% SDS polyacrylamide gel.



3.4. Discussion

The aim of this chapter was to recombinantly express cancer targeting peptides. The
oligonucleotides encoding the peptides p6.1, P.L, NL1.1 and MV were successfully cloned into
pET21b plasmid vector. Sequence analysis of the clones showed the correct translated protein
sequence of the peptides. There were no mutations present and sequences displayed the histidine

tag (Figure 3.1 A-D).

Following successful cloning of the oligonucleotides, the next phase was to express the peptides
using an expression host. Expression was carried out using E.coli BL21 (DE3). The bacterial
lysates were examined by coomassie using SDS polyacrylamide gels. The calculated peptide sizes
were 1.78kDa for p6.1, 1.97kDa for p.L, 2.52kDa for MV and 3.3kDa for NL1.1. Inspection of the
gels did not show any low molecular weight bands of sizes below the 10kDa molecular weight
marker (Figure 3.5 A-D). This could have been due to low expression of the peptides such that
analysis by coomassie was not adequate to detect the peptides. Therefore western blot analysis

which is more sensitive than coomassie was utilized to detect the low molecular weight peptides

The oligonucleotides were cloned so as to include a histidine fusion tag. Sequence analysis of the
clones showed that the sequences were histidine tagged (Figure 3.4 A-D). Hence the anti-histidine
antibody was used in the western blot analysis to detect the histidine tag and hence the peptides.
A protein of 25kDa (InIC) containing a histidine tag was included and served as a positive control.
This protein was clearly detected by western blot analysis as shown in Figures 3.6 A-D. However
low molecular weight bands of sizes 1.78kDa-3.33kDa were not detected by western blot. Hence

it was concluded that the peptides were not present in the bacterial lysate. The Figures in 3.6 also
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show high molecular weight bands in the induced and uninduced samples. These bands are

possibly as a result of spill over from the positive control.

Literature has shown that proteins expressed recombinantly are sometimes secreted into the culture
medium (Uhlen and Abrahmsen, 1989). To investigate if the expressed peptides were secreted into
culture medium, proteins in culture medium were precipitated and analysed by coomassie.
Analysis by coomassie showed major bands that were less than 10kDa as indicated by the
molecular weight marker (Figure 3.7 A-D). To investigate if these bands were the expressed
peptides, western blot analysis using the anti-histidine tag was carried out. The analysis showed a
25kDa histidine tagged protein, but failed to detect the low molecular weight peptides in the
induced and uninduced culture medium samples. Although the oligonucleotides encoding the

peptides were successfully cloned, it was concluded that peptide expression was not successful.

A number of reasons can be elucidated as to why peptide expression in E. coli using pET21b vector
was not efficacious. One plausible reason can be attributed to ATP dependent proteolytic enzymes
that are found inherently in the host cells. Proteolytic enzymes function to maintain cell
metabolism and cell growth for the host cell among other functions (Gottesman et al., 1997).
Proteolytic enzymes act by cleavage of amide bonds resulting in individual amino acids. At times

proteolytic action by the proteases is complete such that no intermediate products are detectable.

In comparison to other peptides that that have been expressed recombinantly as shown by literature
(Satakarni and Curtis, 2011; Metlitskaia et al., 2004; Bosse-Doenecke et al., 2008), the cancer
targeting peptides that were to be expressed are relatively small. For example Satakarni and Curtis
were able to synthesize a peptide of 11.5kDa. In comparison the largest cancer targeting peptide

that was to be expressed in our study was 3.3kDa. Hence owing to the fact the peptides were
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significantly small and probably linear, it is hypothesized that the peptides were easily accessible

to the proteolytic enzymes and hence susceptible to degradation.

3.5. Limitations and recommendations

Limitations in expression of cancer targeting peptides included use of a limited number of bacterial
hosts some of which could have housed proteolytic enzymes. The main expression host used was
BL21 (DE3) and it is naturally deficient in the lon protease and does not have the ompT outer
membrane protease that can degrade proteins. However the host could have housed other proteases
and peptidases that could have caused proteolytic degradation. (Novagen, 2003). If unsuccessful
expression of the peptides was due to proteolytic cleavage of the peptides, then use of hosts without
proteolytic enzymes would have resulted in successful expression of the peptides. Kandilogiannaki
and others used hosts without proteolytic enzymes which resulted in successful expression of an

anti-MUC1 scFv fragment (Kandilogiannaki et al., 2001).

