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ABSTRACT
The high incidence rate of Nasopharyngeal Carcinoma (NPC) in southern China,
including Hong Kong, has attracted worldwide attention. According to the Center for
Health Protection in Hong Kong, there were 841 new cases of NPC, with 655 cases of
males and 186 cases of females in 2013. The development of NPC is highly
associated with the infection of one human herpes virus, the Epstein-Barr virus (EBV).
Given that the homodimerization of one of the EBV endogenous protein-Epstein-Barr
Nuclear Antigen 1 (EBNA1) is essential for both viral genome maintenance and
infected-cell survival, thus the interference of EBNA1 homodimerization would be a
novel strategy for the inhibition of EBV-positive tumours. In this thesis we devote to
conjugate several kinds of organic fluorophores with various EBV-specific peptides in
order to achieve the highly responsive and selective imaging, as well as the effective
inhibition of EBV-positive tumours in vitro and in vivo. The first research focused on
the conjugation of a styrene pyridine fluorophore with two EBNA1-specific peptides,
aiming to develop a dual-probe for the imaging and inhibition of EBV-positive
tumour cells. Then we tried to introduce a Nuclear Localization Sequence into the
EBNA1-specific peptide, and used an Intra-molecular Charge Transfer characterized
fluorophore for the following second research, it showed an impressively responsive
signal when the probe binds with EBNA1 both in vitro and in vivo, more importantly,
only 4 g probe can inhibit 92.8% of growth inhibition of an EBV-positive tumour.
Along this line, our last research centred on the further improvement of the imaging
by taking advantage of lanthanide.
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CHAPTER 1 INTRODUCTION
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1.1 Epstein-Barr Virus
The name of Epstein-Barr virus (EBV) comes from two scientific researchers, one is a
pathologist Michael Anthony Epstein, who firstly characterized the virus particle with
the other researcher-Yvonne Barr, so the virus was named Epstein-Barr virus to
memorize them.1

1.1.1 Structure and genome of EBV
EBV belongs to human herpes virus family, which can be further divided into three
subfamilies, the -, - and - herpes viruses. To be precise, the virus belongs to the human herpes virus sub-family. Generally, herpes viruses are large enveloped virus
with a double-stranded (ds) DNA genome.2 In the case of EBV, it is composed of a
nucleocapsid which contains its linear, ds, around 184-kb DNA genome. The DNA
genome encodes 86 viral proteins totally, 13 of them are envelop protein. Those
proteins provide targets for the structural genomic project. The nucleocapsid was
surrounded by a membrane which is called envelop, the envelop carries 13 surface
glycol-proteins as mentioned before.3, 4, 5 The function of the envelop protein can be
summarized in 3 kinds, the virus entry and spread, virus assembly and manipulating
the host cell. The assignation here does not mean a protein has only a single function.
Tegument fills the space between nucleocapsid and envelop (A simplified figure of
EBV particle’s structure is shown in Figure 1).
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Figure 1.1 A simplified figure of EBV particle’s structure.

1.1.2 EBV associated diseases
EBV infects the vast majority of human population in the world (90-95% in adults),
establishing and maintaining a life-long persistence in the host.6
Primary infection typically occurs in childhood and generally asymptomatic; a
delayed primary infection in adolescents results in infectious mononucleosis (IM) in
half cases.7 IM is a self-limiting lymphoproliferative disorder; the feature is the
expansion of EBV-infected B cells associated with lytic replication in oropharynx.
While the majority of IM can recover due to the CD8+ cytotoxic T cell immune
response, the serious IM will lead to death.8 Besides, EBV is also associated with
numbers of cancers in the immuno-competent hosts, particularly Burkitt’s lymphoma
and

nasopharyngeal

carcinoma

(NPC).

Furthermore,

EBV

can

cause

immuno-proliferative disease in immuno-suppressed individuals, notably those
infected with human immunodeficiency virus (HIV)4. The EBV-associated diseases
have been summed up in table 1.1.
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Table 1.1 A summary of EBV associated diseases.9

1.1.3 EBV infection of cells
Virus entry
After close contact, viral particles present in the saliva of infected individuals enter
into the oral cavity of non-infected person. When infect the host cell, the EBV linear,
ds genome will combined intra-cellularly to form the circular, episomal DNA. It’s
well known that EBV infects B cell via the interaction of one glycoprotein gp350/220
of EBV with a B cell surface receptor CD2110 (Figure 1.2). While EBV can also infect
other cells, such as T cells, epithelial cells and mesechymal cells, as evidenced by its
associated tumours which derived from other cell types, the receptor on these cells
4

keeps unknown. Genetically engineered EBV virus which do not encode the
aforementioned glycoprotein can also infect both B cells and epithelial cells,
indicating that it has other receptor functioned for the virus entry except for CD21.11
51 integrin may be a surface receptor in epithelial cells for EBV entry, the further
investigation need to be emphasized to confirm it.12 Once EBV adsorption on the host
cells, CD21 will aggregate within the membrane and the virus is internalized in the
cytoplasmic vesicles, and then transported to the infected cell nucleus.13, 14

Figure 1.2 A simplified figure of EBV virus entry in B cells.
Lytic infection
Two proteins, BamHI Z leftward frame 1 (BZLF1) and BamHI R leftward frame 1
(BRLF1) switch the latency phase of the infected cells to the lytic phase, and they are
also the earliest indicators of the lytic phase.15, 16, 17, 18, 19 The lytic phase can be
inhibited by acyclovir, an antiviral drug, which terminates the synthesis of viral DNA,
and cleaves viral genome. The viral genome is then to be packaged into viral capsids,
and the final enveloped virus is released from the infected cells which are destined to
die. (Figure 1.3)
5

Figure 1.3 A simplified figure of lytic phase of EBV infection.
Latent infection
In the latent phase, which is the case in most cells (unlike lytic phase), it does not
produce any infectious viruses, and a highly restricted number of infection genes are
expressed (Figure 1.4). Acyclovir is not an effective inhibitor now due to the required
kinases which can phosphorylate the acyclovir is not expressed in this phase. The
expression of EBV genes is done by usurping B cell growth mechanism, leading to
the immortalization of B cell and establishment of lymphoblastoid cell lines (LCL)6.
The replication of viral genome is processed by cell DNA polymerase, and is equally
distributed to daughter cells when the infected B cell divides.
There are totally six nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B,
EBNA3C and EBNA1 leader protein), three membrane proteins (LMP1, LMP2A and
LMP2B), two small nonpolyadenylated EBV encoded small RNAs (EBER1 and
EBER2) and transcripts from the BamHI A regions (BARTs) are expressed during
latent phase.4 Latent EBV expresses genes in four patterns – Lat 0, I, II and III. It is
the latent program and the infected cell type to determine the expressed viral protein
(Table 1.2).
Latent

EBNAs

LMPs
6

Detected in

program
0

N/A

N/A

Healthy individuals

I

EBNA1

N/A

Burkitt’s lymphoma
NPC,

II

EBNA1/LP

LMP1/2A/2B

Gastric carcinoma,
Hodgkin’s disease

III

EBNA1/2/3A/3B/3C/LP

LMP1/2A/2B

EBV associated diseases in
immunocompromised
individuals

note: Lat I - III all express EBERs
Table 1.2 EBV latent programs and expressed transcripts.

Figure 1.4 A simplified figure of latent phase of EBV infection (left) and the
expressed genes in this phase (right).
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1.2 Epstein-Barr Nuclear Antigen 1
As mentioned before, in the latent phase, the infected cells expressed six EBNAs,
including EBNA120. EBNA1 can mediate the replication of virus genome by
recruiting initiation factors to the initiation site in the latent origin of replication
(oriP)21, and it is the only viral protein needed for the persistence of EBV infection.
EBNA1 also plays important role in viral episome partition when the infected cells
divide22,

23

. Besides, there is increasing supports on the directly contribution of

EBNA1 to tumorgenesis, and it’s proposed through inhibition in apotosis.24, 25 Taken
as a whole, the fundamental roles of EBNA1 in the maintenance of the EBV viral,
viral-associated malignancies, and the possible function in tumorgenesis, making
EBNA1 is a desirable target for the therapeutic strategies for EBV-associated
malignancies.

1.2.1 Functional domains of EBNA1
The EBNA1 protein has around 641 amino acids (a.a.), the exact number of the a.a.
varies depending on the length of Gly-Gly-Ala repeats26. These amino acids form
several function domains of EBNA1 (Figure 1.7), which can be generally divided into
C-terminal and N-terminal sequences.
Gly-Arg domain
The first is a Gly-Arg domain which contains a.a. 40-64. The EBNA1 protein also has
another Gly-Arg domain (a.a. 325-367). The two domains are shown to bind with
some RNA.27 Recently it has been found that the corresponded region in the RNA
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which encodes the Gly-Arg domain can form G-quadruplex, and the stability of the
G-quadruplex affects EBNA1 antigen presentation.28 Besides, the central region of the
second Gly-Arg domain with a.a. 350-361 is demonstrated to shown intra- and interlooping in EBNA1-DNA complexes, indicating that this region will facilitate the
binding of EBNA1 to DNA.29, 30 The precise role of looping and linking of this region
is still not very clear now, because it is difficult to dissert this region since it involves
in the binding with other proteins which are important in the transcriptional activation,
segregation and metaphase chromosome tethering.
Unique region 1
The second function domain is a unique region 1 (UR1) which contain a short length
of a.a. (from a.a. 64 to a.a. 89). The UR1 region was shown to be necessary for the
transactivation of EBNA1, and the transactivation was found to be completed by
forming zinc finger between two EBNA1 monomers, where each monomer offers two
cysteins, indicating that it is a second dimerization interface.31
Gly-Gly-Ala domain
The third functional domain is a Gly-Gly-Ala repeats which is variable in length.
When remove this region, it will not affect any biological functions of EBNA1, like
the replication, segregation, or transcription regulation. Though it doesn’t contribute
to the biological function of EBNA1 itself, this region plays important role in
avoiding to be detected by the host’s immune system. It reduces HLA class I
presentation and limits cytotoxic T cell responses in EBNA1 in the latently infected
9

cells.32 What’s more, it can inhibit the EBNA1 translational efficiency, by which
limits the production of defective ribosomal products, therefore contributes to
immune evasion.33
Unique region 2
The fourth is a unique region 2 (UR2) which is from a.a. 367 to a.a. 379. UR2 has no
known function now.
Nuclear localization sequence
The fifth functional domain is a nuclear localization sequence (NLS) which contains
a.a. 379-386. EBNA1 has only one NLS.34 NLS is a special sequence for the
transportation of molecules between the cytoplasm and the nucleus, this is the
classical nuclear import pathway. In EBNA1, the NLS was found to transport EBNA1
from cytoplasm to the nucleus (Figure 1.5). EBNA1 is mainly located in the nucleus
of the infected cells, a minor part of EBNA1 can be found in the cytoplasm. The
EBNA1 located in the cytoplasm is not due to the shuttling between nucleus and
cytoplasm.35
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Figure 1.5 A simplified figure of the transportation of EBNA1 from cytoplasm to
nucleus. Phosphorylation up regulates importin 1-dependent nuclear transport of
EBNA1 by enhancing the binding affinity of NLS to importin 5.
USP7 binding domain
The next function domain is ubiquitin specific protease 7 (USP7) binding domain,
which contains the a.a. 442-450. It facilitates the binding of EBNA1 to DNA and it is
important for the activation of transcriptional for EBNA1.
DNA binding and dimerization domain
The last but not the least important functional domain in EBNA1 is a DNA binding
and dimerization domain (DBD/DD), this domain has been crystallized with and
11

without its’ binding DNA37, 38 (Figure 1.6). The DBD/DD contains a.a. 459-607 which
can be further divided into two sub-domains, one is the flanking part from a.a.
459-504, the other is the core part contains a.a. 504-607. The core part mediates the
formation of EBNA1 homodimers. The homodimers then binds to the oriP. oriP
contains two clusters of EBNA1 binding sites, the dyad symmetry (DS) element and
the family of repeats (FR) element.39 The former one has four low affinity EBNA1
binding sites, and the latter one has twenty high affinity EBNA1 binding sites.40, 41 It
is well documented that the DS element contributes to plasmid replication42 and the
FR element contributes to nuclear retention43, thus enhance the EBV gene expression
and viral genome segregation. Beyond that, the EBNA1 dimerization is required for
all EBNA1-dependent biological functions as what was mentioned above, and the
binding of EBNA1 homodimer to DNA is tightly, the Kd value is 110-11 to 210-11
M.44 Among the DBD/DD domain, it also contains a Rev-like nuclear export signal
(a.a. 533-540). This signal was supposed to export EBNA1 from nucleus, but actually
it is not the case.35
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Figure 1.6 The crystal structure of EBNA1 with (left, PDB ID: 1B3T, a.a. 459-607) 37
and without38 DNA (right, PDB ID: 1VHI, a.a. 470-607).

Figure 1.7 A simplified figure of the functional domains of EBNA1.

1.2.2 EBNA1 inhibitors
Due to the multi-biological functions of EBNA1, several EBNA1 inhibitors which
focus on the interference of each individual biological function have been developed.
Independent experiments demonstrated that as little as 70% specific inhibition of
EBNA1 is sufficient to interfere with the maintenance of EBV genome and/ or
EBV-associated malignancies, indicating that EBNA1 is a promising potential target
for its associated cancer therapy.
Inhibitors interfere with EBNA1-dependent transcription (S393 in EBNA1)
M.-S. Kang et al screened 40550 small molecules in order to find inhibitors which
inhibit only EBNA1- and oriP- dependent transcription. After the screening, they
identified three molecules, roscovitine, shikonin, and H20 (Hitlead ID 5889410).
Based on their hypothesis that serine 393 is a phosphorylation site in EBNA1 and the
binding of cyclin to EBNA1 may facilitate CDKs to phosphorylate S393, and also
roscovitine is a stable and commercially available inhibitors for several
cyclin-dependent kinases, they final choose roscovitine for the further investigation.
13

In their study, roscovitine was demonstrated to inhibit the phosphorylation of S393,
while S393A (mutate S393 into A393) mutant keeps unaffected, indicating that S393
is indeed a phosphorylation site in EBNA1. What’s more, the mutant EBNA1 was
deficient in EBNA1- and oriP-dependent transcription and episome persistence.
Additionally, they found that roscovitine decreased nuclear EBNA1 while increase
cytoplasmic EBNA1 (Table 1.3) while the distribution of S393A mutant was
unaffected by roscovitine treatment. Their research demonstrated that the S393 is a
phospharylation site and is critical in EBNA1- and oriP-dependent transcription, the
specific inhibition of roscovitine on EBNA1- and oriP-dependent transcription was
acquired through the interference of the phospharylation of CDKs to S393 which is
facilitated by the binding of cyclin to EBNA1.45

Table 1.3 Sub-cellular distribution of GFP-EBNA1 in GFP-EBNA1 expressing BJAB
cells which was treated with DMSO or 20 M roscovitine for 2 days.45
Inhibitors interfere sequence-specific EBNA1 DNA binding (DBD domain)
Along this line, E. K. Lee continued on testing the activity of another inhibitor-H20
which was identified above. They found that H20 can bind with EBNA1, interfere
with EBNA1 mediated functions of transcription and EBV genome maintenance, but
14

cannot interfere with the binding to DNA. Then they adopted a structural-activity
relationship study to analyze derived compounds of H20 which can affect the binding
of EBNA1 to DNA, and identified H31 (Hit2lead ID 5551021). H31 was
demonstrated to inhibit the sequence-specific binding of EBNA1 to DNA, but not the
sequence-nonspecific chromosome tethering. H31 is capable to inhibit the
transcription, replication of EBNA1 and the maintenance of EBV genome, besides,
H31 selectively kill EBV-positive cells (Figure 1.8).46

Figure 1.8 Inhibition of H31 on EBNA1 biological function. (a) showed the
inhibition of H31 on EBNA1 DNA binding; (b) showed the inhibition of H31 on
transactivation; (c) showed the inhibition of H31 on EBNA1 replication and (d)
showed the inhibition of H31 on the persistence of viral genome.46
N. Li et al also used the screening method to identify inhibitors which can interfere
15

with the EBNA1 DNA binding. They screened 90000 small molecules and confirmed
4 compounds have selective inhibitory effect for EBNA1 (Figure 1.9), and 3 of them
decreased EBNA1 transcription efficiency and genome copy number.47

Figure 1.9 Simplified figure of virtual and experiment screening approach to identify
EBNA1 inhibitors.47
The collaborators of N. Li, S. Thomoson, also used the high throughput screening to
identify inhibitors for EBNA1 DNA binding. They screened 14000 small molecules
and identified another 3 structurally related small molecules which can selective
inhibit EBNA1 rather than another EBV protein, Zta (Figure 1.10). All of them
demonstrated to specifically disrupt the EBNA1 transcription, confirming that the
screening method is also applicable in selecting EBNA1 inhibitors, and that EBNA1
is a potential target for the treatment of EBV-related malignancies.48
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Figure 1.10 Chemical structures of the four small molecules screened by high
throughput screening as EBNA1 DNA binding inhibitors.48
Inhibitors require the Gly-Ala domain of EBNA1 for its inhibitory effect (Gly-Gly-Ala
repeat)
Beyond that, X. Sun et al found that the Heat Shock Protein 90 (Hsp90) inhibitors can
be used to inhibit EBNA1 activities. Hsp families facilitates its’ client proteins folding
and stabilization. Hsp90 inhibitors, such as geldanamycin (17-AAG) and its analogue
17-DMAG, will misfold Hsp90 client proteins through binding with the ATP binding
motif in Hsp90. Generally speaking, Hsp90 inhibitors are often more toxic in cancer
cells than in normal cells. The reasons are two, one is that lots of its client proteins are
conducive to the growth of cancer cells; the other reason is that the conformation of
Hsp90 for inhibitor to bind is more frequently in cancer cells. In their research, they
found the Hsp90 inhibitors inhibit the expression and translation of EBNA1. The
Hsp90 inhibitors can induce cell death of established lymphoblastoid cells when
dosed a nontoxic amount (30 nM) to normal cells. This inhibition effect requires the
Gly-Ala repeats, because when the cells are infected with a retrovirus expressing the
EBNA1 mutant without the Gly-Ala repeats, the effect is substantially reversed.
Hsp90 inhibitors are capable to prevent the transformation of EBV to primary B cells,
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and strongly inhibit the growth of EBV-induced lymphoproliferative disease in SCID
mice (Figure 1.11).49

Figure 1.11 Hsp90 inhibitors decrease the viability of EBV transformed
lymphoblastoid cell lines and prevent the transformation of EBV to primary B cells.49
Inhibitors interfere with the homodimerization of EBNA1 (DBD domain)
Except the attempts in inhibiting the phosphorylation of S393 in EBNA1, interfering
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the binding of EBNA1 to DNA, decreasing the translation of EBNA1 by Hsp90
inhibitors through an unknown mechanism, a new trial focus on interference with
EBNA1 homodimer formation have been reported recently. EBNA1 a.a. 459-607
forms a strong dimer in high salt conditions, so destabilize the dimer is almost
impossible. S. Y. Kim at al identified a small molecule, Eik1, through the high
throughput screening as a selective inhibitor to EBNA1. Eik1 demonstrated to inhibit
sequence-specific binding of EBNA1 to DNA and homodimerization of EBNA1 both
in vitro and in vivo (30 M inhibits 60% of cell growth in EBV-positive cells). In an
attempt to identify more specific peptide inhibitors for EBNA1 dimerization, a small
peptide belonging to the DBD/DD functional domain was found. The small,
hydrophobic and membrane permeable peptide, P85, which contains a.a. 560-574 in
EBNA1, significantly blocked EBNA1 DNA binding efficiency (0.6 M almost
completely inhibited EBNA1 DNA binding), inhibited EBNA1 dimerization (12 M
dosage of P85, Figure 1.12), and decreased EBNA1-dependent transcription but not
EBNA1-independent transcription. Besides, they concluded the importance of Y561
in the intermolecular interaction between two EBNA1 monomers. Y561A mutant
through mutation of Y561 into A561 obviously abrogated DNA binding and
transactivation, probably due to its inability in forming EBNA1 dimers. Their study
opened a new door of EBNA1 inhibitors, that is, the targeting of EBNA1 dimeric
interface is experimentally achievable by small molecules or peptides, for the
inhibition of EBNA1-dependent biological functions, and even EBV-associated
malignancies.50
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Figure 1.12 P85 inhibited DSS cross linker mediated EBNA1 dimerization, while
peptide P41 (served as control) did not has this function.50
Though several kinds of EBNA1 inhibitors through interference of its different
biological functions were reported, none of them can be seen in the cells, so their
activities inside the cells cannot be tracked, besides, considering EBNA1 is primarily
located in nucleus, better inhibitory effect on EBNA1 could be get if the drug can
goes into the cell nucleus.
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1.3 Molecular imaging
Molecular imaging (Figure 1.13) tries to characterize and quantify biological
processes inside cellular level in intact living subjects. Molecular imaging takes
advantage of other conventional readouts. Firstly, it is performed among intact
subjects for studying molecular pathways in vivo; secondly, it supports a repetitive,
non-invasive, uniform and relatively automated manner for the same living subjects at
different time points, so it allows longitudinal studies and reduces animal numbers,
thereby it can decrease research costs.

