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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 �Pg 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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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 �D-, �E- and �J- herpes viruses. To be precise, the virus belongs to the �J- 

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 
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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 

�D5�E1 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) 
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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 Detected in 
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program 

0 N/A N/A Healthy individuals 

I EBNA1 N/A Burkitt’s lymphoma 

II EBNA1/LP LMP1/2A/2B

NPC, 

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 inter- 

looping 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 



10��
��

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 



11��
��

 

Figure 1.5 A simplified figure of the transportation of EBNA1 from cytoplasm to 

nucleus. Phosphorylation up regulates importin �E1-dependent nuclear transport of 

EBNA1 by enhancing the binding affinity of NLS to importin �D5. 

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 
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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 1�u10-11 to 2�u10-11 

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. 
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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 �PM 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 
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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 
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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 �PM 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 �PM almost 

completely inhibited EBNA1 DNA binding), inhibited EBNA1 dimerization (12 �PM 

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. 
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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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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 
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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�gmol-1, for 

JLP2 is -9.0 kcal�g mol-1 and for Eik1 is -6.9 kcal�g 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. 4-hydroxybenzaldehyde reacted with ethyl bromoacetate to get the 

4-formylphenoxy acetic acid ethyl ester. Then this ester reacted with 

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 (�Oem = ~560 nm, �Oex = 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-�Oem = 545 nm and JLP2 �Oem = 560 nm) 

and emission spectra (�Oex = 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 �PM) 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 �PM, 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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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 �E3 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 �Pg 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 �E4 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 �D/�E mixed fold, comprising four �D 

helix and four �E sheet motifs which are separated by several loops (Figure 3.5). Each 

structural motif carries their own biological function, for example, the �E sheets 1-4 

drive the dimerization through hydrophobic packing, the �D 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�D RMSF value of all residuals in this EBNA1 DBD monomer; (b) 

The upper figure is the C�D 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�D 

RMSD value of the four �E sheets which comprise the dimeric interface of EBNA1; (d) 



73��
��

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 �%�6, for M563 is 22.7 �%�6 and for F565 is 

27.6 �%�6; (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�Èwhile 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 

residues 

Type Item Parameters 

L2 

Bonded CA-N* k=425.0 kcal/(mol*Å2), d0=1.381 Å 

Angle 

CA-CA-CM k=64.880 kcal/(mol*rad-2), ��0=120.660 

CA-CA-N* k=70.210 kcal/(mol*rad-2), ��0=118.340 

CA-CA-N2 k=69.340 kcal/(mol*rad-2), ��0=120.130 

HA-CA-N* k=51.210 kcal/(mol*rad-2), ��0=118.340 

C-CT-N* k=66.810 kcal/(mol*rad-2), ��0=111.370 

CA-N*-CA k=66.980 kcal/(mol*rad-2), ��0=120.090 

CA-N*-CT k=63.150 kcal/(mol*rad-2), ��0=124.360 
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CT-N2-CT k=63.530 kcal/(mol*rad-2), ��0=114.440 

Dihedral 

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�D 

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�D 

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�D RMSD. The representative confirmation of each cluster was saved for 

its interaction analysis (Figure 3.6 a, b, c). 



78��
��

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�D RMSF value for all residues in (a) EBNA1 and (b) P2; (c) The C�D 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�D 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�D RMSF value of all residues in (a) EBNA1 and (b) L2P2; (c) The C�D 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�D 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�D RMSF of all residues in (a) EBNA1 and (b) P3; (c) The C�D 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�D 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�D RMSF of all residues in (a) EBNA1 and (b) L2P3; (c) The C�D 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�D 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�D RMSF of all residues in (a) EBNA1 and (b) P4; (c) The C�D 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�D 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�D RMSF of all residues in (a) EBNA1and (b) L2P4; (c) The C�D 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�D 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 �E 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 �qC (25 W), or 50 �qC 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, 60�qC; 62%. 

b) Ethyl bromoacetate, MeCN, 85�qC; 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 (�¥initial = 4 %, �¥4�PM 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 �PM 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, �Oex = 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) (�Oex = 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. 
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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 �PM. 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). 










































































































































































