An avenue that was approached to achieve peptide expression to avoid proteolytic enzymes was
in vitro expression or cell free expression. The principle of cell free expression system lies in the
mimicry of protein expression that occurs in intact cells. As the name suggests a cell free
expression system synthesizes protein outside the cell by using either DNA or exogenous RNA as
a template (Jackson et al., 2003). A requirement of the template is that it should contain the
necessary regulatory elements. The machinery of the cell free system constitute crude cell extract
as well as external supply of amino acids energy sources in form of adenosine triphosphates (ATP),
salts, nucleotides and amino acids. The most commonly used cell free expression systems are those

derived from E.coli (Jackson et al., 2003). The cell free expression did not yield detectable
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expressed peptides and hence this avenue needs optimization and will be approached again in the

future.
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CHAPTER 4

4.1. Conjugation of cancer specific peptides to quantum dots

4.1.1. Introduction

Since attempts to express the peptides in bacteria were unsuccessful, the peptides were obtained
commercially. The peptides p6.1, p.L, NL1.1 and MV were purchased from GL biochem
(Shanghai) in a lyophilized form to ensure stability. The p6.1 and p.L peptides were successfully
dissolved while the NL1.1 and MV peptides did not dissolve in the recommended solvents. Hence
due to insolubility, these two peptides were not used in further experiments. The panel of peptides
was expanded and included p.C, Frop-1 and p.H which were identified from literature (Shadidi
and Sioud, 2003) and these were purchased from GL biochem (Shanghai). The final list of peptides
used in the experiments is shown in Table 2.11. EDC chemistry was used to conjugate the peptides
to carboxyl functionalized quantum dots through amide bond formation as described in Section
2.13. The aim was to study the binding of the peptides to cancer cells. The conjugation of peptides
to quantum dots (QD 525) made it possible to investigate the binding of the peptides using

techniques such as flow cytometry and fluorescence microscopy.

Amide bonds occur in a variety of biological molecules and are constituents of various synthetic
molecules. As such amide bonds play important roles in biological processes such as catalysis by
means of enzymes, control of cell growth and cell differentiation as well as immune responses by
means of antibodies (Martinez et al., 2003). Organic chemistry and pharmaceutical chemistry use

various synthetic molecules that are the basis for formulation of products such as drugs and
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peptides all which are dependent on successful amide bond formation (Pattabiraman and Bode,

2011).

The formation of an amide bond occurs between a carboxylic acid and an amine through a
condensation reaction. In non-biological systems, formation of the amide bond is not a
spontaneous process so much so that it does not occur at all at room or ambient temperatures. On
the contrary, reactions between carboxyl groups and amino groups at ambient temperatures result
in the formation of a carboxylate ion instead of the desired amide bond. Amide bond formation
requires a high input of energy in the form of high temperatures, which in the case of peptide
formation would be detrimental to the product (Valeur and Bradley, 2009). Therefore fields such
as organic and medicinal chemistry employ the use of coupling reagents to coadunate the carboxyl

and amino groups resulting in amide bonds.

Amongst the most commonly used coupling reagents are carbodiimides such as EDC. This zero
length cross linker molecule forms amide bonds by first activating the carboxylic acid group to
form an active o-acylisourea intermediate. This highly reactive intermediate then reacts with the
amino group forming an amide bond (Nakajima and lkada, 1994). This method of amide bond
formation is also called EDC chemistry and it was used in this study to conjugate synthetic peptides

to quantum dots carrying a carboxyl functional group.

4.1.2. Quantification of the binding of peptide-quantum dot conjugates to cells using flow

cytometry and fluorescence microscopy

A panel of human cell lines, which included Caco-2, Hela, HepG2, HT29 and Kmst-6 were used
to do a comparative study on the peptides evaluating the ability of the peptides to bind to the cells.