Figure 1.13 Simplified figure illustrates elements and processes of molecular
imaging.

1.3.1 Imaging modalities
The modalities for molecular imaging can be generally divided into two groups,
primarily morphological techniques and molecular imaging techniques. The former
one is characterized with high spatial resolution, including computed tomography
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(CT), magnetic resonance imaging (MRI, requires injection of millimolar blood
concentration of contrast agents) and ultrasound. The limitations of this kind of
technique are that they cannot detect diseases only when tissue structural changes are
large enough, such as the development of tumour. The later one, including optical
imaging (OI), positron emission tomography (PET) and single photon emission
computed tomography (SPECT, requires injection of nanomolar blood concentration
of radiotracers), is potential to detect tissue changes before the development of a
tumour. (Figure 1.14) However, under current technology this technique provides a
poor spatial resolution.

Figure 1.14 Common equipments of each modality for molecular imaging.51
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OI is obviously the most widely used modality in clinical trial and research.
Macroscopic OI is a powerful method due to its multi applications. One of the
fundamental reasons to use OI in biomedical research is the large amount of contrast
mechanisms which can be made use of; besides, optical technologies offer a cheap
and easily available way for experimentation. Recently, fluorescent microscopy and
imaging draw particular attention because of the increasing availability fluorescent
proteins, dyes and probes, which enable the study of various kinds of cellular
processes.52, 53 In order to perform fluorescence imaging, fluorescent molecules must
be in the subjects to be analyzed. While some internal or endogenous fluorescent
molecules inside the cell, such as tryptophan, NAD(P)H and flavins,54, 55, 56 can be
made use of, subjects are treated with external fluorescent molecules in most cases,
either chemically or genetically. The fluorescent proteins are currently wide used
since it is developed as a labeling tool for proteins.57 Despite this, small fluorescent
molecules are still of great importance for they can applicable in any sample, and they
are relatively cheap and easier to handle, what’s more, they can provide high
signal-to-noise ratios generally under ingenious design.

1.3.2 Fluorescent probes for optical imaging
Small fluorescent molecules
The first fluorescent molecule identified was quinine sulfate (structure is shown in
Figure 1.15 a), which was found by Sir John Herschel in 1845. Quinine sulfate emits
blue light under ultraviolet excitation.58 After that, a lot of organic molecules emits in
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different color were reported. Among them, derivatives of fluorescein59 (Figure 1.15 b)
and rhodamine60 (Figure 1.15 c) are especially important, for they are still the
representative platforms used in fluorescent molecules for bio-imaging now. Besides,
BODIPY61 (Figure 1.15 d) and cyanine62 (Figure 1.15 e) dyes are also used in the
same purpose.

Figure 1.15 Chemical structures of representative fluorescent small molecules.58-62
Despite the use and development of various kinds of fluorescent small molecules,
structural modification is still under exploring. Bright and highly photostable
molecules with red to near infrared fluorescence are especially in demand for in vivo
imaging, due to the transparence of tissues in this wavelength region,62 thereby new
molecules with extended rings63 or heteroatoms64 were developed. Another class of
fluorescent small molecules is those for two-photon65 and super-resolution imaging.
Molecules with reversible photo-switching66 or irreversible photo-activation67 are
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required for some of the case, such as stochastic optical reconstruction microscopy.
Stefan Hell et al reported a molecule derived from rhodamine which is turned on
under ultraviolet excitation and turned off by thermal relaxation (Figure 1.16).66

Figure 1.16 A reversible photo-switching molecule derived from rhodamine.66
Labeled molecules and staining agents
A few decades after finding the fluorescent small molecules, fluorescent microscopy
was invented, and they were applied for biological research. Up to now, a lot of
molecules and staining agents were developed to selectively localize a specific
cellular organelle, for example, the mitochondria, lysosome, primary cilium,
endoplasmic reticulum, Golgi etc.68 The most wildly used dyes among them properly
the nuclear staining, the DAPI69 and Hoechst70, which emit an intensive emission
when bound to DNA.
A more recent example of organelle-targeted fluorophores is the styryl-based
molecules (Figure 1.17). Styryl dye is a class of fluorescent, lipophilic dye which has
been used as mitochondrial labeling agents and membrane voltage sensitive probes. G.
R. Rosania et al synthesized a series of styryl-pyridine based molecules through the
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condensation reactions of 41 aldehydes and 14 pyridiniums, harvesting a series of dye
which covered a broad color range (from blue to long red), and it can represent almost
all the visible colors.71

Figure 1.17 a) The strategy to synthesize a series of styryl based dyes; b) Emission
colors from those styryl based dyes which cover almost all the visible colors.71
Responsive fluorescent molecules
One of the advantages of using fluorescent molecules is that their fluorescence can be
modulated on some levels, that is, their optical properties can be altered in response to
a specific targets or environments (Figure 1.18).
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Figure 1.18 A schematic model shows the mechanism of responsive fluorescent
molecules.
Several rationales to design responsive fluorescent molecules have been developed,
such as photon induced electron transfer (PET)72, intra- or inter- molecular charge
transfer (ICT)73, Föster (or fluorescence) resonance energy transfer (FRET)74 and etc.
In PET mechanism, it refers to the electron transfer from the donor to the acceptor at
the excited state, so the excited state is quenched, resulted in the low emission
intensity. After it is bind by the target molecule, their strong emission will be partially
or fully recovered (Figure 1.19).

Figure 1.19 A schematic model shows the mechanism of PET.
27

In ICT mechanism, the donor and acceptor is linked by a single bond, the electron
transfer from the donor to the acceptor is accompanied through twisting the single
bond in polar solvents, resulted in a dual emission, a higher emission band from the
local excited state and a lower emission band from the ICT characterized state (Figure
1.20).

Figure 1.20 A schematic model shows the mechanism of ICT.
FRET is energy transfer between two fluorescent molecules, one is the donor and the
other is the acceptor. When it takes place, the emission from the donor will be
weakened, while the emission of the acceptor will be strengthened. To design an
effective FRET characterized molecule, it need to meet two conditions, first is the
distance between the donor part and the acceptor part should be close to each other,
the second point is the emission from the donor should overlap with the absorption of
the acceptor, thus the energy could be transferred from the donor to the acceptor
(Figure 1.21).
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Figure 1.21 A schematic model shows the mechanism of FRET.
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1.4 Objective of this thesis
In chapter 1, structural and genome of EBV, EBV associated diseases, the infection of
EBV to cells followed by the importance of EBNA1 to EBV, its’ functional domains
and a conclusion of EBNA1 inhibitors will be introduced. Secondly, the imaging
modalities and fluorescent probes for optical imaging, especially the responsive
fluorescent molecules to targets or environments will be briefly reviewed.
In chapter 2, fluorescent EBNA1 inhibitors will be synthesized through the
conjugation of styryl-based fluorophores to EBNA1-specific peptides. We aim for the
imaging and inhibition of EBV-positive cells through the interference of EBNA1
homodimerization simultaneously. Docking study will be performed prior to synthetic
work to investigate and compare the binding affinity between the designed probes and
EBNA1 (PDB ID: 1B3T). After, their photophysical properties, including the titration
experiment upon addition of EBNA1 will be measured. Besides, the confocal imaging
and cytotoxicity will be tested on both EBV-positive and EBV-negative cells to see
the cell permeability, cellular localization and cytotoxicity in different cell lines.
In chapter 3, a tetrapeptide-RrRK will be incorporated into EBNA1-specific peptides
due to EBNA1 is primarily located into the nucleus of EBV-positive cells. What’s
more, an ICT characterized fluorophore will be used to couple the peptides to
synthesize the target probe. The ICT characterized fluorophore is able to generate
responsive signal when the surrounded environment changes, such as polarity, acidity.
The probe is hoped to have better inhibitory effect with responsive signal when it
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binds with EBNA1. The MD simulations were also performed to investigate the
interaction between probes and EBNA1 before the synthetic work, and after, their
photophysical properties, influence on the dimerization assay, confocal imaging and
costaining, in vitro and in vivo cytotoxicity were evaluated.
In chapter 4, the probes were further developed by making use of lanthanide
luminescence due to the unique photophysical properties of lanthanide complexes, the
hypersensitive and long-lived luminescence. Again, the photophysical properties,
cellular uptake and cytotoxicity will be measured and compared.
In chapter 5, detailed descriptions of the synthesis and characterization of all
compounds in each chapter will be written in this section.
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CHAPTER 2 EBNA1-SPECIFIC LUMINESCENT SMALL
MOLECULES FOR THE IMAGING AND INHIBITION OF
LATENT EBV-INFECTED TUMOR CELLS
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2.1 Introduction
The virus EBV, causes several kinds of non-malignancies1 and malignancies2, 3, 4,
including NPC, which has high incidence rate in southern China, including Hong
Kong5. According to Centre for Health Protection, NPC was the sixth commonest
cancer in men and seventeenth in women, it accounted for 2.9% of all new cancer
cases in Hong Kong in 20136.
The main treatment approach for EBV-associated malignancies at this stage is
radiotherapy and chemotherapy. For the former one, it is inadequate in killing
advanced metastasis tumours or preventing tumour recurrence. While the later one is
limited by the equipment and technology, though the local recurrence is improved, the
distant metastasis is hardly controlled.7, 8 In order to achieve better inhibitory effect,
there is a method to combine the two approaches for the cancer treatment.9 B. Baujat
confirmed that it raised about 6% of the five year survival rate of NPC patients
through the combined method.10
Besides the aforementioned two methods, there is still a method named target therapy,
can be used for the treatment of various cancers11,

12

, including EBV-associated

malignancies13, 14, 15. Target therapy means the interfering of the cancer cell growth
through targeting a specific molecule inside the cell which is necessary for
tumorigenesis or tumour growth, rather than simply inhibiting on rapid cancer cell
division.
In the case of EBV, a DNA binding oncoprotein-EBNA1, is well known for its
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necessity for the maintenance of EBV virus16, 17 and virus-associated malignancies.
On the basis of the fact that EBNA1’s biological function (replication, partition and
transcription) can be get only upon dimerization, thus EBNA1 is a highly potential
target, and the blocking of EBNA1 homodimerization could be a novel approach for
the investigation and even treatment of EBV-associated diseases. Based on these, we
propose that a fluorescent probe containing a fluorophore and an EBNA1-specific
peptide which blocks the dimerization process, can be used for the imaging and
inhibition of EBV-infected cell. This study will provide a new approach for the
inhibition of EBV-associated malignancies.
A recent research demonstrated two new EBNA1 inhibitors, which is named Eik1 and
P85. Eik1 was found through high throughput screening, it is a small molecule which
showed effective inhibition on EBNA1 DNA binding activity, besides, and it also can
destabilize EBNA1 dimer. The peptide counterpart works similarly to Eik1, inhibiting
the EBNA1 DNA binding and EBNA1 dimerization. Taken as a whole, they identified
and confirmed two novel inhibitors of EBNA1 through the blocking of EBNA1
dimerization, indicating that the dimeric surface of EBNA1 can be targeted by small
molecules and peptides. However, their cytotoxicity in the EBV-positive and
EBV-negative cells were not measured; besides, due to the non-fluorescent nature, the
activities of the two inhibitors were not tracked; furthermore, since the peptide
inhibitor is a hydrophobic peptide, so the poor water solubility properly limits its
further development.
Nowadays, lots of targets were developed even for validated anticancer drugs, such as
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cyclins18,

19

, polo-like kinases20,

21

, and properly EBNA122. These targets were

reported can be targeted and inhibited by tailor-made peptides. The attachment of a
luminescent cargo, such as fluorescent molecules, nanomaterials, metal complexes,
can directly monitor their functions inside the cell and meanwhile improve their cell
permeability and water solubility.

Figure 2.1 The binding fitting via molecular modeling23, 24, 25 for the comparison of
interactions between several small molecules and Plk1 protein.
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Figure 2.2 The selectivity assays of six europium complexes to various proteins
(cyclin A, cyclin D, HSA and BSA) and biological small molecules (urate,
bicarbonate and citrate) in aqueous solution.18
Herein, we present our newly developed EBNA1-specific dual bio-probe (JLP2),
which was synthesized through the conjugation of a fluorescent small molecule and a
EBNA1-specific peptide which was reported previously.22 This rationale design is
based on molecular modeling and synthetic simplicity. JLP1 and JL (a reported
mitochondria marker) were served as control. Their photophysical properties were
investigated, including the titration of the three probes into EBNA1 protein (a.a.
379-641), to see their binding to the dimeric interface of EBNA1. More importantly,
the in vitro/ vivo behaviours of the three probes were measured in both EBV-positive
C666-1 cells and EBV-negative cells (HeLa, MRC5), to see whether it have selective
43

cytotoxity in EBV-positive cells and to track its cellular activities.

