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Introduction 

     Cancer is the uncontrolled growth of abnormal cells in the body and a leading cause of death 

worldwide,
1
 accounting for 7.6 million deaths (around 13% of all deaths) in 2008. 30% of cancer 

deaths are due to the five leading behavioral and dietary risks: high body mass index, low fruit 

and vegetable intake, lack of physical activity, tobacco use, alcohol use. Deaths from cancer 

worldwide are projected to continue rising, with an estimated 13.1 million deaths in 2030.
1
  

   The change from a healthy cell into a cancerous cell is a process that usually involves the 

advancement from abnormal tissue to an invasive tumor. These changes came about from the 

interplay between factors affecting an individual’s genome and specific factors such as chemical 

toxins, such as tobacco smoke, ultraviolet and ionizing radiation, and biological carcinogens, 

such as infections from certain viruses.
1
  

     Out of the many approaches to cancer treatment, chemotherapy plays an important role.      

Chemotherapy is a cancer treatment that uses anti-cancer drugs (chemotherapeutic agents). Most 

chemotherapeutic drugs are cytotoxic - they act by killing cells that divide rapidly. Thus, 

chemotherapy also harms cells that divide rapidly under healthy circumstances, such as cells in 

the bone marrow, digestive tract, and hair follicles.  

     Out of the many approaches to cancer therapy, we chose the one that targets DNA. Most 

chemotherapeutic drugs affect cell division or DNA synthesis and function in some way.
10

 In 

order for our molecule to be selective we used a lysine conjugate that is pH dependent. The 

molecule has the ability to spare healthy cells, and to kill cancerous cells based on the pH. 

DNA Damage 
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     DNA is a prime target for chemotherapy drugs as cancer cells may die after damage to their 

DNA. The difficulty is to target cancer cell DNA with minimal damage to healthy cell DNA. 

DNA is a double stranded molecule where the opposite strand provides a copy of genetic 

information encoded in the DNA sequence. The human genome contains around three billion 

base pairs and since most human cells except for the egg and sperm are diploid, the total number 

of DNA base pairs within the body is around six billion 

 

Figure 1.DNA Molecule. The phosphate and sugars are on the far sides, and the base pairs are in 

purple in the center. This figure illustrates the complimentary double stranded nature of DNA. 

   

   When a single strand of DNA is damaged, the damage is relatively easy to repair because when 

one strand is damaged, the other complimentary strand keeps the duplex together. As a 

consequence, the special enzymes can find and repair the damage.  However, when both strands 

are damaged, the repair is much more difficult. In human cells, a single double-strand break can 

potentially lead to a loss of more than 100 million base pairs of genetic information.
10

 This type 

of damage can lead to apoptosis, a self-programmed cell death that is initiated when a cell finds 
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itself beyond repair (figure 2).  Apoptosis is a very efficient way to kill cells and can be used as a 

key step towards new cancer therapies as long as it can be initiated selectively in cancer cells.  

 

Single stranded

DNA cleavage

Double stranded

DNA cleavage

Easy to repair Hard to repair Apoptosis

 

Figure 2. Single and double stranded DNA damage and the effects of both 
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Naturally occurring Enediynes 

     Enediyne antibiotics has been hailed as “the most potent family of anticancer agents”, based 

on their record-breaking ability to cause efficient double strand DNA cleavage and subsequent 

apoptosis.
2,6,7,9 

The key element of our structural design came from the structure of natural 

enediyne antibiotics. These natural antibiotics have two triple bonds connected through a double 

bond, and the part responsible for double strand DNA cleavage is the enediyne moiety (figure 3). 

The enediyne functional group undergoes thermal Bergman cyclization to produce a reactive 

diradical. The latter is capable of abstracting two H atoms from the opposite DNA strands, 

leading to double stand DNA cleavage.
4,6  

Formation of two radical centers leads to double 

stranded DNA damage.
9
 

 

Figure 3. Structure and the activation mechanism of Calicheamicin, a naturally occurring 

enediyne. 
 



   

 

7 

 

     The reason why natural enediynes have not found broad popularity as anticancer agents is 

their extreme toxicity. These compounds are not able to distinguish between healthy and cancer 

cells.  One way to overcome this challenge and to develop more selective DNA-damaging agents 

is to activate DNA-cleavage by light. One can shine light selectively at the cancer tissues when 

the concentration of drug in the tissues is the highest.  

     Furthermore, even the best of natural enediynes are not perfect in inducing the therapeutically 

important double stranded DNA cleavage (only 25% of double stranded cleavage, which is a 3:1 

single stranded to double stranded cleavage) because having two radical centers for two strands 

of DNA does not leave one a chance for a mistake (1 radical per strand).
6,7

 In addition, we focus 

our attention more heavily on double stranded DNA because when damaged it is less likely to 

regenerate itself, which is exactly what we need. 

 

 

         Figure 4. pH- Dependent Switchable Molecules for Cancer Therapy 
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pH Dependent Lysine Conjugates 

    Tumors and normal tissues are known to have different pHs. The pH of normal cells is ~7.2-

7.4 and the pH of cancer cells is ~5.5-6.9. Hypoxic tumors have a noticeably lowered pH (down 

to 5.5). Thus, there have been many approaches to finding molecules that have higher reactivity 

at the slightly acidic environment.  

An approach to selective targeting of tumors can be based on a molecule which is 

inactive under normal conditions, but can switch on the reactivity in acidic conditions (Figure 4). 

 

 

  Figure 5. pH Dependent Lysine Conjugates shows alpha amino group selectivity. 