Since the peptides were conjugated to quantum dots, the quantification of the fluorescence
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intensity was used to assess the ability of the peptide-quantum dot conjugates to bind to the cells.
The geometric median fluorescence intensity was used as a measure of fluorescence intensity.
Figure 4.1. shows the binding of the different peptide quantum dot conjugates to the cancer cell
lines as well as Kmst-6. Figures 4.2-4.6 shows fluorescence microscopy images and the

corresponding fluorescene intensity graphs by flow cytometry.
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Figure 4.1: Targeted binding of peptide conjugated quantum dots 525 to cancer cells. A shows binding of the different
peptide-quantum dot conjugates to Caco-2 cells. B shows binding of the conjugates to Hela cells. C shows binding of the
conjugates to HepG2 cells, D shows binding of the conjugates to HT29 and E shows binding of the conjugates to Kmst-6 cells.
The bar graphs from left to right are understood as labelled a, b, ¢, d and so on. The superscripts denoted on the bar graphs
indicate the statistical significance in binding between the conjugates. For example superscript a denoted on bar graph b shows

that there is a significant difference in binding between a and b (P<0.05).
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Figure 4.2: Binding of p.C-Qdot 525 conjugate to cancer cells. A shows microscopy analysis of cancer cells stained
with the peptide-quantum dot complex. B shows flow cytometry analysis of the cancer cell lines. Standard deviations

are also shown (P<0.05).
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stained with the peptide-quantum dot complex. B shows flow cytometry analysis of the cancer cell lines. Standard
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Figure 4.4: Binding of p.H-Qdot 525 conjugate to cancer cells. A shows microscopy analysis of cancer cells stained
with the peptide-quantum dot complex. B shows flow cytometry analysis of the cancer cell lines. Standard deviations

are also shown (P<0.05).
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Figure 4.5: Binding of p6.1-Qdot 525 conjugate to cancer cells. A shows microscopy analysis of cancer cells stained
with the peptide-quantum dot complex. B shows flow cytometry analysis of the cancer cell lines. Standard deviations

are also shown (P<0.05).
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Figure 4.6: Binding of p.L-Qdot 525 conjugate to cancer cells. A shows microscopy analysis of cancer cells stained
with the peptide-quantum dot complex. B shows flow cytometry analysis of the cancer cell lines. Standard deviations

are also shown (P<0.05).
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4.2. Summary

The peptides namely p.C, p.H, Frop-1, p6.1 and p.L were conjugated to carboxyl quantum dot 525.
The peptide-quantum dot conjugates were then targeted to different cancer cells lines.
Fluorescence microscopy and flow cytometry were used to assess binding of the cancer targeting

peptides.
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4.3. Discussion

The main aim of the study was to investigate the binding of cancer specific peptides to a panel of
human cancer cells and thus determine the specificity of the binding of these peptides. The study
was conducted on 4 human cancer cell lines (Caco-2, Hela, HepG2 and HT29) and 1 non-
cancerous (Kmst-6) human cell line. Indication from the literature is that these peptides bind
specifically to receptors expressed in cancer cells. These receptors are either absent from non-
cancerous cells or they are expressed at low levels in non-cancerous cells. The peptides were
conjugated to quantum dots and the cells were exposed to the peptide-quantum dot conjugates.
The cells were analyzed by flow cytometry and fluorescence microscopy and by measuring the
intensity of the fluorescence originating from the quantum dots, the binding specificity of the
peptides could be determined. The fluorescence intensity depended on the number of peptide-
guantum dot conjugates bound to the cells, which in turn depended on the number of target

biomolecules (e.g. cell surface receptors) present in the cells.

Five peptides (p.C, p.H, Frop-1, p.6.1 and p.L) were investigated in this study. The fluorescence
intensities obtained when the quantum dots were conjugated with the peptides were significantly
higher than the fluorescence intensities obtained for the unconjugated quantum dot controls. This
suggests that the peptides were able to specifically bind to the cells. This was true for all the
peptides in all the cell lines tested in this study, except for Frop-1. No significant difference could
be observed between Frop-1 conjugated quantum dots and unconjugated quantum dots in Caco-2,
Hela, HT29 and Kmst-6 cells. HepG2 is the only cell line where significant difference could be
observed between Frop-1 conjugated quantum dots and unconjugated quantum dots. This suggests
that the peptides were able to differentiate between the different cell types. Although a significant

variation in the intensity of the fluorescence was observed for the different peptides and the
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different cell lines, it must be noted that the fluorescence intensities obtained for quantum dots
conjugated with Frop-1 was much lower than the fluorescence intensities obtained for the other
peptides. The selectivity of the peptides was also very well demonstrated with the p.L peptide.
This peptide was able to bind to Caco-2, HepG2, HT29 and Kmst-6 cells, but not Hela cells. It is
also evident that the fluorescence intensities obtained for the non-cancerous cell line, Kmst-6 was
generally lower than the fluorescence intensities obtained for the cancerous cell lines, Caco-2,
HepG2, HT29 and Hela. This is in line with the expectation that the expression levels of the targets

for these peptides should be lower in non-cancerous cells compared to cancer cells.