Figure 2.3 A schematic model shows the interference of our probes to the infection
and virus reproduction process.
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2.2 Results and Discussion
Molecular modeling of the designed probes to EBNA1
Molecular modeling was performed prior to the experimental work. The three probes,
JLP1, JLP2 and Eik1 were docked to the EBNA1 protein (PDB ID: 1VHI), their
binding affinities were valued and compared. JLP2 was found to form the strongest
complex with EBNA1 among the three ligand-EBNA1 complexes, including the
previous reported small molecule Eik1 which was identified via high throughput
screening. The calculated binding affinities for JLP1 to EBNA1 is -7.6 kcal·mol-1, for
JLP2 is -9.0 kcal·mol-1 and for Eik1 is -6.9 kcal·mol-1 based on their docked poses.
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Figure 2.4 The chemical structures of (a) JL and JLPn (n = 1, 2), (b) two peptides, P1
and P2, (c) The suggested ligand-EBNA1 complex structure by molecular docking,
for the binding affinities calculation and interaction comparison between ligands and
EBNA1.
Synthetic work
The synthetic route for the preparation of JL, JLP1 and JLP2 was shown in Scheme
2.1.
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1-ethyl-methylpyridin-1-ium under knoevenagel condensation, the product was
hydrolyzed to get JL. JL was then coupled with two EBNA1-specific peptides P1 and
P2 which was loading on resin, after the coupling finished, the resin was cleaved, and
the crude was purified through high performance liquid chromatography (HPLC) to
get the final products-JLP1 and JLP2.
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Scheme 2.1 The synthetic route for the preparation of JL, JLP1 and JLP2.
Photophysical properties-general photophysical properties and luminescence titration
experiment
The absorption, excitation and emission spectra of JLP1 and JLP2 are generally
similar, because there is just one amino acid in their chemical structure is different.
The absorption and emission spectra of JLP1 and JLP2 showed 30 nm red shift
compared to that of JL, properly due to the coupling of peptides. While for JLP1 and
JLP2, their absorption and excitation are similar in HEPES buffer. Both JLP1 and
JLP2 showed a green emission (em = ~560 nm, ex = 400 nm, Figure 2.5).When
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comparing our probe to the reported EBNA1 inhibitors, our probe is fluorescent,
indicating that its cellular uptake, activity inside the EBV-positive cells including the
binding with EBNA1, can be tracked and monitored using fluorescence microscopy27.
However, the in vitro behaviours for the two probes are completely distinct. For
example, in the titration experiment28, 29, 30 of the two probes to EBNA1, emission
enhancement could only be observed for JLP2 upon addition of EBNA1, around
1.5-fold emission increasement on the addition of 200 nM EBNA1 indicating that
JLP2 demonstrated interactions with EBNA1, while for JLP1, its emission intensity
showed a slight decreasing when dosed the same amount of EBNA1 (the added the
EBNA1 solution only diluted the concentration of JLP2).
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Figure 2.5 The absorption, excitation (JLP1-em = 545 nm and JLP2 em = 560 nm)
and emission spectra (ex = 405 nm) of JLP1 and JLP2 in HEPES buffer. Inset: the
titration experiment of JLP2 upon addition of EBNA1.
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Figure 2.6 The titration experiment of JLP1 upon addition of EBNA1.
Photophysical properties-selectivity assay
After confirming the effective binding of JLP2 to EBNA1, we further go to test the
selectivity of JLP2 to EBNA1 over other small molecules, including several kinds of
proteins (HSA, Plk1) and some common metals (Zn2+, Cu2+, citrate, bicarbonate)
inside human body. It was found upon addition of these analytes, no obvious emission
can be observed, demonstrating that JLP2 selectively binds to EBNA1.
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Figure 2.7 The selectivity assay of JLP2 to several proteins and some common metal
ions inside human body via luminescence titration experiment.
MBS cross-linked dimerization assay
Aside from the luminescence titration experiment, the specific binding of JLP2 to
EBNA1 was further confirmed by 3-maleimidobenzoyl N-hydroxysuccinimide (MBS)
cross-linked EBNA1 dimerization assay, which can be separated by SDS-PAGE31,
which means that EBNA1 dimerization will be inhibited by the probe which will no
longer exist as a dimer. As showed in Figure 2.8, only JLP2 demonstrated the
decreasing on EBNA1 dimer formation.
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Figure 2.8 MBS cross-linkages EBNA1 dimerization assay.
In vitro behavious-cellular uptake
After getting the point that JLP2 selectively binds to EBNA1 over some common
proteins and cations, we then thinking that whether this selective binding can be
observed inside the cells. We first checked the cellular uptake via flow cytometry of
the two probes in one EBV-positive C666-1 cells and one EBV-negative HeLa cells.
The two probes (10 M) were incubated with C666-1 and HeLa cells for 12 hours. It
showed that the uptaken of the two probes is much better in C666-1 cells than in
HeLa cells, besides, the uptake of JLP2 observed was more apparently than JLP1 in
C666-1 cells (Figure 2.8).
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Figure 2.9 Cellular uptake of JLP1 and JLP2 in EBV-positive C666-1 cells (a and b)
and EBV-negative HeLa cells (c and d).
In vitro behavious-confocal imaging
The confocal imaging of the two probes in C666-1 and HeLa cells were also
performed. The findings in the confocal imaging in the presence of JLP1 and JLP2
related to the observations in the cellular uptake studies by flow cytometry. The
imaging of the two probes in C666-1 is more apparently than that in the HeLa cells,
and also, only JLP2 displayed the emission in the EBV-positive C666-1 cells in the
same condition (Figure 2.9).
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Figure 2.10 The confocal images of JLP1 and JLP2 in EBV positive C666-1 cells (a, b,
c, d) and EBV-negative HeLa cells (e, f, g, h).
In vitro behavious-cytotoxicity
In the cytotoxicity experiment32, 33, 34, 35, 36 (JLP1, JLP2 and Eik1 were tested in C666-1
and HeLa cells, Eik1 served as control), JLP2 demonstrated smaller IC50 value in
C666-1 (IC50 = 20 M, similar to Eik1) cells than in HeLa cells (IC50 = 1mM).
Besides, JLP1, P1 and P2 showed similar IC50 values in C666-1 and HeLa cells,
indicating that JLP2 has selective cytotoxicity in EBV-positive C666-1 cells. The
reason of the low cytotoxicity of peptides is that they are not cell permeable and alone
are ineffective to inhibit cell growth.
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Figure 2.11 The inhibitory activities which are measured by cell viability. Two
specific-EBNA1 peptides (P1 and P2), two peptide conjugates (JLP1 and JLP2) and
Eik1 on (a) EBV-positive C666-1 cells and (b) EBV-negative HeLa cells were
analyzed.
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2.3 Conclusion
Based on a series of comprehensive studies, the molecular docking found than JLP2
showed the strongest binding with EBNA1, even stronger than a reported EBNA1
inhibitor-Eik1 (Figure 2.4); the luminescence titration experiment confirmed the
strong and selective binding of EBNA1 (Figure 2.5, 2.6, 2.7); the MBS cross-linked
SDS-PAGE assay displayed a intuitive visual of the interference of JLP2 on EBNA1
homodimerization through the binding with EBNA1 monomer, further confirmed the
binding between JLP2 and EBNA1 (Figure 2.8); Besides, the cellular uptake of the
two probes were tested and compared via flow cytometry and confocol imaging in
EBV-positive C666-1 cells and EBV-negative HeLa cells, it was found that JLP2 can
be selectively uptaken by EBV-positive C666-1 cells (Figure 2.9 and 2.10); more
importantly, the following cytotoxicity assay in the aforementioned two cell lines
demonstrated JLP2 have a comparable cytotoxicity to Eik1 in EBV-positive C666-1
cells, and revealed that without the fluorophore, the peptides only showed a weak
cytotoxicity properly due to its weak cell permeability (Figure 2.11).
A selective and specific probe for the targeting of EBV-infected cancer cells, imaging
and inhibition is not available now. From this view, we synthesized a dual probe (JLP2)
of the verified applicability for the simultaneous imaging and the controlling of
EBV-infected cells, based on the underlying mechanism of this specific interference
on EBNA1 dimer formation.
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CHAPTER 3 TARGETING EBNA1: A THERAPEUTIC
APPROACH FOR EBV-RELATED TUMOURS WITH
TAILORED RESPONSIVE OPTICAL IMAGING
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3.1 Introduction
As it was introduced previously, EBV is a ubiquitous human herpes virus which
causes both IM and lymphoproliferative diseases. The virus is well controlled by the
immune system once it established latent infection in human hosts. Though the
infection of EBV is asymptomatic, the virus guarantees the persistence through the
activation of lytic infection of a small part of the infected cells. After spreading in the
lytic infection, the virus established latent infection in memory B cells by shutting
down the expression of most immunogenic latent viral proteins. In memory B cells,
EBV will be completely silent or express LMP2 and/or EBNA1 only, because the two
proteins is necessary for the maintenance of virus episome in dividing cells and they
are hardly to be recognized by CD8+ T cells. Through this method, EBV establishes
life-long infection in human hosts without being detected by the host’s immune
system.1, 2, 3, 4
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Figure 3.1 A schematic figure shows the evasion of host immune system by
individual EBV products. The individual EBV products, such as viral proteins, can
evade immune response in both latent infection (upper) and lytic infection (lower).
There are mainly three methods were used by the virus to evade immune response, the
first is to manipulate type I and II IFNs, the second is to regulate the expression and
activities of IRFs, and the last is to repress apotosis signaling. The EBV products in
this schematic figure are shown in red fonts.5
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EBNA1 is the only viral protein expressed in all EBV-positive cells and it plays a
critical role in the maintenance, replication and transcription of the EBV genome.
What’s more, it is reported to affect the transcription of other cellular gene which
takes fundamental roles in the development of EBV-related tumours.6 Given these key
and necessary roles, EBNA1 becomes an attractive target for therapeutic treatment of
EBV-associated diseases.7 Besides, considering the homodimerization of EBNA1 is
essential for EBNA1 to function, inhibitors interfere with the dimer formation would
be a novel and effective avenue by which to target, image and even kill EBV-positive
cells.
Up to now, several EBNA1 inhibitors were reported shown efficient inhibition on
EBNA1 homodimerization, includes a small molecule (Eik1) which is identified from
high throughput screening, peptide inhibitor P85 from the truncated peptide of the
DBD/DD domain of EBNA1. Eik1 is capable of targeting the dimeric interface of
EBNA1 (a.a. 459-607); P85 is derived from 3 sheet of EBNA1 (a.a. 560-566) which
also targets this region. However, most reported EBNA1 targeting compounds cannot
be easily imaged (in vitro) and their bioavailability are generally low. These two
points present major challenges to the field and hamper the further development of
EBNA1 targeting therapeutics. To solve the non-fluorescence nature and poor water
solubility of the previously reported EBNA1 inhibitors, we designed a novel hydrid
system, this system consist of a charged, water-soluble fluorophore and an
EBNA1-specific peptide. This charged, water-soluble fluorophore bio-conjugate, JLP2,
fulfilled for the first time of both specific imaging and inhibition of EBNA1 in vitro.
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Nevertheless, the cytoplasm subcellular localization and the non-responded binding
signal with EBNA1 still limits its further development as a tool for cellular imaging,
and, as a potential selective therapeutic agent for the treatment of EBV-associated
diseases.
It is well known that EBNA1 is mainly localized in the nucleus of EBV
latent-infected cells, and a minor part of them can be found in the cytoplasm.8, 9, 10 The
EBNA1 from cytoplasm to nucleus is transported by NLS, the EBNA1 from nucleus
to cytoplasm was thought to be transported by a Rev-like nuclear export signal, but
actually not. While several attempts were tried to inhibitor EBNA1, a direct and
sensitive probe for visualization EBNA1 on nucleus and monitoring its activity is not
available now. To improve this challenging situation, we reasoned that new valuable
insights and selective tumour inhibition both in vitro and in vivo could be achieved if
nucleus-permeable EBNA1-specific dual-probe is developed. The development of
responsive nucleus-specific bioprobes for in vitro microscopic studies of EBNA1 and
selective inhibition on EBV-positive tumour has not yet been explored in any detail.
Given this the work presented herein offers an invaluable new avenue for not only
responsive emission imaging on nucleus of EBV-positive cells, but also provides
impressively selective and efficient both in vitro and in vivo cytotoxicity.
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Figure 3.2 A schematic figure shows the transportation function between cytoplasm
and nucleus of NLS and NES.11

Figure 3.3 Our table of content.12
The rationale design (Figure 3.4) of the dual functional probe was achieved through
using molecular dynamic (MD) simulations after docking and their synthetic route is
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shown in Scheme 3.2. The strong and selective interaction of L2P4 with wild type
EBNA1 (WT-EBNA1) was confirmed as 8.8-fold enhancement in the emission
intensity. This highly responded signal is reasoned to be induced by the ICT
mechanism (Figure 3.15). Both the imaging and controlling of the growth of
EBV-positive tumours was achieved by this designed dual-function fluorescent probe
through its selective inhibition in EBNA1 homodimerization. Based on this, L2P4
demonstrated

excellent

cytotoxicity

towards

EBV-positive

cells,

including

EBV-positive Burkitts’ lymphoma cells, and minimal cytotoxicity against
EBV-negative cells. What’s more, L2P4 was shown to have a strong in vivo toxicity
against an EBV-positive tumour (intra-tumour injection of 4 g gives 92.8% growth
inhibition).12
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Figure 3.4 The rationale design and MD simulations of the designed three probes
with EBNA1 (PDB ID: 1VHI). (a) The chemical structures of the three probes (L2P2,
L2P3 and L2P4). P2 is an EBNA1-specific peptide which is derived from 4 of
EBNA1 and was confirmed by our previously study, P3 and P4 are dual probes which
contains both the EBNA1-specific peptide and NLS, the NLS (RrRK) is in the middle
of P3 and at the C-terminus of P4. The fluorescent group is located at the N-terminus
in the three probes; (b) The interactions between L2P4 and EBNA1 DBD domain
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suggested by MD simulations after docking experiment, EBNA1 is rendered in
ribbons (left) and electrostatic surface (right), respectively. It was found that L2P4
bound to EBNA1 dimeric interface primarily via hydrophobic interactions, which was
further enhanced by electrostatic interactions from the RrRK motif; (c) The
representative conformations of the three probes with the putative EBNA1 DBD
structure in MD simulations after docking experiment. The calculated GB and PB
values represented the binding free energy (GB, Generalized Born, PB, Poisson
Boltzmann).
Both the in vitro and in vivo studies in this part clearly demonstrated the effectiveness
of L2P4 as a dual EBV tumour targeting and treatment agent. Given this we envisage
that the L2P4 represents an invaluable tool to delineate the processes which govern
EBNA1 in nucleus. In a longer term this new understanding will and should provide
exciting opportunities for the treatment of EBV-associated diseases, including
Hodgkin lymphomas, NPC and a sub-group of EBV-associated stomach cancers.
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3.2 Results and discussion

3.2.1 Docking experiments
X-ray crystal structure of EBNA1 DBD domain is / mixed fold, comprising four 
helix and four  sheet motifs which are separated by several loops (Figure 3.5). Each
structural motif carries their own biological function, for example, the  sheets 1-4
drive the dimerization through hydrophobic packing, the  helix 1-2 interact with
DNA via electrostatic interaction, the positively charged loop 1 also involves in the
EBNA1 DNA binding activity.13 Our aim is to design probes which can bind the
dimeric interface of EBNA1 DBD domain, thus prevent the EBNA1 dimerization.
Generation of putative structure of EBNA1 DBD monomer in solvent
Since the crystal structure of EBNA1 DBD monomer is not available now, the
isolated monomer from the crystal structure of EBNA1 DBD dimer (PDB ID: 1VHI,
Figure 3.5) was used for the docking study. This putative structure was analyzed for
its’ stability in solvents and the accessibility of the dimeric interface through the 200
ns MD simulations (Figure 3.6). After the confirmation of the above two points, the
most popular clusters were chosen for the docking experiment.
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Figure 3.5 Structure of EBNA1 DBD domain (PDB ID: 1VHI, chain A: a.a. 461-607).
(a) showed the major structural motif in the EBNA1 protein sequence and (b) showed
the major structural motif in the EBNA1 crystal structure.
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Figure 3.6 The 200 ns MD simulations of the putative structure of EBNA1 DBD
monomer. (a) The C RMSF value of all residuals in this EBNA1 DBD monomer; (b)
The upper figure is the C RMSD value of all residues in EBNA1 DBD monomer,
while the lower figure is that of all residues except loop 1 and 5, which is highly
flexible and have no contribution on the EBNA1 homodimerization; (c) The C
RMSD value of the four  sheets which comprise the dimeric interface of EBNA1; (d)
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The SASA value of the key residuals on EBNA1 dimeric interface, includes Y561,
M563, and F565. The referential value of each residue has been calculated and shown in
dashed black line. The value for Y561 is 44.7 Å , for M563 is 22.7 Å and for F565 is
27.6 Å ; (e) Representative structure of EBNA1 DBD monomer with major clusters
(populations > 5%) suggested by 200 ns MD simulations (shown in cycan, while its
initial structure is shown in red). (f) Representative structure of EBNA1 DBD
monomer with the largest cluster was chosen for the next docking study (shown in
blue).
Docking study of the three probes to the putative EBNA1 DBD monomer structure
It starts form the building of the six initial structures in MOE software, including
P2-P4 and L2P2-L2P4. P2 was directly truncated from the crystal structure because it is
a EBNA1 DBD domain derived peptide, P3 was generated by appending the
RrRKGG- in the N-terminal of P2, P4 was built in the similar way to P3, while this
time the -GGRrRK was added in the C-terminal of P2. The three probes L2P2-L2P4
were obtained through the introducing of L2 in the N-terminus of P2-P4, respectively.
Then the six ligands were docked into the dimeric interface of the previously built
EBNA1 DBD monomer structure by fixing the receptor and letting the ligands be free.
The energy was minimized for all ligands for the final optimization, the consensus
scores were calculated by GBVI/WSG dG energy. All docked poses were ranked
according to the calculated scores, and the best docked poses were chosen for the
following 200 ns MD simulations. There are two considerations in selecting the best
docked poses for each ligand-EBNA1 complex: (1) The poses keep top five among all
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poses after ranking; (2) The poses contain the hydrophobic interactions of Y561 and
M563, which are crucial for the dimerization according to literatures. Finally, the 2nd
pose for P2-EBNA1, 2nd pose for L2P2-EBNA1, 2nd pose for P3-EBNA1, 1st pose for
L2P3-EBNA1, 2nd pose for P4-EBNA and 3rd pose for L2P4-EBNA1 were choose as
the input structure for the 200 ns MD simulations, as shown in Figure 3.7.

Figure 3.7 The final chosen poses for (a) P2-EBNA1, (b) L2P2-EBNA1, (c)
P3-EBNA1, (d) L2P3-EBNA1, (e) P4-EBNA1 and (f) L2P4-EBNA1 complexes for the
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following 200 ns MD simulations. The docking energy for each complex was marked
in the figure. EBNA1 was rendered in cartoon，while the major binding sites on
EBNA1 was rendered in stick mode by using a different color, including Y561, M563,
F565, D601, D602, and D605. Ligands were also rendered in stick, the hydrophobic motif
YFMVF was in green stick, the positively charged RrRK sequence was in blue stick
and the fluorophore L2 was in purple stick in each poses.
3.2.2 200 ns MD simulations
To investigate the interactions of the six probes and EBNA1, 200 ns MD simulations
were performed for each complex.
Modification of force field parameters for the non-standard residues
Non-standard residuals were contained in all complexes, which should be
parameterized prior to the running of MD simulations, for example, the L2. The
putative structure of L2-NME (Figure 3.8) was uploaded to R.E.D. development
Server14 to calculate the RESP partial charge of L2 moiety by restraining the whole
charge of NME into zero. The missing force field parameters were defined by
compared with the similar atoms in PARM99 or GAFE force field (Table 3.1). The
putative structure and AMBER atom types of Lin were generated similarly, no
missing force field parameters were found.
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Figure 3.8 Chemical structures (left) and AMBER atom types (right, blue) of (a) L2
and (b) LIN. The putative structure was used to calculate RESP charge.
Table 3.1 The modified force field parameters of L2.