 

      In our group, lysine-acetylene and lysine-enediyne molecules have been synthesized in order 

to make these approaches possible. These molecules induce DNA damage when irradiated by 
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UV light. The structure of lysine enables “the pH gated photo induced electron transfer”.2,5
 The 

pKa of the remote ammonium group is ~ 10-11, and the alpha ammonium group has a pKa that 

is ~ 7-8 (figure 5). The alpha amino group has a lower affinity to protonation, so it remains in the 

neutral state in the normal tissues. However, once the alpha amino group is protonated and 

becomes positively charged, the molecule is positioned closer to the intended damage site 

located at the negatively charged DNA backbone, increasing cleavage activity.  Thus, when 

tested against plasmid DNA, it was found that both the overall amount of cleavage and the 

relative amount of double stranded DNA breaks closely followed pKa of the alpha amino group 

of the C-lysine conjugate. This finding shows that the lysine conjugate can distinguish between 

healthy cells and cancer cells.
3,2  

The amino group with the higher basicity will be protonated at a 

pH less than 9.5. The alpha amino group at a pH less than 7 will be protonated, and at a pH 

greater than 7 it will be mostly un-protonated, this is the right threshold for selectivity. However, 

the research in our group has been focused on the L-Lysine which is expected to be less reactive 

towards the target (DNA).  

Results and Discussion  

We wanted to change the chiral center from L-lysine to D- lysine (figure 6), in order to 

test the reactivity as well as selectivity of the new D-lysine-acetylene conjugate. Because DNA is 

a chiral target, the opposite enantiomers of lysine conjugates are expected to bind and interact 

differently with DNA. However, we had to develop a synthetic approach to the opposite 

enantiomer of L-lysine first because this compound has not been prepared before. 
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D-Lysine                                                L-Lysine 

        
                   Figure 6. D-Lysine conjugate and its enantiomer, L-Lysine conjugate. 

Synthesis 

     We coupled our DNA damage moiety  and Boc-protected D-lysine by using peptide coupling 

reagents, which are DCC (Dicyclohexanecarbomide) and HOBT (Hydroxybenzotriazole). Later, 

removal of Boc groups with TFA (Trifluoroacetic Acid) gave our final product as water soluble 

TFA salt (Figure 7). In the first reaction, Boc groups are used to protect the amino groups, so that 

they are unable to react with themselves and produce D-lysine polypeptides. When TFA reacts 

with the Boc group, the CO2 gas is released to make this reaction irreversible. This deprotection 

step provides the target lysine conjugate in its ionic form as a bis-TFA salt.   
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Figure 7. Synthesis of the D-Lysine-acetylene conjugate 

      

1
H Nuclear Magenetic Resonance 

NMR Spectroscopy is used to confirm the structure of products and intermediates in the 

above synthesis. NMR determines the amount of protons and their respective peaks. The 

aromatic peaks are around 7.5, as a result of the para-symmetry of the benzene molecule Ha and 

Hb have one peak each. The peak for the protons on the D-lysine chain are around peak of 1 to 4 

(figure 8). The amino group protons are not shown in the spectra because we used methanol D4, 

and the amnio group protons are exchangeable. The absence of other peaks in Figure 8 indicates 

that the final product is prepared in acceptable purity. 
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Figure 8. 

1
H NMR spectra of the D-lysine acetylene TFA salt. 

 

 

Photocleavage 

 The gel pictures from the D-Lysine conjugate and the L-Lysine Conjugate are presented 

in Figure 9. The bottom spot is the intact undamaged DNA. The middle spot is the double 

stranded DNA damage (linear DNA). The top spot corresponds to the single stranded DNA 

damage (relaxed DNA).  

      The D-Lysine acetylene and the L-Lysine acetylene conjugate are compared based on 

their ability to cause DNA photocleavage at different pHs as shown in figure 9. D-Lysine 

generated double and single strand damage at pH 6, and most importantly leaves no unreacted 

DNA. In contrast, the L-lysine generates double and single strand damage, but it leaves intact 

undamaged DNA. Thus, D-lysine conjugate is more reactive than its L-lysine version at the 

lower pH. Ideally based on this data, if the D-Lysine molecule were able to react with DNA at 
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the acidic conditions of hypoxic tissues, it would be able to induce more double strand damage 

of DNA. 

     D-Lysine produced single strand and double strand damage at pH 7, and it contained a faint 

amount of intact undamaged DNA. L-Lysine also produced single strand and double strand 

damage, but it contains more intact undamaged DNA, than its enantiomer. This shows that D-

Lysine is less selective than L-Lysine. D-Lysine at pH 7 has the ability to kill a significant 

amount of healthy cells, whereas L-Lysine at pH 7 is likely to have more undamaged healthy 

cells.  

At pH 8, D-Lysine and L-Lysine show both the single strand damage and the intact DNA. There 

is no double strand damage of healthy cells. The lower reactivity at the higher pH is expected 

because the -amino group of lysine conjugates is non-protonated and can quench 

photochemical reactivity. 

 

Figure 9. DNA photo cleavage of the D-Lysine acetylene conjugate and comparison with L-

Lysine acetylene conjugate.  
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Conclusions 

     We synthesized D-Lysine tetra-fluoropyridine acetylene conjugate. This molecule has the 

ability to successfully cleave double stranded DNA upon photochemical activation and is more 

reactive than L-Lysine towards DNA at the acidic conditions similar to the environment of 

hypoxic cancer tissues. 
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