The binding of the peptide-quantum dot conjugates to the cells was also studied by fluorescence
microscopy. Fluorescence microscopy showed a variation in fluorescence intensity and there was
a very good correlation between the quantitative analysis obtained by flow cytometry and the
microscopy results. There was also an indication that the localization of the peptide-quantum dot
conjugate staining was not the same for all the cell lines. As an example, quantum dots conjugated
with the p.L peptide appear to be localized in the cytoplasm of HT29 cells, with minimal staining
in the nucleus (Figure 4.6 A). However, in HepG2 cells the peptide-quantum dot conjugates appear
to be distributed evenly throughout the cells. This observation is more evident in the overlayed
images of DAPI and Qdot525. This may point to either different targets being present in the
different cell types or the same target being present in different locations in the cells. However,

higher resolution microscopy is required to confirm these findings.
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The results for p.C-Qdot-525 conjugate (Figure 4.2 A) showed strong binding specificity of the
peptide to the all cancer cell lines. Differential binding specificity was observed between the non-
cancerous Kmst-6 cell line and the cancer cell lines (Figure 4.2 B), since the fluorescence intensity
was significantly different between Kmst-6 cells and the cancer cells. This finding suggested that
the p.C peptide does not bind to the non-cancerous cells with high specificity and can possibly be
used to differentiate between cancerous and non-cancerous cells. However, a larger panel of both
cancerous and non-cancerous cell lines should be investigated. The p.C peptide was discovered
using a random phage display library and was raised against prostate specific antigen. According
to the study carried out by Wu and others this peptide showed binding specificity towards prostate
cancer cells (Wu et al., 2000). However, none of the cancer cell lines used in this study is of

prostate cancer origin.

The microscopy results confirmed the low binding efficiency of the Frop-1-Qdot-525 conjugate to
all the cell lines used in this study. The average fluorescence intensity for this peptide was less
than 1000 FI units, which is very low when compared to the other peptides used in this study
(Figure 4.3B). Even though the binding efficiency of this peptide was very low, there was still a
significant difference in binding of the Frop-1-Qdot-525 conjugate to HepG-2 cells. This showed
that the Frop-1 peptide bound with a greater specificity to the HepG-2 cells. These findings
possibly suggested that conjugation between the peptide and the quantum dot did not take place or

that the peptide does not bind to the cancer cells.

It was previously reported that the Frop-1 peptide is highly unstable. The authors reported that the
Frop-1 peptide stability was improved by attaching it to 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7,
10-tetraacetic acid (DOTA). The attachment of DOTA improved the stability of the peptide in

serum to 71 minutes, while the Frop-1 peptide without the chelator was only stable in serum for
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15 minutes (Mier et al., 2013). It is therefore possible that the attachment of DOTA can

significantly increase the targeting specificity of Frop-1.

The highest fluorescence intensity (~8000 FI units) was obtained for the p.H peptide in HepG2
cells (Figure 4.4). Based on the fluorescence intensity, this peptide was not able to discriminate
between Caco-2 and Hela cells or HT29 and Kmst-6 cells. Discovered by random phage display
library, the p.H peptide was raised against human colorectal cancer cells (WiDr). Binding to MDA-
MB-435 breast cancer cells was demonstrated by Rasmussen and others for this peptide. The
authors demonstrated that the peptide also had high binding affinity to Hela cells. This was
confirmed in the current study. The authors therefore suggested that the receptors targeted by the
p.H peptide were not unique to the colorectal cancer cells. They also reported that the cancer cells
did not internalize the peptide and hence it was only suitable for application in diagnostics

(Rassmussen et al., 2002).

The highest fluorescence intensity for the p6.1 peptide was in HT29 cells (Figure 4.5). Compared
to p.C and p.H, the p6.1 peptide did not bind the cancer cells with high affinity. The fluorescence
intensity for p6.1 was only about ~3800 FI units for HT29. This peptide was previously shown to
bind to cancer cells that overexpress the ErbB2 receptor as well as prostate and breast carcinoma

(Karasseva et al., 2002).