Non-standard

Type

Item

Parameters

Bonded

CA-N*

k=425.0 kcal/(mol*Å2), d0=1.381 Å

CA-CA-CM

k=64.880 kcal/(mol*rad-2), θ0=120.660

CA-CA-N*

k=70.210 kcal/(mol*rad-2), θ0=118.340

CA-CA-N2

k=69.340 kcal/(mol*rad-2), θ0=120.130

HA-CA-N*

k=51.210 kcal/(mol*rad-2), θ0=118.340

C-CT-N*

k=66.810 kcal/(mol*rad-2), θ0=111.370

CA-N*-CA

k=66.980 kcal/(mol*rad-2), θ0=120.090

CA-N*-CT

k=63.150 kcal/(mol*rad-2), θ0=124.360

residues

L2
Angle
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Dihedral

CT-N2-CT

k=63.530 kcal/(mol*rad-2), θ0=114.440

CA-CA-N*-CA

v=0.3 kcal/(mol*rad-2), phase=180.0, period=2

CA-CA-N*-CT

v=0.3 kcal/(mol*rad-2), phase=180.0, period=2

HA-CA-N*-CA

v=0.3 kcal/(mol*rad-2), phase=180.0, period=2

HA-CA-N*-CT

v=0.3 kcal/(mol*rad-2), phase=180.0, period=2

CA-CT-N2-CT

v=0.0 kcal/(mol*rad-2), phase=0.0, period=2

CA-CA-N*-CT

v=0.3 kcal/(mol*rad-2), phase=180.0, period=2

HA-CA-N*-CA

v=0.3 kcal/(mol*rad-2), phase=180.0, period=2

HA-CA-N*-CT

v=0.3 kcal/(mol*rad-2), phase=180.0, period=2

CA-CT-N2-CT

v=0.0 kcal/(mol*rad-2), phase=0.0, period=2

RMSD and RMSF calculations
All trajectories in the production stage were analyzed using the cpptraj15 tool. The C
RMSD value was obtained with regard to the start and end frames during the
production stage. All residues except loop 1 and 5 in the aforementioned putative
structure of EBNA1 DBD monomer were used to calculate the RMSD value. What’s
more, frames were superposed according to a.a. 477-540 of EBNA1 and a.a. 556-604
of EBNA1 to calculated the RMSD and per-residue RMSF value. Per-residue C
RMSF value was calculated in the time window of 5 ns. Conformation clusters of
ligand-EBNA1 complex were generated by using default settings with distance
defined by C RMSD. The representative confirmation of each cluster was saved for
its interaction analysis (Figure 3.6 a, b, c).
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Solvent accessible surface area (SASA) and salt bridge calculation
To investigate the hydrophobic interaction or bury of the residues (Y561, M563, F565
and L2), the SASA was calculated using the cpptraj tool. The referential SASA value
was obtained within the context based on the aforementioned putative structure
(Figure 3.6 d), and the refenrential SASA value of L2 was calculated by supposing it
is fully soaked in water. To define the salt bridge, D601.CG, D602.CG and D605.CG
were used in acid residues, and Arg.CZ, Lys.CE were used in basic residues. Distance
of acid-basic residue pair was also calculated by cpptraj, it was supposed to have salt
bridging when the distance is smaller than 5Å.
Binding free energy calculation
The binding free energies for all ligand-EBNA1 complexes were calculated by
Molecular Mechanics/ Poisson-Boltzmann Surface Area (MMPBSA)16. Time intervals
were adjusted to make sure that at least 100 frames were includes in the calculation.
For Generalized Born (GB) calculation, the mbondi2 was used and the salt
concentration was set to 0.1 M. The ionic strength was set to 0.1 mM and the radius
from prompt file was used for Poisson Boltzmann (PB) calculation.
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Figure 3.9. 200 ns MD simulations of P2-EBNA1 complex, the initial structure was chosen from the previous
docking experiment. The C RMSF value for all residues in (a) EBNA1 and (b) P2; (c) The C RMSD value with
all residues (upper) and residues except loop 1 and 5 (lower) in EBNA1 with regard to the start (red) or end (blue)
conformation; (d) The C RMSD value with all residues (upper) and the YFMVF motif (lower, actually the same)
in P2 with regard to the start (red) or end (blue) conformation; (e) The key residues on dimeric interface of EBNA1
(Y561, M563, and F565) were involved in the hydrophobic contacts. Observations were made by calculating the
SASA of each residue during the simulation (red line) and compared with its referential value (dashed black line).
If the SASA is smaller, it suggests the hydrophobic contact is formed with this residue.
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Figure 3.10 200 ns simulations of L2P2-EBNA1 complex, the initial structure was chosen from the previous
docking experiment. The C RMSF value of all residues in (a) EBNA1 and (b) L2P2; (c) The C RMSD value with
all residues (upper) and residues except loop 1 and 5 (lower) in EBNA1 with regard to the start (red) or end (blue)
conformation; (d) The C RMSD value with all residues (upper) and the YFMVF motif (lower) in L2P2 with
regard to the start (red) or end (blue) conformation; (e) The key residues on dimeric interface of EBNA1 (Y561,
M563, and F565) were involved in the hydrophobic contacts. Observations were made by calculating the SASA of
each residue during the simulation (red line) and compared with its referential value (dashed black line). If the
SASA is smaller, it suggests the hydrophobic contact is formed within this residue.
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Figure 3.11 200 ns MD simulations of P3-EBNA1 complex, the initial structure was chosen from the previous
docking experiment. The C RMSF of all residues in (a) EBNA1 and (b) P3; (c) The C RMSD value with all
residues (upper) and residues except loop 1 and 5 (lower) in EBNA1 with regard to start (red) or end (blue)
conformation; (d) The C RMSD value with all residues (upper) and the YFMVF motif (lower) in P3 with regard
to the start (red) or end (blue) conformation; (e) The key residues on dimeric interface of EBNA1 (Y561, M563, and
F565) were involved in the hydrophobic contacts. Observations were made by calculating the SASA of each residue
during the simulation (red line) and compared with its referential value (dashed black line). If the SASA is smaller,
it suggests the hydrophobic contact is formed within this residue; (f) Residues at the DBD of EBNA1 (D601, D602
and D603) were involved in forming salt bridge (ion bonds) with the RrRK motif in P3. Observations were made by
measuring the distances between CG atom of D601/D602/D603 and CZ/CE atom of arginine/lysine. If the distance is
smaller than 5 Å, it suggests salt bridge is formed.
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Figure 3.12 200 ns MD simulations of L2P3-EBNA1 complex, the initial structure was chosen from the previous
docking experiment. The C RMSF of all residues in (a) EBNA1 and (b) L2P3; (c) The C RMSD value with all
residues (upper) and residues except loop 1 and 5 (lower) in EBNA1 with regard to the start (red) or end (blue)
conformation; (d) The C RMSD value with all residues (upper) and the YFMVF motif (lower) in L2P3 with
regard to the start (red) or end (blue) conformation; (e) The key residues on dimeric interface of EBNA1 (Y561,
M563, and F565) were involved in the hydrophobic contacts. Observations were made by calculating the SASA of
each residue during the simulation (red line) and compared with its referential value (dashed black line). If the
SASA is smaller, it suggests the hydrophobic contact is formed within this residue; (f) Residues at the DBD of
EBNA1 (D601, D602 and D603) were involved in forming salt bridge (ion bonds) with the RrRK motif in L2P3.
Observations were made by measuring the distances between CG atom of D601/D602/D603 and CZ/CE atom of
arginine/lysine. If the distance is smaller than 5 Å, it suggests salt bridge is formed.
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Figure 3.13 200 ns MD simulations of P4-EBNA1 complex, the initial structure was chosen from the previous
docking experiment. The C RMSF of all residues in (a) EBNA1 and (b) P4; (c) The C RMSD value with all
residues (upper) and residues except loop 1 and 5 (lower) in EBNA1 with regard to the start (red) or end (blue)
conformation; (d) The C RMSD value with all residues (upper) and the YFMVF motif (lower) in P4 with regard
to the start (red) or end (blue) conformation; (e) The key residues on dimeric interface of EBNA1 (Y561, M563, and
F565) were involved in the hydrophobic contacts. Observations were made by calculating the SASA of each residue
during the simulation (red line) and compared with its referential value (dashed black line). If the SASA is smaller,
it suggests the hydrophobic contact is formed within this residue; (f) Residues at the DBD of EBNA1 (D601, D602
and D603) were involved in forming salt bridge (ion bonds) with the RrRK motif in P4. Observations were made by
measuring the distances between CG atom of D601/D602/D603 and CZ/CE atom of arginine/lysine. If the distance is
smaller than 5 Å, it suggests salt bridge is formed.
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Figure 3.14 200 ns MD simulations of L2P4-EBNA1 complex, the initial structure was chosen from the previous
docking experiment. The C RMSF of all residues in (a) EBNA1and (b) L2P4; (c) The C RMSD value with all
residues (upper) and residues except loop 1 and 5 (lower) in EBNA1 with regard to the start (red) or end (blue)
conformation; (d) The C RMSD value with all residues (upper) and the YFMVF motif (lower) in L2P4 with
regard to the start (red) or end (blue) conformation; (e) The key residues on dimeric interface of EBNA1 (Y561,
M563, and F565) were involved in the hydrophobic contacts. Observations were made by calculating the SASA of
each residue during the simulation (red line) and compared with its referential value (dashed black line). If the
SASA is smaller, it suggests that the hydrophobic contact is formed within this residue; (f) Residues at DBD of
EBNA1 (D601, D602 and D603) were involved in forming salt bridge (ion bonds) with the RrRK motif in L2P4.
Observations were made by measuring the distances between CG atom of D601/D602/D603 and CZ/CE atom of
arginine/lysine. If the distance is smaller than 5 Å, it suggests salt bridge is formed.
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Figure 3.15 The final representative six ligand-EBNA1 complexes structure
suggested by 200 ns MD simulations. (a) P2-EBNA1, (b) L2P2-EBNA1, (c)
P3-EBNA1, (d) L2P3-EBNA1, (e) P4-EBNA1 and (f) L2P4-EBNA1. The calculated
GB/PB binding free energy was marked in the figure. EBNA1 was rendered in
cartoon, while the major binding sites on EBNA1 was rendered in stick mode by
using a different color, including Y561, M563, F565, D601, D602, and D605. Ligands were
also rendered in stick, the hydrophobic motif YFMVF was in green stick, the
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positively charged RrRK sequence was in blue stick and the fluorophore L2 was in
purple stick in each poses. Besides, ion-ion interaction was marked in dashed black
line.

3.2.3 Rational design and MD simulations for probes towards EBNA1
The putative EBNA1 DBD monomer structure was performed for the 200 ns all-atom
explicit solvent MD simulations, it demonstrated a good stability and kept the original
conformation during the simulation, except for the highly dynamic loop 1 and 5 which
have no contribution in the homodimerization of EBNA1 (Figure 3.6 a, b). What’s
more, the four  sheets comprising the dimeric interface showed good stability
(Figure 3.6 c). It was further evaluated for the accessibility for it’s dimeric interface of
this putative structure, the results suggested that the key residues (Y561, M563, and F565)
could be accessed by extrinsic probes (Figure 3.6 d).
After checking the stability and accessibility of this putative structure, a representative
conformation was selected out (Figure
3.6 e, f) and the docking study17, 18, 19, 20, 21 was carried out to find the best docked
poses for each ligand-EBNA1 complexes. The docked poses for each complex were
then ranked according to a scoring function and the best poses were chosen. It was
found that all most selected poses sharing some extend similarities, for example, the
interaction of the key residues in EBNA1 to YFMVF appeared in all complexes
(Figure 3.7). Besides, an unexpected ion-ion interaction was found between the
positively-charged tetrapeptide RrRK and the aspartate-rich tail in EBNA1,
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suggesting a second role of the NLS.
To better characterize the ligand-EBNA1 complex and calculate their binding energy,
the 200 ns MD simulations22, 23, 24, 25 were then performed on the base of the selected
docked poses. It was found that all complexes tend to be stabilized after 50 ns, and it’s
hard to find a conserved binding pattern between them though sharing a same motif
(YFMVF), and we reasoned that it’s due to the affection of the ion-ion interaction
which appeared only in the ligands containing the RrRK tetrapeptide. Taken as a
whole, the MD simulations suggested two major interactions which facilitate the
binding of the designed probes to EBNA1 and it demonstrated a second role of the
NLS-RrRK beyond our expectation (Figure 3.4 b).
The binding free energy for all complexes was calculated via MMPBSA based on full
trajectory. The calculated GB and PB values were found in a same order, that is, L2P4 >
L2P3 > L2P2 (Figure 3.4 c), indicating that L2P4 properly have the strongest binding
affinities among these six probes to EBNA1.

3.2.4 Synthetic work
General procedures for peptide synthesis and cleavege
Peptide synthesis26, 27: Automated solid-phase peptide synthesis was carried out on
rink amide resin (0.82 mmol/ g) at 0.10 mmol scale on a CEM Liberty 1
single-channel microwave peptide synthesizer which is equipped with a Discovery
microwave unit. Fmoc-protected amino acids were used (5 equiv.) with
N’-diisopropylcarbodiimide/ hydroxybenzotriazole (DIC/HOBt) activation. A 0.8 M
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solution of DIC in DMSO was used in the ‘activator base’ position, and a 0.5 M
solution of HOBt in DMF was used in the ‘activator’ position (opposite to default
configuration). Amino acid side chain functionality was protected as follows:
Fmoc-Arg(Pbf)-OH,

Fmoc-Cys(Trt)-OH,

Fmoc-Lys(Boc)-OH

and

Fmoc-Try(tBu)-OH. Reactions were carried our using the default 10 minutes
microwave coupling cycle at 75 C (25 W), or 50 C for Cys residues. The cycle was
extended by the addition of 1 hour room temperature (RT) pre-activation period at the
start. For Arg and Cys residues this cycle was repeated (double couplings). A 2 hours
pre-activation period was used for Ahx residues. Removal of the Fmoc group was
carried out at RT using two successive treatments with 20% (v/v) piperidine in DMF
solutions (5 + 10 minutes). Extended Fmoc deprotection reaction times were used for
Arg residues (3 minutes microwave + 20 minutes). Bubbling with nitrogen gas was
used to ensure efficient agitation of the reaction mixture during each step.
Pre-swelling of dry resin was carried out in DMF for a minimum of 1 hour.
Resin clevage: Peptide-resin was shrunk in diethyl ether and treated with 3 mL of
cleavage cocktail (95% trifluoroacetic acid (TFA), 2.5% deionized water and 2.5%
triisopropylsilane) for 3.5 hours at RT. The resin was then removed by filtration and
the filtrate was concentrated in vacuo before precipitation using ether and decanting
of the liquid (followed by subsequent ether washes). The resulting solid peptide was
dissolved in deionized water containing 0.1% TFA and lyophilized.
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Scheme 3.1 General procedures for peptide synthesis and cleavage.
Synthesis of L2P2-L2P4
The synthetic route for the preparation of L2P2-L2P4 was shown in Scheme 3.1. It
starts with the reaction of 4-methylpyridine and 4-diethrlaminobenzaldehyde in the
presence of sodium hydride (60% dispersion in mineral oil) as base to get the N,
N’-diethyl-4-(2-(pyridine-4-yl)vinyl) aniline, which was then reacted with ethyl
bromoacetate to get the ester. The ester product was then hydrolyzed, coupled with
peptides and followed by the cleavage of the resin to get the crude probes. The crudes
were purified through HPLC to get the titled probes.
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a) NaH, DMF, 60C; 62%.
b) Ethyl bromoacetate, MeCN, 85C; 90%.
c) 0.4M NaOH, dioxane, RT; 67%.
d) Peptide-resin, DIPEA, PyBOP, DMF, RT.
e) TFA, Tis, H2O, RT.

Scheme 3.2 The synthetic routes of L2P2-L2P4.
3.2.5 Responsive emission of L2P4 to EBNA1
As indicated by the MD simulations and the following free energy calculations, L2P4
was found to demonstrated the strongest binding with EBNA1, and thus potentially
provide the best inhibition on the EBNA1 homodimerization and ultimately inhibit
the growth of EBV-positive tumours among the six probes.
To further assess the binding affinity of L2P4 to EBNA1 in reality, luminescence
titration experiment was carried out in a simulated extra cellular anion mixture (PBS
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buffer). The results obtained here aligned well with the calculated data via MMPBSA,
for example, L2P4 showed the strongest responsive signal upon the addition of
WE-EBNA1 protein (Figure 3.16 a, b, c and Figure 3.16). This responsive signal was
shown as a 8.8-fold emission enhancement (ϕinitial = 4 %, ϕ4M WT-EBNA1 = 23%, Figure
3.18 and 3.19) and 25 nm emission blue shifted. While only a 4.7 times emission
increase was observed in the titration experiment for L2P3, and no obviously emission
changing was found for L2P2 upon addition of 4 M of WT-EBNA1 (Figure 3.16 b).
The affinity strength for a probe to its bound protein can be defined as binding
constant and binding ratio, and the binding constant (defined as log Ka) for L2P2-L2P4
to WT-EBNA1 was calculated (Figure 3.17). The logarithm of the fluorescence ratio
demonstrated a linear relationship with that of the protein concentration. The value of
log Ka was calculated to be 5.50 and 6.82 for L2P3 and L2P4, respectively; and both of
the binding ratio was found to be 1:1 (Figure 3.17).
Considering the strongest binding of L2P4 to WT-EBNA1, we then investigated the
binding selectivity of L2P4 to WT-EBNA1 among several kinds of proteins (Figure
3.17 c) and some biologically relevant metal ions (Figure 3.20 and 3.21). The proteins
used in the selectivity assay including four EBNA1 mutant proteins and bovine serum
albumin (BSA). EBNA1 mutant proteins were prepared by mutation of YFMVF to
FFAVA (yielding EBNA1-3A) or via conservative point mutation of Y561, M563 and
F565 to A (yielding EBNA1-Y561A, EBNA1-M563A and EBNA1-F565A). The
selectivity of L2P4 was recorded in the changing in its emission. A relatively slight
emission enhancement was observed upon addition of the four mutant EBNA1s
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(Figure 3.17 c) and BSA (Figure 3.21), suggesting a weaker binding compared to that
of L2P4 to WT-EBNA1 (log Ka for EBNA1-Y561A, EBNA1-M563A, EBNA1-F565A
and EBNA1-3A was found 5.1, 3.6, 4.3, 3.9 respectively, and for BSA is 4.7).
It is well established that when an environment-sensitive fluorophore is coupled to
peptides with specific targeting protein, subsequent protein binding will give rise to
the emission intensity of the fluorophore and a strong blue-shift will occur due to the
dramatic change in the excited state dipole-moments. Literature revealed that the dual
fluorescence of 4-(N,N-dimethylamino)benzonitrile (DMABN) arises due to an
emission from the local excited (LE) state and an ‘anomalous’ red-shifted emission of
the ICT state.28,

29, 30

Among the numerous DMABN analogues reported to date,

pyridine derivatives being a focus of particular interest, especially in the
determination of cell microviscosity.31 With this in mind we proposed that a
fluorescent probe consisting of an ICT characterized pyridine derivative fluorophore
and a nucleus-permeable EBNA1-specific peptide, which generates ICT characterized
emission after binding with EBNA1, could prevent the homodimerization of EBNA1,
and meanwhile provide images on the nucleus level in EBV-positive cells.
The absorption spectrum of L2P4 was measured in various solvents (Figure 3.22). The
spectra showed two absorption bands at 274 nm and ~500 nm, which corresponds to
the transition from the ground state to LE and ICT states30, 32, respectively. The
maximum absorption wavelength was slightly red-shifted in polar solvents. L2P4
demonstrated dual fluorescence upon excitation, a weaker but higher energy emission
at 560 nm arising from the LE state and a stronger emission at ~625 nm from the ICT
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state (Figure 3.16 a, d, e). The fluorescence emission of the LE excited state was
solvent-independent, while the ICT band showed a strong dependence on the solvent
polarity, which is progressively blue shifted with the decreasing of solvents polarity
(Figure 3.16 e). Besides, the emission decay of L2P4 was measured as shown in
Figure 3.16 f (upper, ex = 475 nm, monitored at 625 nm). The observed shorter
lifetime (~0.5 ns) may be corresponded to the LE emission, and the ICT band
demonstrated to have a longer lifetime (3.8 ns).
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Figure 3.16 The selective and responsive emission of L2P4 upon addition of EBNA1.
(a) The 8.8-fold enhancement and 25 nm blue shift of the emission for L2P4 upon
addition of WT-EBNA1; (b) The change on the emission of L2, L2P2-L2P4 upon
addition of WT-EBNA1; (c) The selectivity assay of L2P4 in the presence of several
kinds of protein, including four EBNA1 mutants; (d) The change on the emission of
L2P4 in different pH buffer solution, for the confirmation of ICT state and
determination of pKa value. The emission band gradually decreased when the pH was
lowered from 7 to 2, which is consistent with the characteristic of an ICT state
emission. The decreasing of ICT state emission at lower pHs is because the nitrogen
atom was protonated and its lone pair is not available to generate the ICT excited state;
(e) The solvatochromism study of the emission of L2P4 with increasing of solvent
polarity; (f) Emission lifetime decay of L2P4 in the presence of WT-EBNA1 (upper)
and solvatochromism with increasing of solvent polarity (lower) (ex = 475 nm).
Comparatively larger LE emission decay and smaller ICT emission decay was found
in less polar solvents, indicating a smaller dipole moment and consequently an upshift
of the ICT state. What’s more, the emission lifetime of L2P4 upon binding with
WT-EBNA1 was found to be similar to that in the polar solvents.

94

Emission intensity/ a.u.

12000
10000

L2P2
ex: 475nm

8000
4000nM WT EBNA1
6000
0nM WT EBNA1
4000
2000
0
550

600

650

700

750

Wavelength/ nm

0.6

50000

40000

L2P3

ex: 475nm

Linear (L2P3)

0.4
30000

log [(I-I0)/I0]

Emission intensity/ a.u.

L2P3

4000nM WT WBNA1
20000

y = 5.50 + 0.84x
0.2

0nM WT WBNA1
10000
0.0
0

550

600

650

700

750

-6.8

-6.6

-6.4

0.6

L2P4

-6.2

-6.0

-5.8

-5.6

80000
L2P4

Linear (L2P4)

60000
log [(I-I0)/I0]

Emission intensity/ a.u.

ex: 475nm

40000
4000nM WT EBNA1

0.4
y = 6.82 + 1.03x
0.2

20000
0nM WT EBNA1

0.0
0

550

600

650

700

750

-6.8

-6.6

-6.4

-6.2

-6.0

-5.8

-1

log (G/ mol L )

Wavelength/ nm

Figure 3.17 The emission spectra (left) and double logarithm regression curve (right)
of L2P2-L2P4 upon addition of WT-EBNA1 in PBS buffer for the calculation of
binding constant and binding ratio (Conc.: 2 M. The values for log Ka 5.50 and 6.82
were calculated from the double logarithm regression and the binding ratio was found
to be 1:1 for L2P3 and L2P4, respectively).
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Figure 3.18 The emission spectra (left) and plot (emission intensity vs absorbance,
right) of rhodamine 6G (standard) and L2P2-L2P4 in water for the emission quantum
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yield determination (ex = 480 nm, through comparative method using rhodamine 6G
as standard, the calculated quantum yield is 4.4 %, 4.3 % and 3.9 % for L2P2, L2P3
and L2P4, respectively).
QY of L2P3+WT EBNA1 by comparative method using rhodamine 6G
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Figure 3.19 The plot (emission intensity vs absorbance, right) of L2P2-L2P4 in water
in the presence of saturated WT-EBNA1 for the emission quantum yield
determination (ex = 480 nm, through comparative method using rhodamine 6G as
standard, the calculated quantum yields for L2P2+WT-EBNA1, L2P3+WT-EBNA1
and L2P4+WT-EBNA1 are 3.8 %, 13.0 % and 22.9 %, respectively).

97

10000

10000

Emission intensity/ a.u.

a

b
8000

8000

6000

6000
1mM Zn

2+
-

1mM HCO3

4000

4000
0mM Zn

2+

-

0mM HCO3
2000

2000

0

550

600

650

700

0

750

10000

550

Emission intensity/ a.u.

650

700

750

10000
d

c
8000

8000

6000

6000
2+

0mM Cu
4000

4000

1mM citrate

2+

1mM Cu
2000

0mM citrate

2000

0

550

600

650

700

0

750

50000

550

600

650

5

e

f

40000

700

750

lgKa = 5.5

WT EBNA1
BSA

4
lgKa = 4.6

30000

3

20000

4000nM BSA

2

0nM BSA

10000

0

(I-I0)/I0

Emission intensity/ a.u.

600

1

550

600

650

700

750

Wavelength/ nm

0

0

1000

2000

3000

4000

Conc./ nM

Figure 3.20 Changes on the emission of L2P3 (Conc.: 2 M), following the
international addition of (a) ZnCl2, (b) NaHCO3, (c) CuCl2, (d) citrates and (e) BSA
(ex: 475 nm). Figure (f) showed a comparison on the emission enhancement induced
by the addition WT-EBNA1 and BSA, the result demonstrated that L2P3 was selective
towards WT-EBNA1.
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Figure 3.21 Changes on the emission of L2P4 (Conc.: 2 M), following the
international addition of (a) ZnCl2, (b) NaHCO3, (c) CuCl2, (d) citrates and (e) BSA
(ex: 475 nm). Figure (f) showed a comparison on the emission enhancement induced
by the addition of WT-EBNA1 and BSA; the result demonstrated the selectivity of
L2P4 towards WT-EBNA1 is higher than L2P3.
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Figure 3.22 Absorption spectra of L2P4 in different solvents (Conc.: 10 M).
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Figure 3.23 The emission spectra (left) and plot (emission intensity vs pH, right) of
L2P3 and L2P4 (Conc.: 2 M) in PBS buffer, for the investigation of pH effects on the
emission and the determination of pKa value.
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Figure 3.24 Emission lifetime decay of L2P4 in different solvents (light source: 460
nm nanoLED, Conc.: 10 M).
Table 3.2 Emission lifetime of L2P4 in different solvents.
Decay times (ns)
Solvent
LE emission

ICT emission

Water

0.47

4.01

MeOH

0.46

4.60

MeCN

0.49

4.45

DMF

0.53

3.22

THF

0.84

2.49

Dioxane

0.99

2.81
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3.2.6 Nuclear in vitro imaging of L2P4
The in vitro imaging of L2P2-L2P4 in HeLa, CNE2, C666-1 and NPC43 cells were
carried as shown in Figure 3.25. HeLa is EBV-negative human cervical carcinoma
cell line, CNE2 is EBV-negative nasopharyngeal carcinoma cell line, C666-1 is
EBV-positive nasopharyngeal carcinoma cell line, and NPC43 is the newly derived
EBV-positive nasopharyngeal carcinoma cell line which was established from a
surgical resected NPC tissue from a male patient (64 years old with Stage III recurrent
NPC).
As previously discussed, we introduced an NLS sequence RrRK to P3 and P4 to help
their nucleus permeability. The cellular uptake and cellular localization of L2P2-L2P4
was evaluated independently using confocal imaging and flow cytometry (Figure 3.25,
3.26, 3.27 and 3.28). From these experiments, L2P4 was found to have a better cellular
uptake compared with L2P2/L2P3 in both HeLa and C666-1 cells (Figure 3.26). With
the significant contribution of RrRK33, 34, 35, 36, the subcellular localization of L2P3 and
L2P4 can be observed in the nucleus of EBV-positive cells, whilst L2P2 can only be
noticed in cytoplasm of the tested cells, suggesting L2P3 and L2P4 could localize on
nucleus of EBV-positive cells.
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Figure 3.25 In vitro imaging of the designed probes in EBV -positive and -negative
cells. In vitro imaging of L2P2-L2P4 in (a) EBV-positive C666-1 cells and (b) newly
derived EBV-positive NPC43 cells (ex = 488 nm, em = 500-650 nm, Filter = BP500).
C666-1 and NPC43 cells were treated with L2P2-L2P4 (10 M) for 6 hours, and then
co-stained with nuclear dye Hoechst 33342 (1 nM) for 1 hour. Profiles of the emission
intensity of the probes and Hoechst 33342 were plotted along the green line, the shape
and location of the emission band from L2P4 found in the nucleus (by lambda scan)
was similar to the data obtained in the solution under the same excitation; (c) In vitro
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imaging of L2P2-L2P4 in EBV-negative (CNE2 and HeLa) and EBV-positive C666-1
cells. The emission of L2P4 was found to be selective in EBV-positive cells over
EBV-negative cells; (d) In vitro emission spectra of L2P2, L2P3 and L2P4 in cell
nucleus under the confocal microscope (Leica SP8). L2P4 showed three times stronger
emission than L2P3 in the EBV-positive C666-1 cells.
(a)

(b)

(c)

Figure 3.26 The cellular uptake of L2P2-L2P4 in (a) EBV-negative HeLa cells, (b)
EBV-positive C666-1 cells and (c) newly derived EBV-positive NPC43 cells via flow
cytometry.
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(a)

(b)

Figure 3.27 The in vitro imaging of L2P2-L2P4 in (a) EBV-negative HeLa and (b)
EBV-positive C666-1 cells (ex = 488 nm, em = 500-650 nm, Filter = BP500).
Different location was found: L2P2 demonstrated cytoplasm location only, while the
L2P3 and L2P4 were observed in the nucleus of EBV-positive C666-1 cells.
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Figure 3.28 The co-staining of L2P4 in EBV-positive C666-1 cells with lyso Green
DND-26/mito Green FM M7514 tracker (Conc.: 10 M, 6 hours incubation,
afterwards were treated with 1 nM lyso/mito tracker with 1 hour incubation). L2P4
was found to locate on the mitochondria due to L2 is generally located on
mitochondria.

3.2.7 Inhibition of L2P4 on EBNA1 homodimerization, exhibition in vitro and in
vivo toxicity towards EBV-positive cells
EBNA1 can only facilitate DNA replication of EBV by forming homodimers, thus
blocking dimer formation provides a route by which to kill EBV-infected tumour cells.
As is well known, the EBNA1 dimer is formed through the YFMVF-mediated
interface, and this can be examined by MBS cross-linked dimerization assay. The
MBS mediated protein crosslinking effect was represented as a ratio of dimer/
monomer. The importance of YFMVF on dimerization was further investigated in the
WT-EBNA1 and EBNA1 mutants (EBNA1-Y561A, EBNA1-M563A, EBNA1F565A and
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EBNA1-3A) by its homodimerization efficiency. The results demonstrated that the
dimerization efficiency was greatly decreased in EBNA1-3A, and also, a relative
slight decreasing in the efficiency was observed in the other three point mutants
(Figure 3.30). Consistent with this observation and the luminescence titration
experiment, the MBS cross-linked dimerization was also obviously inhibited by the
designed probes as shown in Figure 3.29 (P<0.001).

Figure 3.29 EBNA1 homodimerization assay. WT-EBNA1 were subjected upon
addition of peptides (P2-P4) (a and b) and peptide conjugates (L2P2-L2P4) (c and d);
The inhibitory efficiency was determined by measuring the protein ratio of
dimer/monomer (b and d).
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a

b

c

-monomer

Figure 3.30 EBNA1 protein purification and MBS cross-linked dimerization assay. (a)
EBNA1 protein (379-641 a.a.) fusion with glutathione S-transferase (GST) was
expressed in Escherichia.coli (BL21) and purified by glutathione sepharose 4B rinse
(GE Healthcare Dharmacon). The residues YFMVF in WT-EBNA1 was mutated to
FFAVA yielding the EBNA1-3A mutant protein, or single amino acid mutation
yielding Y561A, M563A and F565A, that differently impairs the capability of EBNA1
dimerization. (b) WT and EBNA1 mutants were analyzed for dimerization. (c)
EBNA1 homodimerization efficiency (**, P<0.01).
Considering the strong binding of L2P4 to WT-EBNA1 and the selective nuclear in
vitro imaging, we sought to evaluate if L2P4 could deliver selective and efficient
cytotoxicity towards EBV-positive cells. The MTT cytotoxicity assay of L2P2-L2P4
was carried out in three kinds of EBV-negative (MRC-5, HeLa and Ramos) cell lines
and three kinds of EBV-positive (C666-1, NPC43 and Raji) cell lines (Figure 3.31).
All probes were found to have a very weak cytotoxicity in EBV-negative cells even at
high doses (50 M), and they all exerted strong and dose-dependent cytotoxicity in
EBV-positive cells. Furthermore, L2P4 demonstrated the strongest cytotoxicity in the
three EBV-positive cells. It is noteworthy that the cytotoxicity of L2P2-L2P4 in
EBV-positive cells is in the same order as found in 200 ns MD simulations,
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luminescence titration and in vitro imaging in EBV-positive cells.

Figure 3.31 Cytotoxicity assay. Cytotoxicity of L2P2-L2P4 on EBV-negative (a)
MRC-5, (b) HeLa and (c) Burkitt’s lymphoma Ramos cell lines; and cytotoxicity of
L2P2-L2P4 on EBV-positive (d) C666-1, (e) newly derived NPC43 and (f) Burkitt’s
lymphoma Raji cell lines were assayed (incubation time: 24 hours).
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Figure 3.32 Cytotoxicity of P2-P4 on EBV-negative (a) MRC-5, (b) HeLa and (c)
Burkitt’s lymphoma Ramos cell lines; and cytotoxicity of P2-P4 on EBV-positive (d)
C666-1, (e) newly derived NPC43 and (f) Burkitt’s lymphoma Raji cell lines were
assayed (incubation time: 24 hours) (blue, left: P2, red, middle: P3, green, right: P4).
3.2.8 In vivo tumour imaging and inhibition of L2P4
To further evaluate the in vivo performance of L2P4, the intra-tumoural injections of
P4/ L2P4 in two dosages (2 g Low Dosage (L) and 4 g High Dosage (H)) in
BALB/c nude mice carrying C666-1 and HeLa xenografts were performed, injections
were carried out biweekly with body weight and tumour measurements, mice carrying
HeLa xenografts served as control to confirm the specific in vivo targeting effect of
P4/ L2P4. Treatment of P4/ L2P4 on mice had no significant effects on body or organ
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weights when compared to control (Figure 3.34, 3.35 and 3.37 a), indicating that
neither P4 nor L2P4 exhibit a toxic effect in vivo. C666-1 xenografts growth was
effectively inhibited while the growth of HeLa xenograft was unaffected by treatment
with P4/ L2P4 (Figure 3.33 d, 3.37b). By day 7, treatment with P4-L, P4-H and L2P4-H
on C666-1 xenografts has led significant decreases on tumour volumes and at the end
of the experiment (day 21), the average tumour volumes of mice were decrease by
65.7%, 65.5% and 92.3% (P<0.05, P<0.005 and P<0.001) respectively, when
compared to control (Figure 3.33 d and 3.36). In the HeLa xenografts, there was no
significant difference in the average tumour volumes of mice treated with P4/ L2P4
(low or high dose) and control after 18 days (Figure 3.37 b). At the end of the
experiment, mice were sacrificed and tumours were excised and weighed, average
tumour weights were decreased on C666-1 xenografts after treatment with P4-L, P4-H
and L2P4-H by 72.6%, 86.6% and 92.8% (NS, P<0.05 and P<0.005) respectively,
when compared to control (Figure 3.33, a, b, c and e). While in HeLa xenografts,
there was no obvious difference in the average tumour weights (Figure 3.37 and 3.38).
The significant and selective inhibition of P4/ L2P4 on EBV-positive tumour
confirmed their EBV-targeting specificity and indicated the conjugation of L2 to P4
does not affect its tumour inhibitory effect.
Furthermore, the fluorescence imaging of the excised C666-1 tumours confirmed the
fluorescence from L2P4 treated tumours (Figure 3.33 f), indicating the presence of
signal 48 hours post-intra-tumoural injection. As expected, no fluorescent signal was
detected in control or P4 treated tumours.
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Figure 3.33 In vivo toxicity studies of P4/ L2P4 (4 g/ tumour) as EBV-specific
anti-cancer agents. (a-e) In vivo tumour inhibition assays of P4 and L2P4; Mice were
treated with intra-tumoural injections of P4, L2P4 or DMSO (vehicle) twice-weekly
for 21 days. At the experimental endpoint, tumours were excised, weighed and
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photographed. (a) Control (vehicle), (b) P4, (c) L2P4, (d) tumour volume and (e)
tumour weight. Average tumour volumes and weights from each group in mm3 and
grams respectively, ± SEM. *, p < 0.05, **, p < 0.005, ***, p < 0.001. (f)
Representative ex vivo fluorescence images of excised C666-1 tumours. Tumours
were excised upon mouse sacrifice and fluorescence intensity was detected using the
IVIS Lumina system 48h after intra-tumoural injection at 460 nm excitation/ 520 nm
emission. Fluorescent signals were quantified as total radiant efficiency
([photons/s]/[µW/cm2]).
Table 3.3 The drug treatments and numbering of mice for anti-tumour study.
Treatment

Number of mice

Control (0.1% DMSO in PBS buffer)

3

P4-L (2 g/tumour)

3

P4-H (4 g/tumour)

3

L2P4-L (2 g/tumour)

2

L2P4-H (4 g/tumour)

3
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Figure 3.34 The body weights of mice after treated with intra-tumoural tumour
injections of P4, L2P4 (low or high dose) or DMSO twice-weekly for 21 days.

Figure 3.35 The vital organ weights of mice after treatment with different drugs in 21
days.
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Figure 3.36 The tumour sizes of mice after treatment with low dosage of P4 and L2P4.
Table 3.4 The drug treatments and numbering of mice carrying HeLa xenografts for
anti-tumour study.
Treatment

Number of mice

Control (0.1% DMSO in PBS buffer)

4

P4-L (2 g/tumour)

4

P4-H (4 g/tumour)

4

L2P4-L (2 g/tumour)

4

L2P4-H (4 g/tumour)

4
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a.

b.

c.

Figure 3.37 Control experiment-Mice carrying HeLa xenografts were treated with
intra-tumoural tumour injections of P4, L2P4 (low or high dose) or DMSO
twice-weekly for 18 days. (a) Mice body weight and (b) Mice tumour volume over the
18 days experimental period. At the experimental endpoint, tumours were excised and
weighed. (c) Average tumour weights of tumours from each group in grams ± SEM.
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Figure 3.38 Control experiment-Mice carrying HeLa xenografts were treated with
intra-tumoural tumour injections of P4, L2P4 (low or high dose) or DMSO
twice-weekly for 18 days. Tumours were excised upon mice sacrifice and
photographed. Image shows representative tumours from each group.
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3.3 Conclusion
Our initial MD studies suggested a network of hydrophobic interactions and ion-ion
interaction mediates the binding of L2P4 to the dimeric interface of EBNA1 (Figure
3.4). The selective and strong binding of L2P4 to EBNA1 was further confirmed using
luminescence titration experiments (Figure 3.16). L2P4 was found to localise in the
nucleus of EBV-positive cells, but not that of EBV-negative cells. The observed
selective emission of L2P4 on nucleus was generated by its binding with EBNA1
(Figure 3.25).
Our study also revealed that EBNA1 mutants (especially EBNA1-3A) were not able
to form homodimer (Figure 3.30), emphasizing the importance of the dimeric
interface (YFMVF) on EBNA1 dimer formation. The analysis of the WT-EBNA1
dimerization efficiency upon addition of the designed probes using a MBS
cross-linked dimerization assay showed that the probes can significantly interfere with
EBNA1 dimer formation (Figure 3.29). Extensive cytotoxicity assays performed
against both EBV positive and negative cells demonstrated the significant and
selective inhibition of L2P4 on EBV-positive cells, more importantly, revealed the
reason for the selective cytotoxicity is the inhibition on EBNA1 dimerization process
(Figure 3.31). Finally, studies of L2P4 on mice carrying C666-1 and HeLa xenografts
confirmed that it has EBV-targeting specificity and indicated that our designed probe
can be successfully applied to target and inhibit the growth of EBV-positive tumours
in vivo (Figure 3.33).
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Our data clearly demonstrates that L2P4 can selectively inhibit EBV-positive
tumours-both in vitro and in vivo, and that it does this via interfering with EBNA1
homodimerization. We are confident that our present work has revived research
interest and opened new doors in the study of EBNA1 inhibition by shining light onto
previously unknown areas – visualization of the binding of our probe with EBNA1
and the dimerization inhibition process on nucleus of EBV-positive cells, with L2P4 as
a solid foundation for further development against EBV-related malignancies with
emphasis put on EBNA1-related factors such as Zn2+, followed by realization of these
probes in both in vitro and in vivo imaging applications.
In summary, we have designed and prepared the first ever probe that can be used to
both directly visualize EBNA1 in the nucleus of EBV-positive cells and effectively
inhibit EBNA1 homodimerization offering excellent and selective anti-cancer activity
both in vitro and in vivo.
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CHAPTER 4 EMISSIVE LANTHANIDE PROBES FOR THE
IMAGING AND INHIBITION OF EBV-ASSOCIATED
DISEASES
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4.1 Introduction
As

introduced

before,

EBV

is

pathologically

associated

with

several

non-malignancies and malignancies. Pharmacological and immunotherapeutic
methods are used to prevent/ treat EBV-associated malignancies. Being the only viral
protein expressed by EBV in all EBV-associated diseases, EBNA1 takes the critical
role in the maintenance of virus episome and it is hardly to be recognized by the
host’s CD8+ T cell, thus makes it to be an effective target for specific therapy.
Two types of EBNA1 inhibitors are known today, both of them worked well as
reporter systems for tracking EBNA1 transcriptional activity. However, these
inhibitors also have significant flaws limiting their in vivo implications.
Based on the previous work done by others, we developed a useful exploratory system
for the studying of EBNA1 in EBV-positive cells, that is, through the combination of
a small organic fluorophore with a tailor-made EBNA1-specifc peptide which targets
the dimeric interface of EBNA1 monomer and thereby prevents the dimerization
process of EBNA1. It is an effective tool for microscopic studies of EBNA1 function.
The first designed probe JLP2 demonstrated for the first time of simultaneous specific
imaging and inhibition of EBV-infected cells. However, JLP2 was only localized in
the cytoplasm, while it is well known that EBNA1 is primarily localized in nucleus,
and almost all the biological function of EBNA1 is achieved through the binding with
DNA of the host cells. From this view, the inhibition of EBNA1 dimerization on
nucleus; and then properly interfering with EBNA1 DNA binding activity due to
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EBNA1 DNA binding is facilitated by the loops on both EBNA1 monomers will
afford better inhibitory effect. With this in mind, we introduced a NLS into the
EBNA1-specific peptide, and coupled this dual peptide to an ICT characterized
fluorophore to develop our second probe-L2P4. The designed fluorescent probe L2P4
interferes with EBNA1 homodimerization and displays specific cytotoxicity towards
EBV-positive cells compared with EBV-negative cells. This presented system allows
monitoring the growth of EBV-positive tumour in vivo. What’s more, the experiments
with BALB/c nude mice carrying C666-1 xenografts demonstrate very impressive
effects of L2P4 in vivo (almost 93% inhibition of tumour growth with only 4 g/
tumour dosage).
The success in the nucleus location indeed improves the inhibition of EBNA1 both in
vitro and in vivo. Beyond that, we further thinking of introducing the lanthanide
emission into our probe. Over the recent two decades, lanthanide-based luminescent
probes1, 2, 3 are particularly attractive and show extensive applications in detection and
imaging of various biomolecules both in vitro and in vivo. One driving force for our to
design and synthesize lanthanide-based probe for imaging EBNA1 inside nucleus for
EBV-positive cells relates to the unique photophysical properties of lanthanide
luminescence, for example, their distinctly long emission lifetimes and the
characteristic hypersensitive emissions. The former can support for the time-gated
detection4, 5, 6, 7, 8, e.g. time-resolved luminescence microscopy, where the short-lived
biological autofluorescence and scattering will be suppressed, thus improving the
signal-to-noise ratio and increasing the overall sensitivity of probes. The latter can
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provide real-time imaging information about the effect on coordination environment
by its surrounding entities, especially with europium, which makes time-resolved
measurements crucially accessible and thus lanthanide ions far attractive to the
commonly used organic fluorophores.
The development of responsive target-specific lanthanide-based probes9 for
microscopic study of EBNA1 is still rare. Most reported probes in the literature which
shows capability to target cellular proteins may only to be proved relevant, and stops
in the practical application for their ultraviolet range absorption. In this regard, our
group recently reported two-photon induced responsive europium emission probes
with the coupling of cyclin A/ D or Plk1-specific peptides, indicating that the potential
of lanthanide-based peptide conjugates can be taken advantage of lanthanide
luminescence as imaging probes.