The highest fluorescence intensity for the p.L peptide was in HT29 cells (Figure 4.6) with
fluorescence intensity of ~6000 FI units and this was confirmed by microscopy. p.L peptide had
the least binding affinity to Hela cells with FI units of only ~1000. Wang and others reported that
the p.L peptide has a higher binding specificity toward cancer cells that over express the ErbB-2

growth factor receptor (Wang et al., 2008). Microscopy images of the cells stained with p.L-Qdot-
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525 conjugate shown in Figure 4.6 A, showed that the peptide showed a similar binding pattern of
cells as did the flow cytometry analysis. Microscopy analysis showed strong binding of the p.L
peptide to Hela, HepG-2 and HT29 cells. Elucidation of P-values indicated that the Kmst-6 cell
line showed the lowest binding with a significant difference in binding in comparison to the cancer
cell lines. This result once again showed that the cancer targeting peptides bound with high
efficiency to cancer cells and not the normal cell line. As shown by Shadidi and Sioud as well as
Haglund and others, this peptide binds also to breast cancer cells. The peptide also has the ability
to cross the cell membrane as it was shown to successfully deliver anti-sense oligonucleotides to
breast cancer cells for the purpose of down regulating ErbB2 expression (Shadidi and Sioud,

2003). Hence the LTV peptide can be used for cancer diagnostic as well as therapeutics.

The binding of the cancer targeting peptides (used in this study) to cancer cells has only been
demonstrated in some selected cancer cell lines. The binding of the p.C peptide has only been
investigated in a prostate cancer cell line (Wu et al., 2000), while the binding of the p.L peptide
has only been investigated in breast cancer cells (Haglund et al., 2008; Shadidi and Sioud, 2003).
As such these peptides have not been very well characterized. This study provided a platform to
characterize the binding of these peptides to different types of cancer cells by using a panel of
human cell lines. Characterization of these peptides in this manner is important as these peptides
can be strategically used in cancer diagnosis as well as to specifically direct cytotoxic agents to

cancer cells in vivo.

The study also demonstrated the superlative optical properties of quantum dots. Continual
fluorescence from the peptide conjugated quantum dots was observed following prolonged
illumination from a light source during microscopy analysis. This property of quantum dots is

advantageous in comparison to organic fluorophores, which are subject to photobleaching as
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indicated in literature (Zhou and Ghosh, 2006). This study shows that some of the cancer targeting
peptides investigated here together with quantum dots have a real potential for application in
cancer diagnosis and therapeutics. For example peptides conjugated to quantum dots that emit in
near infrared wavelengths can be used in vivo to detect and hence diagnose cancer. Additionally,
the peptide quantum dot conjugates can be used as vehicles to deliver anti-cancer agents in vivo
and hence specifically target and treat cancer cells without harming the healthy cells. This avenue
in therapeutics is attractive as the adverse effects caused by cytotoxic agents can be greatly

minimized.

4.3.1. Conclusion

This study demonstrated that the cancer targeting peptides used in this study bind to cancer cells
and that the specificity with which these peptides bind to the cells depends on the cell types and
the peptide. Based on the fluorescence intensity at least one of the peptides, namely p.C was able
to differentiate between the cancer cell lines and the non-cancerous cell line. This peptide can
possibly be used for the targeted delivery of drugs to cancer cells or applied in the diagnosis of
cancer. The binding specificity of the p.H peptide was shown to the highest amongst all the

peptides tested in this study.
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4.4. Future Directions

4.4.1. Limitations of the study

Cancer cell targeting using the Frop-1 peptide showed very low levels of binding affinity to the
cancer cell lines. The binding in some instances was comparable to cells that were stained with
unconjugated Qdot-525 and to cells that were not stained. Instability of the Frop-1 peptide could
have contributed to the low levels of binding. Stability of the Frop-1 peptide has been shown to
have been improved by attaching the peptide to a chelator, DOTA. Studies have shown that the
Frop-1 peptide has been successfully targeted to thyroid (Fro82-2), MCF-7, cervix, prostrate
carcinoma and cell lines from head and neck tumors. Hence the binding specificity of the Frop-1
peptide with DOTA needs to be evaluated. It is also possible that the Frop-1 peptide was not
successfully conjugated to the quantum dots hence conjugation of the peptides to the quantum dot
need to be evaluated using quantitative methods. Another limitation is that only four cancer cell
lines were assessed. More cancer cell lines need to be assessed for their response to cancer
targeting peptides. This will give precise indication as to which cancer targeting peptides bind with
specificity in particular cancer cells. This in turn will give more direction as to how these cancer

targeting peptides can be applied in cancer diagnosis.
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