Figure 4.1 (a) A typical energy level diagram shows the mechanism of antenna
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effect10, 11. The general architecture of lanthanide-based fluorophores consists of a
metal center which is surrounded by a chelate and equipped with a sensitizer. The
function of chelate is to prevent the release of free lanthanide ion into the biological
system and to protect the lanthanide ion from quenching from the vibrational energy.
After antenna harvests energy to the singlet excited state, it will undergo intersystem
crossing to the triplet state, and then the antenna will transfer energy from its triplet
state to the excited 5DJ state of lanthanide ion. The radiative transition from 5DJ state
to 7FJ states will result in luminescent lanthanide emission. (b) Luminescent 4f-4f
transitions of Eu(III) complexes and the commonly observed emission wavelengths of
Eu (III).

Figure 4.2 The time-resolved microscopy with lanthanide labeling/ imaging complex.
(1) The emission lifetime of autofluorescence is in nanoseconds to few microseconds;
(2) The lanthanide imaging is in 10 microseconds to few milliseconds; (3) The time
gating system in the microscopy eliminate the ‘short’ (time) emission lifetime; (4)
Then long emission lifetime is obtained.
In this chapter, we aim to apply lanthanide emission for imaging and inhibition of
EBV associated cancers via targeting EBNA1. Our solution is the newly synthesized
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water-soluble lanthanide complex- J-EuL4P4. J-EuL4P4 is equipped with the
previous confirmed highly effective peptide (P4) and an Eu(III)-based complex. The
nearly ‘off-on’ Eu(III) emission was observed for J-EuL4P4 in a polar solvent water
and a relative small polar solvent DMSO during the solvation effect study, thereby it
is capable to respond significantly to the binding of EBNA1 based on the changing in
the polarity in its surrounded environment. What’s more, a dramatic increasing for the
cellular uptake was found for both peptide conjugates (J-EuL3P4 and J-EuL4P4) on
the comparison with Eu(III) complexes (J-EuL3 and J-EuL4). In addition, both P4 and
peptide conjugates (J-EuL3P4 and J-EuL4P4) were found to have selective
cytotoxicity in EBV-positive cells over EBV-negative cells, and J-EuL4P4
demonstrated the strongest cytotoxicity among them (IC50 = 31 M).
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4.2 Results and Discussion
Synthetic route
The synthetic route for the preparation of J-EuL3, J-EuL4, J-EuL3P4 and J-EuL4P4
was shown in scheme 4.1. It starts with mono-substitution of the amine group in
4-iodoaniline by iodoethane to get N-ethyl-4-iodoaniline, which was then reacted with
ethyl bromoacetate to substitute the other amine group to get the compound 3.
Compound

4

was

got

via

sonogashira

reaction

of

compound

3

with

(4-ethynylpyridin-2-yl) methanol which is catalyzed by Pd(PPh3)4. The -OH in
compound 4 was then substituted by –OMs to get compound 5, for the latter is a
better

leaving

group.

Then

it

was

reacted

with

the

tri-tert-butyl

2,2’,2’’-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate, hydrolyzed with the
ethyl ester to get compound 7. The next hydrolysis of compound 7 generated two
compounds - J-EuL3 and J-EuL4, it was done through the controlling of reaction pH.
The J-EuL3 and J-EuL4 were then coupled with peptide P4, to get the titled probes.
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Scheme 4.1 The synthetic route for the preparation of J-EuL3, J-EuL4, J-EuL3P4 and
J-EuL4P4.
Photophysical properties-general photophysical properties
The absorption and emission (emission from both ligand part and Eu(III) part) of
J-EuL3, J-EuL4, J-EuL3P4 and J-EuL4P4 are recorded as shown in Figure 4.3. J-EuL3
and J-EuL3P4 showed similar absorption and emission spectra (the same case of
J-EuL4 and J-EuL4P4) as the only difference among them is the coupling of peptides
which is non-fluorescent. Both four molecules demonstrated strong Eu(III) emission
132

compared to the emission from the ligand part, indicating the potential application of
them in taking advantage of lanthanide luminescence, as reviewed in the introduction
part.
There is difference when compared the absorption spectra between J-EuL3/ J-EuL3P4
and J-EuL4/ J-EuL4P4, the maximum absorption wavelength of J-EuL3/ J-EuL3P4 is
appeared ~340 nm, while J-EuL4/ J-EuL4P4 was found to have dual-absorption peak,
a stronger absorbance at 340 nm and a much weaker absorbance at 385 nm, as
characterized for the LE and ICT excited state, respectively.
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Figure 4.3 The absorption and emission spectra of J-EuL3, J-EuL4, J-EuL3P4 and
J-EuL4P4 in DMSO (Conc.: 5 M).
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Photophysical properties-salvation study
The absorption and emission spectra of J-EuL3, J-EuL4, J-EuL3P4 and J-EuL4P4
were also measured and compared in seven solvents. One interesting finding is that
the almost ‘off-on’ Eu(III) on the comparison in a polar solvent H2O and a relative
small polar solvent DMSO were observed for all four molecules as shown in Figure
4.4. With this finding, the two peptide conjugates-J-EuL3P4 and J-EuL4P4 will
properly respond significantly when the strong binding of them to EBNA1 occurs in
vitro due to the changing on the environment polarity.
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Figure 4.4 The comparison of emission from Eu(III) part of J-EuL3, J-EuL4,
J-EuL3P4 and J-EuL4P4 in two solvents, the almost ‘off-on’ Eu(III) emissions for the
four molecules were observed by decreasing the solvent polarity from H2O to DMSO.
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Selective cellular uptake of J-EuL4P4 in EBV-positive cells
The cellular uptake of J-EuL3, J-EuL4, J-EuL3P4 and J-EuL4P4 in both the
EBV-positive and EBV-negative cell lines were carried out as shown in figure 4.5 via
ICP-MS. ICP-MS is an effective tool for the investigation of cellular uptake
properties for metal complexes. The EBV-positive cells used are the MRC-5 and
HeLa cells and the EBV-negative cell line adopted is the NPC43 cells. Both J-EuL3P4
and J-EuL4P4 demonstrated good cellular uptake in the three cell line, what’s more, it
is notably that the peptide conjugates showed a very impressive increasing in the
cellular uptake when compared with Eu(III) complexes.
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Figure 4.5 Cellular uptake of two Eu(III) complexes (J-EuL3, J-EuL4) and two
peptide conjugates (J-EuL3P4, J-EuL4P4) in three cell lines. After conjugated with
peptide P4, the cellular uptake was greatly increased.
Selective cytotoxicty of J-EuL4P4 in EBV-positive cells
The cytotoxicity of J-EuL3, J-EuL4, J-EuL3P4, J-EuL4P4 and P4 (served as control)
were tested in three cell lines, two EBV-negative cell lines and one EBV-positive cell
line. It was found that the five molecules showed minimal cytotoxicity even at the
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highest dosage (100 M) in the EBV-negative cells, while in the EBV-positive NPC43
cells, EuL3P4, EuL4P4 and P4 showed a strong and a general dose-dependent
cytotoxicity, indicating the coupling of Eu(III)-based luminescent molecules to P4 not
decreased the cytoxicity of P4 through the validated inhibition on EBNA1
dimerization. Besides, the strongest cytotoxicity of J-EuL4P4 among the three
molecules is due to its strongest nucleus localization, thus obtained the best
interference on EBNA1 homodimerization.
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Figure 4.6 Selective cytotoxicity of J-EuL4P4 among EBV-negative MRC-5, HeLa
cells and EBV-positive NPC43 cells (incubation time: 24 hours).
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4.3 Conclusion
A lanthanide-based luminescent probe-J-EuL4P4 was designed and synthesized for
the imaging and inhibition of EBV-positive tumours. The probe demonstrated both
emission from the ligand part and from Eu(III), indicating that it is capable to take
advantage of Eu(III) luminescence for the imaging of EBV-positive cells. Besides, the
nearly ‘off-on’ emission of this probe in a polar solvent H2O and a relative small polar
solvent DMSO was also observed. And through this line, we propose that the
responsive europium emission will be achieved when the probe binds EBNA1. The
dramatic increasing in cellular uptake was found after conjugated with the peptide,
indicating that the peptide will greatly facilitate cell permeability. Additionally, both
P4 and P4 conjugates (J-EuL3P4 and J-EuL4P4) showed the selective cytotoxicity in
EBV-positive cells over EBV-negative cells, and J-EuL4P4 was found to have the
strongest cytotoxicity among them.
What need to be further investigated of EuL4P4 is the luminescence titration upon
addition of EBNA1 and its confocol imaging. The former is to check whether the
responsive Eu(III) emission can be obtained through this system and the later is to see
whether this strong and selective cytoxoicity of EuL4P4 was formed through the
inhibition of EBNA1 homodimerization on nucleus level of EBV-positive cells.
All my PhD work is centred on the imaging and inhibition of EBV-related diseases for
its critical role involved in several kinds of both non-malignancies and malignancies.
We equipped our designed probe step by step, through the initial simultaneous
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imaging and inhibition in vitro to the strong and selective cytotoxicity of
EBV-positive tumours with responsive signals both in vitro and in vivo, and then to
take advantage of lanthanide emission to further arms it. While we know our work is
far from enough to fully understand the biological functions of EBNA1 and fully
inhibit EBNA1, we indeed get some new insights and provide a useful exploratory
system and this will be interesting for many researchers working in the fields of EBV,
tumour viruses, virus-associated malignancies, or new strategies of therapeutic
intervention.
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Chapter 5 EXPERIMENTAL PROCEDURES
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5.1 Experimental procedures for chapter 2
Chemicals and Materials
All chemicals used were of reagent-grade; they were purchased from Sigma-Aldrich
and used directly without further purification. All analytical grade solvents were dried,
distilled or deaerated under standard procedures before use. NMR spectra in this
chapter were prepared on Bruker Ultrashield 400 Plus NMR spectrometer. The 1H
NMR chemical shifts were referenced with tetramethylsilane, TMS (d = 0.00). The
following abbreviations were used to represent the multiplicities, s = singlet, d =
doublet, t = triplet, q = quartet. High-resolution mass spectra were reported as m/z and
were obtained on a Bruker Autoflex MALDI-TOF mass spectrometer.
Synthesis
2: Iodoethane (1.2 equiv.) was added to a solution of 4-methylpyridine (1 equiv.) in
MeCN (0.5 M), the mixed solution was reacted for 3 hours under 90 C. The solvent
was removed under reduced pressure when the reaction finished, the crudes was then
mixed with ethyl ether and ultrasonic the mixture for 30 minutes. After that, the
solution was filtered and the solid was dried to get the titled compound with 96%
yield. 1H NMR (400 MHz, CDCl3):  - 9.24 (d, J = 6.8 Hz, 2H), 7.87 (d, J = 6.4 Hz,
2H), 4.92 (m, 2H), 2.65 (s, 3H), 1.68 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3):
 - 158.95, 143.67, 128.97, 56.46, 22.37, 17.14.
4: 4-hydroxybenzaldehyde (1 equiv.) was reacted with ethyl bromoacetate (1.2 equiv.)
by in the presence of K2CO3 (3 equiv.), the reaction proceed by using MeCN (0.5 M)
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as solvents, ant it reacted overnight under 55 C. It was filtered when the reaction
finished, and the solution was concentrated under reduced pressure. Purification of the
product was achieved with column chromatography with 90% yield. 1H NMR (400
MHz, CDCl3):  - 9.88 (s, 1H), 7.83 (d, J = 9.2 Hz, 2H), 6.99 (d, J = 8.4 Hz, 2H), 4.69
(s, 2H), 4.26 (m, 2H), 1.28 (t, J = 7.2 Hz, 3H);

13

C NMR (100 MHz CDCl3):  -

190.92, 168.24, 162.79, 132.15, 130.89, 115.06, 65.37, 61.86, 14.32.
5: 4 (1 equiv.) was added into a solution of 2 (1 equiv.) in MeOH, the reaction proceed
with several drops of piperidine, and it maintained at 65 C, and it was changed to RT
at which point the most compounds precipitated. It was then filtered, a quick wash
was adopted by using a mixture of MeOH and cold water, after that, the solid was
dried to get the titled compound with the yield of 87%. 1H NMR (400 MHz, MeOD):
 - 8.76 (d, J = 6.8 Hz, 2H), 8.13 (d, J = 6.8 Hz, 2H), 7.90 (d, J = 16.4 Hz, 1H), 7.72
(d, J = 8.8 Hz, 2H), 7.30 (d, J = 16 Hz, 1H), 7.02 (d, J = 8.8 Hz, 2H); 13C NMR (100
MHz MeOD):  - 178.08, 169.09, 162.74, 153.48, 150.10, 139.55, 138.09, 133.09,
130.75, 124.84, 74.33, 70.40, 64.75, 25.81, 23.68; HRMS (m/z): [M]+ calcd. for
C19H22N3+, 312.1600, found, 312.1601.
JL: 5 (1 equiv.) was dissolved in 0.4 M NaOH: dioxane at 1:1 (v: v) (0.2 M) and
stirred at RT for 4 hours. Then the HCl aqueous solution was added to adjust the pH
value to 6 - 7, and the solution was concentrated under reduced pressure, purification
of the product was achieved with column chromatography in 67% yield. 1H NMR
(400 MHz dimethyl sulfoxide – d6):  - 8.91 (d, J = 7.2 Hz, 2H), 8.18 (d, J = 6.8 Hz,
2H), 7.98 (d, J = 16.4 Hz, 1H), 7.71 (d, J = 8.8 Hz, 2H), 7.38 (d, J = 16.4 Hz, 1H),
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7.04 (d, J = 8.8 Hz, 2H), 4.77 (s, 2H), 4.50 (m, 2H), 1.52 (t, J = 7.4 Hz, 3H);

13

C

NMR (100 MHz, dimethyl sulfoxide – d6):  - 169.92, 159.71, 153.15, 143.87, 140.59,
129.92, 128.25, 123.45, 121.01, 115.19, 55.14, 16.19; HRMS (m/z): [M]+ calcd. for
C17H18NO3+, 284.1287, found, 284.1665.
JLP1/ P2: All peptide conjugates were synthesized following a similar procedure. A
stirred solution of JL (1 equiv.) in anhydrous DMF (0.1 M) was mixed with PyBOP (3
equiv.) and DIPEA (6 equiv.). After stirring at RT for 5 minutes to activate the
carboxy group, the mixture solution was added into a vial which contains peptide (0.2
mmol) (P1/P2). It was then reacted at RT for 1 hour. After that, the solution was
filtered, and the remained solids was washed with DMF (5*5 ml) and dried. All
peptide conjugates were arranged for a double couple (couple twice) by repeating the
above procedure to get the crudes, and the crudes were purifies via HPLC before use.
JLP1: Y: 20%. HRMS (m/z): [M+H]+ calcd. for C57H70N8O9S2+, 1074.4704;
found,1074.9224.
JLP2: Y: 20%. HRMS (m/z): [M+H]+ calcd. for C54H65N7O8S+,971.4615; found,
971.4360.
Methods
Luminescence titration analysis: The luminescence titration experiment was
conducted with gradually addition of EBNA1 protein, which will be ceased either
when the volume of added analytes totalled 5% of the probes or the influence on
luminescence was saturated.
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Protein samples preparation: EBNA1 protein (379-641 a.a.) fused with glutathione
S-transferase was expressed in Escherichia coli and purified by glutathione sepharose
4B rinse (GE Healthcare Dharmacon), afterwards 5 g EBNA1 was prepared and
incubated with MBS at 37C for 10 minutes. The protein was separated on an
SDS-PAGE gel, transferred onto the nitrocellulose membrane and blotted by
antibodies (#RG001040, Solarbio, Bioscience & Technology Co., LTD).
Cell culture: The EBV-negative MRC-5 and HeLa cells were provided by the
Shanghai cell bank, Chinese Academy of sciences; the EBV-positive nasopharyngeal
carcinoma C666-1 cells were supplied by the Hong Kong NPC AoE Cell Line
Repository.
MRC-5 (normal lung fibroblasts) cells were grown in Minimum Essential Medium
(MEM); HeLa (cervical carcinoma) cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM); C666-1 (nasopharyngeal carcinoma) cells were grown in Roswell
Park Memorial Institute (RPMI)-1640 medium. All medium used was supplemented
with 10% fetal bovine serum (FBS), 1% penicillin and streptomycin at 37C and 5%
CO2.
Flow cytometry analysis: HeLa and C666-1 cells (105 per sample) were seeded to 35
m Petri dishes overnight. Afterwards, the cells were incubated with the probes as
indicated, and then washed with PBS several times. Cellular uptake was evaluated
with flow cytometry under 488 nm excitation generated by an argon laser. The
emission was obtained by using FL2-H (log). 10000 events were analyzed to get the
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cellular uptake.
In vitro imaging: Treated cells were incubated for 6 hours before monitoring/imaging.
Imaging was conducted with a commercial multi-photon Leica SP8 confocal
microscope equipped with a coherent fs laser (680 nm to 1050 nm), argon laser (432
nm, 457 nm and 488 nm), He-Ne laser (632 nm), UV-lamp and controlled CO2
content stage-top tissue culture chamber (2-7 % CO2, 37C).
Cytotoxicity test: The MTT viability assay was performed according to standard
methods. In brief, cells (3103/ well) were seeded in 96-well plates 24 hours prior to
exposure to the probes. The cells were incubated with the probes in the dark for
another 24 hours. The cytotoxicity was determined by the MTT reduction assay. The
cell monolayers were rinsed with phosphate-buffered saline (PBS) and then incubated
with 50 uL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
solution (0.5 mg/ mL) at 37C for 3 hours. Then the media were removed, and 100 uL
of DMSO solubilizing reagent was added and shaken for 30 minutes to dissolve the
formed formazan crystals in the living cells.
Statistical analysis. The intensity of the protein bands and raw images were
measured by Gel-Pro Analyzer to obtain the average of three independent experiments,
showed as mean ± S.D. The results were presented as the column plot operated by
GraphPad Prism 5.0. Single factor analysis of variance was used to detect the
significance of difference; The absorbance of the formed formazan crystals in
cytotoxicity test was measured at dual wavelength, 540nm and 690nm, on a
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Labsystem Multiskan microplate reader (Merck Eurolab, Switzerland). Each dosed
concentration was performed in triplicate wells, and repeated twice for the MTT assay.
Data were shown as mean ± S.D.
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5.2 Experimental procedures for chapter 3
Chemicals and Materials
All chemicals used were of reagent-grade; they were purchased from Sigma-Aldrich
and used directly without further purification. All analytical grade solvents were dried,
distilled or deaerated under standard procedures before use. Almost all reactions were
monitored by thin-layer chromatography (TLC); the TLC was done on silica gel
plates (0.25 mm, 60 F254) using UV lights as visualizing method. Flash column
chromatography was carried out to purify most of all molecules by using 230-400
mesh silica gel. Those high polar molecules, such as peptides or peptide conjugates,
were purified by preparative HPLC. NMR spectra in this chapter were prepared on
Bruker Ultrashield 400 Plus NMR spectrometer. The 1H NMR chemical shifts were
referenced with tetramethylsilane, TMS (d = 0.00). The following abbreviations were
used to represent the multiplicities, s = singlet, d = doublet, t = triplet, q = quartet, dd
= doublet of doublets. High-resolution mass spectra were reported as m/z and were
obtained on a Bruker Autoflex MALDI-TOF mass spectrometer.
Synthesis
3: 4-Methylpyridine (1.70 g, 18.254 mmol) and sodium hydride (0.77 g, 19.167 mmol,
60% dispersion in mineral oil) were mixed with anhydrous DMF (10 ml). The mixture
was heated at 60C for 2 hours. Afterwards 4-(N, N’-diethylamino) benzaldehyde
(3.56g, 20.079 mmol) was added and the mixture was kept at this temperature for 7
hours. The resulting solution was cooled to RT and poured into MeOH (100 ml).
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Bright yellow precipitates appeared immediately which was filtered and washed with
a mixture of MeOH: water (1: 1) and dried under vacuum (yield: 62%); 1H NMR (400
MHz, CDCl3): δ - 8.50 (dd, J1 = 1.6 Hz, J2 = 4.8 Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H),
7.31(dd, J1 = 1.2 Hz, J2 = 4.8 Hz, 2H), 7.23 (d, J = 16.4 Hz, 1H), 6.77(d, J = 16 Hz,
1H), 6.67 (d, J = 8.8 Hz, 2H), 3.40 (q, J = 7.2 Hz, 4H), 1.19 (t, J = 7.2 Hz, 6H); 13C
NMR (100 MHz, CDCl3): δ - 149.91, 148.14, 145.67, 133.37, 128.55, 123.22, 120.30,
111.45, 77.20, 44.41, 12.62; HRMS (m/z): [M]+ calcd. for C17H20N2, 252.1626; found,
252.1611.
4: To a solution of 3 (2.86g, 11.317mmol) in MeCN (57 ml) was added ethyl
bromoacetate (2.29g, 13.682 mmol). The reaction mixture was heated to 85C and
reacted overnight. The mixture was filtered and the solution was concentrated under
reduced pressure. Purification of the product was achieved with column
chromatography in 90% yield; 1H NMR (400 MHz, CDCl3): δ - 8.83 (d, J = 7.2 Hz,
2H), 7.72 (d, J = 6.8 Hz, 2H), 7.59 (d, J = 16 Hz, 1H), 7.51 (d, J = 8.8 Hz, 2H), 6.82
(d, J = 16 Hz, 1H), 6.68 (d, J = 9.2 Hz, 2H), 5.89 (s, 2H), 4.30 (q, J = 7.2 Hz, 2H),
3.45 (q, J = 7.2 Hz, 4H), 1.33 (t, J = 7.2 Hz, 3H), 1.23 (t, J = 7.2 Hz, 6H); 13C NMR
(100 MHz, CDCl3): δ - 166.53, 155.02, 150.39, 144.65, 143.74, 131,30, 121.66,
115.73, 111.57, 77.23, 63.10, 59.43, 44.69, 14.08, 12.63; HRMS (m/z): [M]+ calcd.
for C21H27N2O2+, 339.2067; found, 339.2046.
5: 4 (4.27 g, 10.185mmol) was dissolved in 0.4 M NaOH: dioxane at 1:1 (v: v) (85 ml)
and stirred at RT for 4 hours. Then the HCl aqueous solution was added to adjust the
pH value to 6 - 7, and the solution was concentrated under reduced pressure.
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Purification of the product was achieved with column chromatography in 67% yield;
1

H NMR (400 MHz, MeOD): δ - 8.33 (d, J = 6.8 Hz, 2H), 7.82 (d, J = 6.8 Hz, 2H),

7.70 (d, J = 16 Hz, 1H), 7.49 (d, J = 9.2 Hz, 2H), 6.95 (d, J = 16.4 Hz, 1H), 6.66 (d, J
= 9.2 Hz, 2H), 4.88 (s, 2H), 3.38 (q, J = 7.2 Hz, 4H), 1.11 (t, J = 7.2 Hz, 6H);
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C

NMR (100 MHz, MeOD): δ - 154.03, 150.04, 143.89, 142.70, 130.51, 127.22, 122.10,
121.50, 115.91, 111.25, 61.73, 44.11, 11.54; HRMS (m/z): [M]+ calcd. for
C19H23N2O2+, 311.1754; found, 311.1758.
L2P2-L2P4: All peptide conjugates were synthesized following a similar procedure. A
stirred solution of L2 (0.21 g, 0.6 mmol) in anhydrous DMF (5 ml) was mixed with
PyBOP (0.31 g, 0.6 mmol) and DIPEA (0.16 g, 1.2 mmol). After stirring at RT for 5
minutes to activating the carboxy group, the mixture solution was added into a vial
which contains peptide (0.2 mmol) (P2/P3/P4). It was then reacted at RT for 1 hour.
After that, the solution was filtered, and the remained solids was washed with DMF
(5*5 ml) and dried. All peptide conjugates were arranged for a double couple by
repeating the above procedure (couple twice).
L2P2: Y: 20%. HRMS (m/z): [M]+ calcd. for C56H69N8O7S+,998.5083; found,
998.5185.
L2P3: Y: 15%. HRMS (m/z): [M+H]+ calcd. for C93H140N26O15S2+,1925.0427; found,
1925.0363.
L2P4: Y: 15%. HRMS (m/z): [M+H]+ calcd. for C93H140N26O15S2+,1925.0427; found,
1925.0450.
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HPLC purification: All peptide conjugates were used after purified by HPLC, which
was carried out on either a preparative column (C18, 10.0 x 250 mm, 5 m particle
size), or on a LCT Premier XE mass spectrometer using a BEH analytical column
(C18, 2.1 x 50 mm, 1.7 m particle size). Peptides/probes were eluted in H2O/ MeCN
+ 0.1% TFA. The gradient elution used for purification was 0-55% B in 60 minutes,
and it was set at 0-100% B in 30 minutes for the analysis. The mass spectrometry was
carried out on a TQD mass spectrometer (Waters Ltd, UK). Peptides/probes identities
were also confirmed by MALDI-TOF mass spectra analysis (Autoflex II ToF/ToF
mass spectrometer Bruker Daltonik GmBH) operating in positive ion mode using the
α-cyano-4-hydroxycinnamic acid (CHCA) matrix.
L2P4 was taken as an example to show the detailed purification procedure. Before the
preparative HPLC, the MALDI-TOF spectrum of L2P4 crude was prepared. It showed
both L2P4 and P4 identities, and the m/z peak corresponded to P4 was even stronger
than L2P4. Afterwards L2P4 crude was weighted out to prepare a 5 mg/mL solution in
water to perform the preparative HPLC.
(a)
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calcd. for [P4+]: 1630.9
found: 1631.7

MS spectrum of P4

(b)

MS spectrum of L2P4
[P4+]:

calcd. for
1630.9
found: 1632.0

calcd. for [L2P4+]: 1924.0
found: 1925.2

(c)
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L2P4 crude

Voltage/ mV

2000

1500

1000

500

0

0

10

20

30

40

50

60

70

Retention time/ min

Figure 5.1 (a) showed the MALDI-TOF spectrum of crude P4, (b) showed the
MALDI-TOF spectrum and (c) showed the HPLC spectrum of crude L2P4.
Table 5.1 Solvent gradient used for preparative HPLC.
STEP

TIME

FLOW

%A

%B

%C

%D

CURV

0

3.0

2.00

100

0.0

0.0

0.0

1

60.0

2.00

45.0

55.0

0.0

0.0

1.0

2

10.0

2.00

0.0

100

0.0

0.0

1.0

3

10.0

2.00

0.0

100

0.0

0.0

4

10.0

2.00

100

0.0

0.0

0.0

5

5.0

2.00

100

0.0

0.0

0.0

6

HALT

1.0

All peaks appeared in the preparative HPLC has been collected and sent for the
MALDI-TOF analysis. The retention time range (31.0-33.2) corresponded to L2P4 has
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been collected and prepared for the analytical HPLC. It will undergo one more
preparative and analytical HPLC until the pure analytical HPLC spectrum with only a
single peak was obtained.
(a)

calcd. for [L2P4+]: 1924.035
found: 1925.368

(b)
100
pure L2P4

Voltage/ mV

80
60
40
20
0
0

5

10

15

20

25

30

Retention time/ min

Figure 5.2 (a) showed the MALDI-TOF spectrum of pure L2P4 and (b) showed the
analytical HPLC spectrum of pure L2P4. The strongest peak at 1632.0 which
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corresponded to P4 identity has been removed finally.
Table 5.2 Solvent gradient used for analytical HPLC.
STEP

TIME

FLOW

%A

%B

%C

%D

0

3.0

2.00

100

0.0

0.0

0.0

1

30.0

2.00

0.0

100

0.0

0.0

2

10.0

2.00

0.0

100

0.0

0.0

3

10.0

2.00

100

0.0

0.0

0.0

4

5.0

2.00

100

0.0

0.0

0.0

5

HALT

CURV

1.0

1.0

Figure 5.3 LCMS analysis of purified L2P4 (calcd for [L2P4+2H]2+: 963.025, found:
963.592; calcd for [L2P4+3H]3+: 642.352, found: 643.479; calcd for [L2P4+4H]4+:
482.016, found: 482.785; calcd for [L2P4+5H]5+: 385.814, found: 386.441; calcd for
158

[L2P4+6H]6+: 321.680, found: 322.949).

Experimental [M+2H]2+

Figure 5.4 The simulated (upper) and experimental (lower) accurate mass spectrum
of pure L2P4.
100

100
pure L2P3

pure L2P2
80
Voltage/ mv

Voltage/ mV

80
60
40

60
40

20

20

0

0
0

5

10

15

20

25

30

0

Retention time/ min

5

10

15

20

Retention time/ min

Figure 5.5 The analytic HPLC spectrum of pure L2P2 and L2P3.
Methods
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General photophysical measurement: UV-visible absorption spectra in the spectral
range 200 to 800 nm were recorded by an HP UV-8453 spectrometer. Emission
spectra were recorded using a Fluorolog-3 Combined Fluorescence Lifetime and
Steady state spectrofluorometer. This is equipped with a NL-C2 Pulsed Diode
Controller NanoLED, which is a cost-effective source of picoseconds and
nanoseconds optical pulses at a wide range of wavelengths from ultraviolet to NIR.
Emission quantum yield of L2P2-L2P4: The quantum yields of L2P2-L2P4 with and
without WT-EBNA1, were measured by the comparative method using rhodamine 6G
( = 95 %) in water under excitation at 480 nm as references. Quantum yields of
L2P2-L2P4 were evaluated by the following equation:


s = ( ) ( ) 2 r


equation 1

Where the subscripts r and s denote reference and sample respectively,  is the
quantum yield, G is the slope from the plot integrated emission intensity vs
absorbance, and  is the refractive index of the solvent. The correction curve was
obtained by comparing the experimentally recorded spectrum of the standard
rhodamine 6G with the published data.
Bind constant via luminescence titration: Luminescence titration analysis was
conducted with gradually addition of WT-EBNA1 to evaluate the binding constants
between the three probes and WT-EBNA1. Addition of WT-EBNA1 was ceased either
when the volume of added anion totaled 5% of the probes solution or the influence on
luminescence was saturated. The binding constants for Ka were obtained from the
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double logarithm regression curve:
lg[(I-I0)/I0] = lg Ka + n lg[G]

equation 2

Where I and I0 are current and initial fluorescence, respectively, Ka is the binding
constant, n is the number of binding sites per WT-EBNA1, and [G] is total
concentration of WT-EBNA1.
Selectivity test via luminescence titration: Titration experiments were prepared to
investigate the effect of several common biological anions and bull serum albumin
(BSA) on the L2P3 and L2P4 (The selectivity of L2P2 to different biological anions
and proteins were not measured due to the titration of L2P2 to WT-EBNA1 did not
show any enhancements, demonstrated that there is an extremely weak or even no
binding between L2P2 and WT-EBNA1). Liquid concentrated stock solutions of each
anion, as well as BSA, were added individually and gradually to a solution of the
probes concerned. Addition of the solution was ceased either when the concentration
of biological ions reached 1mM or the influence on probe luminescence was saturated.
Luminescent emission spectra were determined via aforementioned procedure.
Absorption spectrum in different solvents: The absorption spectra of L2P4 in polar
nd non-polar solvents have been measured to further investigate the ICT state.
pH-Dependent emission: The emission of L2P4 in different pH has also been
measured to further confirm the existence of ICT state. The emission band at 614 nm
gradually decreased with pH changing from 7 to 2, this observation well consistent
with the characteristic of ICT emission, as the nitrogen lone pair bound to H+, so it
161

was not available to generate ICT state, and hence for the decreasing in the ICT state
emission.

Meanwhile,

the

pKa

value

has

been

calculated

through

the

Henderson-Hosslbalch equation:
pH = pKa + log

equation 3

Lifetime decay in different solvents: The emission lifetime decays of L2P4
(monitored at 625nm) in polar and non-polar solvents were determined on a
Fluorolog-3 spectrofluorometer with the NanoLED by using a 460 spectral LED
source (HKBU, Department of Chemistry).
Protein samples preparation: Five protein samples were used during this work.
WT-EBNA1 protein (379-641 a.a.) fused with glutathione S-transferase was
expressed in Escherichia coli and purified by glutathione sepharose 4B rinse (GE
Healthcare Dharmacon), afterwards 5 g EBNA1 was prepared and incubated with
MBS at 37C for 10 minutes. The protein was separated on an SDS-PAGE gel,
transferred onto the nitrocellulose membrane and blotted by antibodies (#RG001040,
Solarbio, Bioscience & Technology Co., LTD). EBNA1 mutant proteins were
prepared by mutation of YFMVF to FFAVA (yielding EBNA1-3A mutant) or
conservative point mutation of Y561, M563, F565 to A (yielding EBNA1-Y561A,
EBNA1-M563A and EBNA1-F565A) through site-directed mutagenesis.
Cell culture: The EBV-negative MRC-5 and HeLa cells were provided by the
Shanghai cell bank, Chinese Academy of sciences; the EBV-negative nasopharyngeal
carcinoma CNE2 and EBV-positive nasopharyngeal carcinoma C666-1 cells were
162

supplied by the Hong Kong NPC AoE Cell Line Repository; the EBV-negative
Burkitt’s lymphoma Ramos and EBV-positive Burkitt’s lymphoma Raji cells were
afforded by H. L. Lung; the newly derived EBV-positive nasopharyngeal carcinoma
NPC43 cells were contributed by S. W. Tsao.
MRC-5 (normal lung fibroblasts) cells were grown in Minimum Essential Medium
(MEM); HeLa (cervical carcinoma) cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM); CNE2 and C666-1 (nasopharyngeal carcinoma), Ramos and Raji
(Burkitt’s lymphoma) cells were grown in Roswell Park Memorial Institute
(RPMI)-1640 medium. All medium used was supplemented with 10% fetal bovine
serum (FBS), 1% penicillin and streptomycin at 37C and 5% CO2. NPC43 cells were
maintained in RPMI1640 with 10% serum and 4 M ROCK inhibitor Y27632 ROCK
(Enzo Life Sciences).
NPC43 cells were established from a surgical resected NPC tissue from a male patient,
64 years old with Stage III recurrent NPC. The NPC43 cell harbour EBV virus and
was kept in RPMI supplemented with 10% FBS and 4 M of a Rho kinase inhibitor,
Y27632 over 200 population doublings. The NPC43 is tumourigenic when injected at
subcutaneous site (10 million cells) of NOD/SCID mice. STR profiling confirms its
origin from the NPC patients. The NPC43 cells could be induced to under lytic
reactivation of EBV by treatment with TPA/sodium butyrate and infectious EBV
could be harvested from supernatant of NPC43 cells. All cell line used in the current
study were tested and confirmed to be mycoplasm-negative, and authenticated by
using the AmpFℓSTR Identifier PCR Amplification kit (Life Technologies).
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Flow cytometry analysis: HeLa and C666-1 cells (105 per sample) were seeded to 35
m Petri dishes overnight. Afterwards, the cells were incubated with the probes as
indicated, and then washed with PBS several times. Cellular uptake was evaluated
with flow cytometry under 488 nm excitation generated by an argon laser. The
emission was obtained by using FL2-H (log). 10000 events were analyzed to get the
cellular uptake.
In vitro imaging and Co-staining: Treated cells were incubated for 6 hours before
monitoring/imaging. For co-staining experiments after incubation cells were further
treated with 1nM nucleus lyso Green DND-26 tracker/mito Green FM M7514
tracker/Hoechst 33342 nuclear dye for 1 hour. Imaging was conducted with a
commercial multi-photon Leica SP8 confocal microscope equipped with a coherent fs
laser (680 nm to 1050 nm), argon laser (432 nm, 457 nm and 488 nm), He-Ne laser
(632 nm), UV-lamp and controlled CO2 content stage-top tissue culture chamber (2-7 %
CO2, 37C).
Cytotoxicity test. The MTT viability assay was performed according to standard
methods. In brief, cells (3103/ well) were seeded in 96-well plates 24 hours prior to
exposure to the probes. The cells were incubated with the probes in the dark for
another 24 hours. The cytotoxicity was determined by the MTT reduction assay. The
cell monolayers were rinsed with PBS and then incubated with 50 uL MTT solution
(0.5 mg/ mL) at 37C for 3 hours. Then the media were removed, and 100 uL of
DMSO solubilizing reagent was added and shaken for 30 minutes to dissolve the
formed formazan crystals in the living cells.
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Nude mice carrying C666-1/HeLa xenograft and intra-tumoural injection (HeLa
xenografts served as control): C666-1/HeLa cells (1 × 107) were suspended in serum
free medium (C666-1) or mixed 1:1 with Matrigel (HeLa) to a final volume of 150μl
and injected into the right flanks of male (C666-1) or female (HeLa) 6- to 8-week-old
BALB/c nude mice, which were all obtained from BioLASCO (Taiwan). When
tumours grew to an average volume of 200–300 mm3, prior to initiation of treatment,
xenografted mice were randomized into groups based on tumour size (i.e. no
individual mouse demonstrated more than 10% difference in tumour size group
counterparts) and ANOVA performed to ensure that there were no statistical
differences between groups. P4 and L2P4 in 0.1% DMSO at the desired dose (2 or 4
µg/tumour; low or high dose) were injected directly into the tumour using a 29 gauge
syringe. Mice receiving an equivalent volume of 0.1% DMSO alone served as
controls. Body weight and tumour volumes were measured twice weekly. Tumour
volumes were calculated as (length × width2)/2. Intra-tumoural tumour injections
were repeated twice weekly, after which the mice were sacrificed and their tumours
harvested and weighed. Investigators were blind to the treatment groups during the
experiments and data analysis. All animals were included in the analysis, no power
analyses were used to calculate the sample size for the animal studies. All animal
experiments were approved by the Department of Health of the Hong Kong
Government, Hong Kong Baptist University Committee on the Use of Human and
Animal Subjects in Teaching and Research and the Animal Subjects Ethics
Sub-Committee of Hong Kong Polytechnic University.
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Statistical analysis: The intensity of the protein bands and raw images were
measured by Gel-Pro Analyzer to obtain the average of three independent experiments,
showed as mean ± S.D. The results were presented as the column plot operated by
GraphPad Prism 5.0. Single factor analysis of variance was used to detect the
significance of difference; The absorbance of the formed formazan crystals in
cytotoxicity test was measured at dual wavelength, 540nm and 690nm, on a
Labsystem Multiskan microplate reader (Merck Eurolab, Switzerland). Each dosed
concentration was performed in triplicate wells, and repeated twice for the MTT assay;
Data were shown as mean ± S.D. Statistical analyses of tumour size and volume in the
animal studies were conducted using the Student’s t-test. Results of P < 0.05 were
considered significant. Data were expressed as mean ± SEM.
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5.3 Experimental procedures for chapter 4
Chemicals and Materials
All chemicals used used were of reagent-grade; they were purchased from
Sigma-Aldrich and used directly without further purification. All analytical grade
solvents were dried, distilled or deaerated under standard procedures before use.
Almost all reactions were monitored by TLC; the TLC was done silica gel plates (0.25
mm, 60 F254) using UV lights as visualizing method. Flash column chromatography
was carried out to purify most of all molecules by using 230-400 mesh silica gel.
While those high polar molecules, such as peptides or peptide conjugates, were
purified by preparative HPLC. NMR spectra in this chapter were prepared on Bruker
Ultrashield 400 Plus NMR spectrometer. The

1

H NMR chemical shifts were

referenced with tetramethylsilane, TMS (d = 0.00). The following abbreviations were
used to represent the multiplicities, s = singlet, d = doublet, t = triplet, q = quartet, dd
= doublet of doublets, m = multiplet, br = broad. High-resolution mass spectra were
reported as m/z and were obtained on a Bruker Autoflex MALDI-TOF mass
spectrometer.
Synthesis
2: To a solution of 4-iodoaniline (1.0 equiv.) and Na2CO3 (0.8 equiv.) in DMF (0.1 M)
was added iodoethane (1.0 equiv.). The resulting mixture was heated to 70 C
overnight. The reaction was cooled to RT when the reaction finished, the solvent was
removed under reduced pressure. After that, EA was added to dissolve the solids and
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then the solution was extracted with H2O, dried with Na2SO4, filtered and
concentrated. Purification of the product was achieved with column chromatography
in 51 % yield; 1H NMR (400 MHz, CDCl3): δ - 7.41 (dd, J1 = 2.0 Hz, J2 = 6.8 Hz, 2H),
6.38 (dd, J1 = 2.4 Hz, J2 = 6.8 Hz, 2H), 3.11 (q, J = 7.2 Hz, 2H), 1.24 (t, J = 7.2 Hz,
3H); 13C NMR (100 MHz, CDCl3): δ - 137.85, 115.03, 38.44, 14.84.
3: Na2CO3 (1.5 equiv.) was added into a solution of 2 (1 equiv.) in MeCN (0.5 M),
followed by the adding of ethyl bromoacetate (2.2 equiv.). The reaction was then
heated to reflux overnight. The solvent was removed under reduced pressure when the
reaction finished. The solids was then dissolved in EA and extracted with H2O, dried
with Na2SO4, filtered and concentrated. Purification of the product was achieved with
column chromatograpgy in 80% yield; 1H NMR (400 MHz, CDCl3): δ - 7.44 (dd, J1 =
2 Hz, J2 = 6.8 Hz, 2H), 6.41 (dd, J1 = 2.4 Hz, J2 = 6.8 Hz, 2H), 4.19 (q, J = 7.2 Hz,
2H), 3.96 (s, 2H), 3.43 (q, J = 7.2 Hz, 2H), 1.26 (t, J = 6.8 Hz, 3H), 1.19 (t, J = 7.2 Hz,
3H).
4: A Schlenk tube was charged with compound 3 (1.1 equiv.), tetrakis
(triphenylphosphine) palladium (1 mol%), cuprous iodide (10 mol%). The reaction
mixture was dissolved in DCM (0.2 M) and buddle with N2. After that, DIPEA (10.0
equiv.) was added, followed by adding (4-ethynylpyridin-2-yl)methanol. The resulting
mixture was stirred under N2 at room temperature overnight. When the reaction
finished, it was extracted with H2O, washed with saturated NH4Cl and NaCl solution,
dried with Na2SO4, filtered and concentrated. The crude product wad purified on
silica to afford the title compound (yield: 74%); 1H NMR (400 MHz, CDCl3): δ - 8.49
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(d, J = 5.2 Hz, 1H), 7.40 (dd, J1 = 2.4 Hz, J2 = 7.2 Hz, 2H), 7.30 (s, 1H), 7.24 (dd, J1 =
1.2 Hz, J2 = 4.8 Hz, 1H), 6.60 (dd, J1 = 2 Hz, J2 = 6.8 Hz, 2H), 4.75 (s, 2H), 4.21 (t, J
= 7.2 Hz, 2H), 4.05 (s, 2H), 3.50 (q, J = 6.8 Hz), 1.25 (m, 6H); HRMS (m/z): [M]+
calcd. for C20H22N2O3, 338.1630, found, 338.1628.
5: DIPEA (10 equiv.) was added into a solution of 4 (1 equiv.) in DCM (0.1 M), after
that, methanesulfonyl chloride (5 equiv.) was added. This reaction is very quick and
after checked by TLC, it was extracted with H2O. The organic phase was combined,
dried with Na2SO4 and concentrated. The solids will be used directly for the next
reaction without further purification.
6: tri-tert-butyl 2,2’,2’’-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (1 equiv.)
was added into a solution of 5 in MeCN (0.5 M) in the presence of K2CO3 (10 equiv.).
K2CO3 was dried at least 2 hours in 100 C oven before use. The reaction was kept at
RT for 24 hours. The solvent was removed under reduced pressure when the reaction
finished, and the purification of the product was achieved on column chromatography
with the yield of 86%; 1H NMR (400 MHz, CDCl3): δ - 8.19 (d, J = 4.8 Hz, 1H), 7.39
(d, J = 8.8 Hz, 2H), 7.25 (s, 1H), 7.16 (dd, J1 = 1.2 Hz, J2 = 4.8 Hz, 1H), 6.60 (d, J =
8.8 Hz, 2H), 4.22 (q, J = 6.8 Hz, 2H), 4.01 (s, 2H), 3.51 (q, J = 7.2 Hz, 2H), 3.48-2.89
(br, 8H), 2.87 (d, J = 16.4 Hz, 4H), 2.68-2.02 (br, 12H), 1.49 (s, 9H), 1.41 (br, 18H),
1.25 (m, 6H);
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C NMR (100 MHz, CDCl3): δ – 172.80, 170.61, 158.80, 148.61,

148.54, 133.46, 133.18, 124.89, 123.50, 111.64, 96.44, 85.01, 81.83, 77.23, 61.26,
58.79, 55.57, 52.13, 46.30, 28.00, 27.97, 14.23, 12.35; HRMS (m/z): [M+H]+ calcd.
for C46H71N6O38, 835.5333, found, 835.5362.
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7: 6 was dissolved in 0.4 M NaOH: dioxane at 1:1 (v: v) (0.5 M) and stirred at RT for
4 hours. Then the HCl aqueous solution was added to adjust the pH value to 6 – 7, and
the solution was concentrated under reduced pressure. Purification of the product was
achieved with column chromatography in 67% yield; 1H NMR (400 MHz, CDCl3): δ 8.14 (d, J = 4.8 Hz, 1H), 7.28 (d, J = 8.8 Hz, 2H), 7.23 (s, 1H), 7.141 (dd, J1 = 1.2 Hz,
J2 = 5.2 Hz, 1H), 6.68 (d, J = 9.2 Hz, 2H), 3.92 (s, 2H), 3.58 (q, J = 6.8 Hz, 2H),
3.5-2.88 (br, 8H), 2.86 (d, J = 16.8 Hz, 4H), 2.63-2.05 (br, 12H), 1.50 (s, 9H), 1.42 (br,
18H), 1.20 (t, J = 6.8 Hz, 3H); HRMS (m/z): [M+H]+ calcd. for C44H67N6O8,
807.5020; found, 807.5077.
J-EuL3: 7 (1 equiv.) was dissolved in EtOH (0.05 M) and 0.4 M NaOH (10 equiv.),
after refluxing for 6 hours, the resulting solution was cooled to RT and the pH was
adjusted to 7 by adding 0.5 M HCl. After that, EuCl3·6H2O (1.1 equiv.) was added,
the pH was adjusted to 7 again by adding 0.1 M NaOH, refluxing for another 4 hours.
Most solvents were removed under reduced pressure when the reaction finished
(monitored by HPLC), H2O was added into the mixture and pH was adjusted to 10 by
adding 0.1 M NaOH (remove exceed EuCl3·6H2O). It was then filtered and pH was
adjusted to 7 again. After concentrated the resulted mixture was dissolved into a little
MeOH, filtered (remove NaCl) and the filtrate was concentrated and purified by
HPLC to give the titled complex with 84% yield. HRMS (m/z): [M+H]+ calcd. for
C32H42EuN6O9, 807.22; found, 807.27.
J-EuL4: 7 (1 equiv.) was dissolved in EtOH (0.05 M) and 0.4 M NaOH (10 equiv.),
after refluxing for 6 hours, the resulting solution was cooled to RT and the pH was
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adjusted to 7 by adding 0.5 M HCl. After that, EuCl3·6H2O (1.1 equiv.) was added,
refluxing for another 4 hours. Most solvents were removed under reduced pressure
when the reaction finished (monitored by HPLC), H2O was added into the mixture
and pH was adjusted to 10 by adding 0.1 M NaOH (remove exceed EuCl3·6H2O). It
was then filtered and pH was adjusted to 7 again. After concentrated the resulted
mixture was dissolved into a little MeOH, filtered (remove NaCl) and the filtrate was
concentrated and purified by HPLC to give the titled complex with 84% yield. HRMS
(m/z): [M+H]+ calcd. for C32H40EuN6O8, 789.21; found, 789.13.
J-EuL3P4/J-EuL4P4: All peptide conjugates were synthesized following a similar
procedure. A stirred solution of J-EuL3/J-EuL4 (3 equiv.) in anhydrous DMF (0.5 M)
was mixed with PyBOP (3 equiv.) and DIPEA (6 equiv.). After stirring at RT for 5
minutes to activating the carboxy group, the mixture solution was added into a vial
which contains peptide (1 equiv.) (P4). It was then reacted at RT for 1 hour. After that,
the solvent was removed under reduced pressure and the solids were purified through
HPLC. Y: 10%.
Methods
General photophysical measurement: UV-visible absorption spectra in the spectral
range 200 to 800 nm were recorded by an HP UV-8453 spectrometer. Emission
spectra were recorded by an Edinburgh Instrument FLS920.
Cell culture: The EBV-negative MRC-5 and HeLa cells were provided by the
Shanghai cell bank, Chinese Academy of sciences; the EBV-negative nasopharyngeal
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carcinoma CNE2 and EBV-positive nasopharyngeal carcinoma C666-1 cells were
supplied by the Hong Kong NPC AoE Cell Line Repository.
MRC-5 (normal lung fibroblasts) cells were grown in Minimum Essential Medium
(MEM); HeLa (cervical carcinoma) cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM); C666-1 cells (nasopharyngeal carcinoma) were grown in Roswell
Park Memorial Institute (RPMI)-1640 medium. All medium used was supplemented
with 10% fetal bovine serum (FBS), 1% penicillin and streptomycin at 37C and 5%
CO2.
Cellular uptake via ICP-MS: 1  105 cells were plated in each well and incubated
with the tested complex for the measurement of cellular uptake. After co-incubation,
the medium which contains complex was removed and the exposed cells were washed
with PBS for 3 times to further remove complex adhered in the outer cell membrane.
After that, cells were harvested from the well plate by using trypsin-EDTA and were
dispersed into 1.5 mL medium. The cells were then collected by centrifugation and
the cell pellets were digested by using 500 L concentrated HNO3 at around 70 C for
4 hours. The intracellular concentration of Eu(III) was measured with Agilent 7500
series of inductively coupled plasma mass spectrometer (ICP-MS). The measurement
was performed in triplicate and the obtained values were averaged. Eu(III)
concentration was calculated by measuring its concentration in the cell lysate and
divided by the cell number which was counted by haematocytometer.
In vitro imaging: Treated cells were incubated for 6 hours before monitoring/imaging.
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Imaging was conducted with a commercial multi-photon Leica SP8 confocal
microscope equipped with a coherent fs laser (680 nm to 1050 nm), argon laser (432
nm, 457 nm and 488 nm), He-Ne laser (632 nm), UV-lamp and controlled CO2
content stage-top tissue culture chamber (2-7 % CO2, 37C).
Cytotoxicity test. The MTT viability assay was performed according to standard
methods. In brief, cells (3103/ well) were seeded in 96-well plates 24 hours prior to
exposure to the probes. The cells were incubated with the probes in the dark for
another 24 hours. The cytotoxicity was determined by the MTT reduction assay. The
cell monolayers were rinsed with PBS and then incubated with 50 uL MTT solution
(0.5 mg/ mL) at 37C for 3 hours. Then the media were removed, and 100 uL of
DMSO solubilizing reagent was added and shaken for 30 minutes to dissolve the
formed formazan crystals in the living cells.
Statistical analysis: The absorbance of the formed formazan crystals in cytotoxicity
test was measured at dual wavelength, 540nm and 690nm, on a Labsystem Multiskan
microplate reader (Merck Eurolab, Switzerland). Each dosed concentration was
performed in triplicate wells, and repeated twice for the MTT assay.
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Figure 5.6 400 MHz-1H-NMR (CDCl3) spectrum of compound 2 in chapter 2.

Figure 5.7 100 MHz-13C-NMR (CDCl3) spectrum of compound 2 in chapter 2.
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Figure 5.8 400 MHz-1H-NMR (CDCl3) spectrum of compound 4 in chapter 2.

Figure 5.9 100 MHz-13C-NMR (CDCl3) spectrum of compound 4 in chapter 2.
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Figure 5.10 400 MHz-1H-NMR (MeOD) spectrum of compound 5 in chapter 2.

Figure 5.11 100 MHz-13C-NMR (MeOD) spectrum of compound 5 in chapter 2.
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Figure 5.12 MALDI-TOF spectrum of compound 5 in chapter 2.

Figure 5.13 400 MHz-1H-NMR (dimethyl sulfoxide-d6) spectrum of JL in chapter 2.
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Figure 5.14 100 MHz-13C-NMR (dimethyl sulfoxide-d6) spectrum of JL in chapter 2.

Figure 5.15 MALDI-TOF spectrum of JL in chapter 2.
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Figure 5.16 MALDI-TOF spectrum of JLP1 in chapter 2.

Figure 5.17 MALDI-TOF spectrum of JLP2 in chapter 2.
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Figure 5.18 400 MHz-1H-NMR (CDCl3) spectrum of compound 3 in chapter 3.

Figure 5.19 100 MHz-13C-NMR (CDCl3) spectrum of compound 3 in chapter 3.
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Figure 5.20 MALDI-TOF spectrum of compound 3 in chapter 3.

Figure 5.21 400 MHz-1H-NMR (CDCl3) spectrum of compound 4 in chapter 3.
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Figure 5.22 100 MHz-13C-NMR (CDCl3) spectrum of compound 4 in chapter 3.
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Figure 5.23 MALDI-TOF spectrum of compound 4 in chapter 3.
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Figure 5.24 400 MHz-1H-NMR (MeOD) spectrum of compound 5 in chapter 3.

Figure 5.25 100 MHz-13C-NMR (MeOD) spectrum of compound 5 in chapter 3.
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Figure 5.26 MALDI-TOF spectrum of compound 5 in chapter 3.

Figure 5.27 MALDI-TOF spectrum of L2P2 in chapter 3.
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Figure 5.28 MALDI-TOF spectrum of L2P3 in chapter 3.
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Figure 5.29 MALDI-TOF spectrum of L2P4 in chapter 3.
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Figure 5.30 400 MHz-1H-NMR (CDCl3) spectrum of compound 2 in chapter 4.

Figure 5.31 100 MHz-13C-NMR (CDCl3) spectrum of compound 2 in chapter 4.
186

Figure 5.32 400 MHz-1H-NMR (CDCl3) spectrum of compound 3 in chapter 4.

Figure 5.33 400 MHz-1H-NMR (CDCl3) spectrum of compound 4 in chapter 4.
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Figure 5.34 MALDI-TOF spectrum of 4 in chapter 4.

Figure 5.35 400 MHz-1H-NMR (CDCl3) spectrum of 6 in chapter 4.
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Figure 5.36 100 MHz-13C-NMR (CDCl3) spectrum of 6 in chapter 4.

Figure 5.37 MALDI-TOF spectrum of 6 in chapter 4.
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Figure 5.38 400 MHz-1H-NMR (CDCl3) spectrum of 7 in chapter 4.

Figure 5.39 MALDI-TOF spectrum of 7 in chapter 4.
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Figure 5.40 ESI spectrum of J-EuL3 in chapter 4.
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Figure 5.41 ESI spectrum of J-EuL4 in chapter 4.
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